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live-attenuated or inactivated vaccines, may rely on direct mimicry

of the natural immunity induced by the pathogen. However, satis-

factory vaccines have not yet been developed against infections that

fail to elicit a protective immune response against the causative

organism. For instance, for those diseases that do not induce steril-

izing immunity after natural infection (e.g., malaria, RSV, or

P. aeruginosa) or those that cause persistent or latent infection (e.g.,

HIV and HCV and S. aureus), a vaccine-induced protective immune

response must go beyond the mechanisms that nature has evolved.

Furthermore, the immune response against the determinants of

certain viral agents, such as RSV or dengue virus, can actually exac-

erbate disease with low levels of antibody giving rise to enhance-

ment of infection (Kim et al, 1969; Halstead, 1988).

Depending on the type of infection to be prevented, an effective

vaccine may require the induction of different humoral and cellular

immune effector mechanisms. A lack of understanding in the patho-

genesis of the infecting organism, the absence of good animal

models, and also the lack of correlates of protection are all factors

that have contributed to the difficulties in developing some of the

more challenging vaccines. Among them, and despite decades of

concerted efforts in vaccine research, HIV, malaria, and tuberculosis

represent diseases for which there are currently no highly effective

candidate vaccines close to licensure. Recent failures in late-phase

clinical trials highlight the difficulties that have been encountered.

Selected clinical trials on vaccines for the prevention of
infectious diseases

HIV
HIV is the fourth largest killer in the world today with an annual

death toll of approximately 2 million and over 7,000 new infections

daily (Koff et al, 2013). While nearly three decades have passed

since the identification of HIV as the causative organism of AIDS,

attempts to develop effective vaccines against the highly variable

retrovirus have been repeatedly stymied. The challenges of develop-

ing an HIV vaccine are multifold and include the global variability

of HIV; the lack of a validated animal model, correlates of protective

immunity, and of natural protective immune responses against HIV;

the reservoir of infected cells conferred by integration of HIV’s

genome into the host; and the destruction of the immune cells by

HIV infection. The driving forces in HIV vaccine design have moved

from either targeting antibody responses with protein antigen

vaccines or cell-mediated responses with viral vectors and gene-

based vaccines, respectively, to vaccines which attempt to elicit

both cellular and humoral immune responses with heterologous

prime-boost regimens.

Initial HIV vaccine trials attempted to elicit protective antibody

responses to soluble HIV-1 envelope protein (gp120), but failed to

show any efficacy (Flynn et al, 2005; Pitisuttithum et al, 2006). Two

clinical trials (STEP and Phambili) were conducted with the same

candidate MRKAd5, a multivalent recombinant adenovirus vectors

(rAd5) expressing multiple antigens (including clade B Gag, Pol,

and Nef and lacking Env) intended to induce cellular responses.

Despite the induction of HIV-1 Gag- and Pol-specific CD8+ T-cell

responses in a majority of subjects, early viral loads were not

decreased (Buchbinder et al, 2008; Gray et al, 2010, 2011). In addi-

tion, an increased risk of acquisition was observed in a subset of

vaccinees with pre-existing Ad5 antibodies in the STEP trial

(Buchbinder et al, 2008; McElrath et al, 2008). The recent failure

and discontinuation of the HVTN505 efficacy trial represents

another hard blow to HIV vaccine advancement. The trial used DNA

prime and rAd5 vector boosts with multiple antigens (HIV-1 modi-

fied env genes from clades A, B, and C, and gag and pol genes from

clade B) for elicitation of both antibody and T-cell responses and

was performed on subjects without pre-existing antibodies against

rAd5. This vaccine failed to show protection, and despite the prese-

lection of rAd5 seronegative subjects, a trend toward more infec-

tions among the vaccinees was observed although not statistically

significant (http://www.hvtn.org/505-announcement-25April2013.

html). The lack of efficacy in this trial suggests that future HIV
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Figure 2. Target disease and target populations for 21st century vaccine
development.
Included in the list are the agents of infectious diseases for which vaccines are
not yet available or for which more effective vaccines would be beneficial. Also
included are therapeutic vaccines for chronic infectious diseases, as well as non-
communicable pathologies such as autoimmune diseases, cancer, and allergy,
some of which are in advanced clinical trials.
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Dose sparing. A recently issued report2 specifically addressed solu-
tions to increase the global supply of an influenza vaccine in the event 
of a pandemic. It was estimated that approximately 1 billion doses 
of the vaccine could be produced, which is insufficient to cover the 
worldwide population. Recommendations included the expansion 
of vaccine technologies beyond egg-based production (which itself 
could be compromised in the event of a pandemic involving bird 
flu) to include recombinant vaccines, as well as the use of adjuvants 
to increase global vaccine supply. Recombinant vaccines can have 
considerable manufacturing advantages, but they are weakly immuno-
genic on their own. The pairing of adjuvants with recombinant 
pandemic influenza protein can substantially reduce the amount 
of antigen needed to induce target antibody titers, a result with an 
obvious effect on manufacturing capacity. For example, inclusion of 
the adjuvant glucopyranosyl lipid adjuvant–stable emulsion (GLA-SE) 
reduced the amount of recombinant influenza H5 protein needed to 
reach 40% seroconversion after one immunization by greater than 
30-fold compared with the antigen alone3.

Enabling a more rapid immune response. For many applications, 
including biodefense vaccines for pandemic flu, anthrax and other 
potential bioterrorism weapons, a single-shot vaccine is the goal.  

This may be accomplished by the addition of adjuvants to the target  
antigens, as exemplified by the addition of the AS04 adjuvant to  
hepatitis B antigen in GlaxoSmithKline’s (GSK’s) Fendrix, which ena-
bled a reduction of a three-dose regimen to two doses4,5.

Antibody response broadening. Many pathogens, such as influenza 
viruses, HIV, human papilloma virus (HPV) and the malaria parasite, 
display substantial antigenic drift, strain variations or both. Thus, the 
ability of adjuvants to broaden an immune response profile could be 
crucial to the success of vaccines against such targets. Experimentally, 
massively parallel sequencing has shown that the broadening effect of 
adjuvants may be mediated via expansion of B cell diversity, not merely 
through increased titers6. Clinically, antibody response broadening by 
adjuvants has been demonstrated in influenza and HPV vaccines7–9.

Antibody response magnitude and functionality. It is well accepted 
that widely used adjuvants such as aluminum salts or oil-in-water 
emulsions induce a greater magnitude of antibody responses to vac-
cine antigens. There is now an increased appreciation of the capacity 
of adjuvants to increase not just overall antibody titer but greater 
numbers of functional antibodies, antibodies with higher affinity for 
vaccine antigens or both10,11.

Developing vaccines for effective T cell responses. Several vac-
cines in development are aimed at targeting T cell responses, which 
are not optimally induced by the most commonly used adjuvants in 
vaccines approved for human use, including alum and oil-in-water 
 emulsion–based adjuvants. A more refined objective may be to elicit 
more effective engagement of T helper cells for optimizing the quality 
and durability of antibody responses or to induce effector CD4+ or 
CD8+ T cells to kill intracellular pathogens. Therefore, the new gen-
eration of vaccines often incorporates agonists for Toll-like receptors 
(TLRs) and other innate immune receptors that facilitate the genera-
tion of T helper cell responses. This has been particularly important 
in the development of vaccines against pathogens that are controlled  
by cellular immune responses, including those causing malaria, tuber-
culosis and leishmaniasis.

Classes of adjuvants
The term adjuvant may have different meanings depending on 
the application. For example, delivery systems composed of 
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Figure 1 A timeline of adjuvant development. The history of vaccines 
containing adjuvants is shown, indicating the development from natural 
adjuvants to defined adjuvants. BCG, bacillus Calmette-Guérin; LPS, 
lipopolysaccharide; ssRNA, single-stranded RNA; TB, tuberculosis. 
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Figure 2 Potential benefits of adjuvants. Several crucial gaps in modern vaccine 
product development may be filled by appropriate adjuvant technologies.
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Figure 1 A timeline of adjuvant development. The history of vaccines 
containing adjuvants is shown, indicating the development from natural 
adjuvants to defined adjuvants. BCG, bacillus Calmette-Guérin; LPS, 
lipopolysaccharide; ssRNA, single-stranded RNA; TB, tuberculosis. 
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Figure 2 Potential benefits of adjuvants. Several crucial gaps in modern vaccine 
product development may be filled by appropriate adjuvant technologies.
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Figure 1 A timeline of adjuvant development. The history of vaccines 
containing adjuvants is shown, indicating the development from natural 
adjuvants to defined adjuvants. BCG, bacillus Calmette-Guérin; LPS, 
lipopolysaccharide; ssRNA, single-stranded RNA; TB, tuberculosis. 
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Figure 2 Potential benefits of adjuvants. Several crucial gaps in modern vaccine 
product development may be filled by appropriate adjuvant technologies.
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be suitable for intradermal use; for instance, aluminum hydroxide has 
been reported to cause persistent granulomatous and necrotic reac-
tions at intradermal administration sites49. The considerations that 
should be taken into account in order to design an ‘ideal’ adjuvant’, 
with a focus on formulation factors, are summarized in Table 2.

Adjuvant formulations for the development of new vaccines
Different formulations of the same immunomodulatory molecules 
may induce substantially different immune responses. This was illus-
trated in the malaria vaccine program wherein the RTS,S vaccine 
candidate formulated with AS02 (an oil-in-water emulsion containing 
MPL and QS21) protected six out of seven vaccine recipients from 
infection, whereas the same antigen with AS03 (emulsion without 
MPL or QS21) or AS04 (MPL and aluminum hydroxide) protected 
only two out of seven or one out of eight recipients, respectively50. 
Later, it was shown that switching from an oil-in-water emulsion for-
mulation (AS02) to a liposome formulation (AS01) with the same 
antigen and immunostimulants increased efficacy, T helper type 1 
(TH1) cell–mediated immunity, and antigen-specific humoral immu-
nity in both mice and humans51–55. This vaccine candidate retained 
almost 50% efficacy in children 5–17 months old, although effi-
cacy waned in the very young (26% in infants aged 6–12 weeks)56. 
Pairing either AS01 or AS02 with the tuberculosis vaccine antigen 
M72 demonstrated that the liposomal formulation (AS01) with the 
same antigen and immunostimulants elicited greater frequencies of 
polyfunctional TH1 cells in immunized volunteers than the oil-in-
water emulsion57. Addition of MPL to aluminum hydroxide (AS04) 
 significantly increased the titers of anti-HPV antibodies in both vac-
cinated mice and humans compared to a vaccine adjuvanted with 
aluminum hydroxide alone58,59.

Another widely used adjuvant formulation, MF59, has been evalu-
ated preclinically in the context of additional immunostimulants, 
systematically demonstrating the contribution of each component of 
the emulsion. Whereas MF59 boosts overall immune responses, addi-
tion of TLR ligands changes the quality of the immune response. For 
instance, inclusion of the TLR9 ligand CpG or the TLR4 ligand E6020 
in an MF59-adjuvanted influenza vaccine did not further increase 
antibody titers in mice compared to treatment with an MF59-alone 
influenza vaccine, but it did induce a shift to a TH1-type immune 
response60. In another influenza vaccine study in mice, addition of 
CpG to aluminum hydroxide or MF59 resulted in higher antibody 
titers as well as a TH1 shift compared to CpG alone or either formu-
lation alone61. Interestingly, an MF59-mimic formulation combined 
with CpG administered prophylactically with a recombinant antigen 
inhibited melanoma and prolonged survival in tumor-bearing mice, 
whereas the same composition administered in the absence of CpG 
actually promoted melanoma growth62. Finally, an MF59-E6020 for-
mulation (oil-in-water emulsion with a TLR4 agonist) combined with 
recombinant meningococcus B antigens enhanced serum and bacte-
ricidal titers in mice compared to MF59 alone63. In contrast, clinical 
evaluation of the oil-in-water emulsion AS03 in the context of seasonal 
influenza vaccine for elderly people showed only a limited immuno-
genicity benefit from the addition of MPL64. Taken together, these two 
studies of oil-in-water emulsions combined with TLR4 ligands high-
light an important point: the added benefit of a TLR ligand is depend-
ent on the nature of the antigen. In other words, there may be less 
need for additional immunostimulants when the vaccine antigen is an 
inactivated virus that has inherent TLR ligands compared to a purified 
recombinant antigen where the addition of a TLR ligand will probably 
have more substantial immunogenic effects. We have found that the  

Table 2 Considerations for an ideal adjuvant
Category Subcategory Considerations

Biological activity Safety Formulation must be safe and effective in all age groups; metabolizable components preferred; 
adjuvant activity should be localized and transient; adjuvant should not have direct effect on 
lymphocytes: no nonspecific B or T cell responses

Immunization route Each immunization route may have different formulation requirements

Antigen dose sparing Adjuvant should enable reduction in required antigen dose or number of immunizations

Response broadening Adjuvant should broaden protective responses against heterologous pathogen strains

Antibody responses Neutralizing antibody responses should be enhanced or prolonged by adjuvant

Cell-mediated immunity Adjuvant should induce and/or prolong pathogen-specific CD4+ and/or CD8+ T cell responses

Immune response quality Adjuvant should enable shaping of immune response (for example TH1 versus TH2 balance)

Improve responses in weak immune  
systems

Immune responses should be enhanced in very young, elderly or immunocompromised populations

Physicochemical aspects Raw materials Synthetic adjuvants are preferable for purity, sustainability and safety; plant-based adjuvants 
may be acceptable if synthetic ones are too costly or have low yield; animal sources should be 
avoided for sustainability and disease concerns; multiple sources should be available at low cost; 
metabolizable or excretable components preferred

Manufacturability Equipment and process should be scalable, transferable and able to produce consistent batches

Particle morphology <200 nm particles can be terminally filtered, avoiding requirement for aseptic manufacturing, and 
may enter lymph node more easily than large particles; orientation and shape of nonspherical 
particles affects cell uptake; charge and chemical structure of surface groups are crucial factors 
in resulting bioactivity; targeting molecules such as mannose may enhance delivery to APCs; 
some concern regarding potential toxicity of cationic particles

Antigen compatibility, association Effects of adjuvant formulation on antigen structure should be characterized; generally it is 
thought that some level of association of the antigen to the formulation is preferred, although 
direct association is not required for biological activity

Stability Excipients and active pharmaceutical ingredients (APIs) should maintain chemical structure 
and particle size, shape, polydispersity and visual appearance, and API localization should be 
constant for several years; packaging under inert gas guards against oxidative degradation

Cancer
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 nonimmunostimulatory components may function as adjuvants by 
providing more effective antigen presentation to the immune sys-
tem. In contrast, specific adjuvant molecules may directly activate 
innate immune receptors (for example, TLRs). Other formulation 
systems may include both delivery and immunostimulatory compo-
nents. Thus, adjuvants may be broadly classified into three groups of 
delivery systems: immunomodulatory molecules, and combinations 
of the former two classes (combination systems) (Table 1). Moreover, 
the mechanisms of action of many adjuvants, including aluminum 
salts, the oldest adjuvant in use, are still being elucidated (Box 1 and 
Figs. 3 and 4).

Immunomodulatory molecules include ligands of innate immune 
receptors such as TLRs, NOD-like receptors (NLRs), C-type lectins 
and RIG-I–like receptors (Fig. 3). The mechanisms of action of other 
immunostimulatory molecules, such as QS21 and other saponins, 
are not well understood. Among the most advanced compounds are 
the TLR4 ligand MPL, which comprises part of the adjuvant system 
in the Cervarix HPV vaccine (from GSK), and the TLR9 ligand CpG 
oligodeoxynucleotide (ODN), which is the adjuvant in the Hepislav 
vaccine candidate for hepatitis B from Dynavax that has completed a 
phase 3 clinical trial12. MPL and QS21 form part of the RTS,S malaria 
vaccine from GSK evaluated in a phase 3 clinical trial13, although 
the adjuvant system in this case (AS01) and in the Cervarix vaccine 
(AS04) are classified as combination systems.

Another class of adjuvants includes delivery systems, meaning that 
their main function is to promote more effective delivery of vaccine 
antigens, immunomodulatory molecules or both. These adjuvants are 
perhaps best exemplified by conventional liposomes or virosomes. 
Liposomes are vesicles comprised of phospholipid bilayers. There are 
several related variations in development or in approved vaccines, 
such as virosomes (liposomes that include fusogenic viral proteins) 
and niosomes (vesicles composed of nonionic surfactants instead of 
phospholipids). Liposomes can range in size from <100 nm to sev-
eral microns and are versatile delivery vehicles because antigens or 
immunomodulatory molecules can be encapsulated or associated with 
the vesicle surface. These lipid vesicle–based formulations are gener-
ally composed of nonimmunostimulatory components (for example, 
phosphatidylcholine) that provide delivery system capabilities, such 
as multimeric antigen presentation or fusogenic lipid activity, which 
enhance vaccine presentation to antigen-presenting cells (APCs). 
Approved virosome-based vaccines include the Inflexal V vaccine for 
influenza and the Epaxal vaccine for hepatitis A, both manufactured 
by Crucell. The RTS,S malaria vaccine mentioned above is also lipo-
some based, wherein the liposomal formulation includes the immu-
nostimulatory molecules QS21 and MPL.

Most adjuvants in advanced development provide delivery sys-
tem and immunomodulatory properties. For instance, the Cervarix 
vaccine contains MPL and aluminum salt (AS04). Squalene-based 

Table 1 Classes of clinically used and tested adjuvants
Adjuvant name Class Mechanism or receptor Type of immune response Clinical phase or licensed product name

dsRNA analogues  
(for example, poly(I:C))

IM TLR3 Ab, TH1, CD8+ T cells Phase 1

Lipid A analogues  
(for example, MPL, RC529, GLA, E6020)

IM TLR4 Ab, TH1 Cervarix, Supervax, Pollinex Quattro, 
Melacine

Flagellin IM TLR5 Ab, TH1,TH2 Phase 1

Imidazoquinolines  
(for example, Imiquimod, R848)

IM TLR7 and TLR8 Ab, TH1 Aldara

CpG ODN IM TLR9 Ab, TH1, CD8+ T cells Phase 3

Saponins  
(for example, QS21)

IM Unknown Ab, TH1,TH2, CD8+ T cells Phase 3

C-type lectin ligands  
(for example, TDB )

IM Mincle, Nalp3 Ab, TH1, TH17 Phase 1

CD1d ligands  
(for example, - galactosylceramide)

IM CD1d Ab, TH1, TH2, CD8+ NKT cells Phase 1

Aluminum salts  
(for example, aluminum oxyhydroxide, 
aluminum phosphate)

PF Nalp3, ITAM, Ag delivery Ab, TH2 Numerous licensed products

Emulsions  
(for example, MF59, AS03, AF03, SE)

PF Immune cell recruitment, ASC,  
Ag uptake

Ab, TH1, TH2 Fluad, Pandemrix

Virosomes PF Ag delivery Ab, TH1,TH2 Epaxal, Inflexal V

AS01 (MPL,QS21, liposomes) C TLR4 Ab, TH1, CD8+ T cells Phase 3

AS02 (MPL,QS21, emulsion) C TLR4 Ab, TH1 Phase 3

AS04 (MPL, aluminum salt) C TLR4 Ab, TH1 Cervarix

AS15 (MPL, QS21, CpG, liposomes) C TLR4 and TLR9 Ab, TH1, CD8+ T cells Phase 3

GLA-SE (GLA, emulsion) C TLR4 Ab, TH1 Phase 1

IC31 (CpG, cationic peptide) C TLR9 Ab, TH1, TH2, CD8+ T cells Phase 1

CAF01 (TDB, cationic liposomes) C Mincle, Ag delivery Ab, TH1, CD8+ T cells Phase 1

ISCOMs (saponin, phospholipid) C Unknown Ab, TH1,TH2, CD8+ T cells Phase 2

Ab, antibody; Ag, antigen; ASC, apoptosis-associated speck-like protein containing caspase recruitment domain; C, combination of immunomodulatory molecule and particulate 
formulation; dsRNA, double-stranded RNA; IM, immunomodulatory molecule; ITAM, immunoreceptor tyrosine-based activation motif; PF, particulate formulation; TDB, trehalose 
dibehenate. Some particulate formulations (such as aluminum salts and emulsions) also generate immunomodulatory activity.
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Dose sparing. A recently issued report2 specifically addressed solu-
tions to increase the global supply of an influenza vaccine in the event 
of a pandemic. It was estimated that approximately 1 billion doses 
of the vaccine could be produced, which is insufficient to cover the 
worldwide population. Recommendations included the expansion 
of vaccine technologies beyond egg-based production (which itself 
could be compromised in the event of a pandemic involving bird 
flu) to include recombinant vaccines, as well as the use of adjuvants 
to increase global vaccine supply. Recombinant vaccines can have 
considerable manufacturing advantages, but they are weakly immuno-
genic on their own. The pairing of adjuvants with recombinant 
pandemic influenza protein can substantially reduce the amount 
of antigen needed to induce target antibody titers, a result with an 
obvious effect on manufacturing capacity. For example, inclusion of 
the adjuvant glucopyranosyl lipid adjuvant–stable emulsion (GLA-SE) 
reduced the amount of recombinant influenza H5 protein needed to 
reach 40% seroconversion after one immunization by greater than 
30-fold compared with the antigen alone3.

Enabling a more rapid immune response. For many applications, 
including biodefense vaccines for pandemic flu, anthrax and other 
potential bioterrorism weapons, a single-shot vaccine is the goal.  

This may be accomplished by the addition of adjuvants to the target  
antigens, as exemplified by the addition of the AS04 adjuvant to  
hepatitis B antigen in GlaxoSmithKline’s (GSK’s) Fendrix, which ena-
bled a reduction of a three-dose regimen to two doses4,5.

Antibody response broadening. Many pathogens, such as influenza 
viruses, HIV, human papilloma virus (HPV) and the malaria parasite, 
display substantial antigenic drift, strain variations or both. Thus, the 
ability of adjuvants to broaden an immune response profile could be 
crucial to the success of vaccines against such targets. Experimentally, 
massively parallel sequencing has shown that the broadening effect of 
adjuvants may be mediated via expansion of B cell diversity, not merely 
through increased titers6. Clinically, antibody response broadening by 
adjuvants has been demonstrated in influenza and HPV vaccines7–9.

Antibody response magnitude and functionality. It is well accepted 
that widely used adjuvants such as aluminum salts or oil-in-water 
emulsions induce a greater magnitude of antibody responses to vac-
cine antigens. There is now an increased appreciation of the capacity 
of adjuvants to increase not just overall antibody titer but greater 
numbers of functional antibodies, antibodies with higher affinity for 
vaccine antigens or both10,11.

Developing vaccines for effective T cell responses. Several vac-
cines in development are aimed at targeting T cell responses, which 
are not optimally induced by the most commonly used adjuvants in 
vaccines approved for human use, including alum and oil-in-water 
 emulsion–based adjuvants. A more refined objective may be to elicit 
more effective engagement of T helper cells for optimizing the quality 
and durability of antibody responses or to induce effector CD4+ or 
CD8+ T cells to kill intracellular pathogens. Therefore, the new gen-
eration of vaccines often incorporates agonists for Toll-like receptors 
(TLRs) and other innate immune receptors that facilitate the genera-
tion of T helper cell responses. This has been particularly important 
in the development of vaccines against pathogens that are controlled  
by cellular immune responses, including those causing malaria, tuber-
culosis and leishmaniasis.

Classes of adjuvants
The term adjuvant may have different meanings depending on 
the application. For example, delivery systems composed of 
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Figure 1 A timeline of adjuvant development. The history of vaccines 
containing adjuvants is shown, indicating the development from natural 
adjuvants to defined adjuvants. BCG, bacillus Calmette-Guérin; LPS, 
lipopolysaccharide; ssRNA, single-stranded RNA; TB, tuberculosis. 
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Figure 2 Potential benefits of adjuvants. Several crucial gaps in modern vaccine 
product development may be filled by appropriate adjuvant technologies.
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Dose sparing. A recently issued report2 specifically addressed solu-
tions to increase the global supply of an influenza vaccine in the event 
of a pandemic. It was estimated that approximately 1 billion doses 
of the vaccine could be produced, which is insufficient to cover the 
worldwide population. Recommendations included the expansion 
of vaccine technologies beyond egg-based production (which itself 
could be compromised in the event of a pandemic involving bird 
flu) to include recombinant vaccines, as well as the use of adjuvants 
to increase global vaccine supply. Recombinant vaccines can have 
considerable manufacturing advantages, but they are weakly immuno-
genic on their own. The pairing of adjuvants with recombinant 
pandemic influenza protein can substantially reduce the amount 
of antigen needed to induce target antibody titers, a result with an 
obvious effect on manufacturing capacity. For example, inclusion of 
the adjuvant glucopyranosyl lipid adjuvant–stable emulsion (GLA-SE) 
reduced the amount of recombinant influenza H5 protein needed to 
reach 40% seroconversion after one immunization by greater than 
30-fold compared with the antigen alone3.

Enabling a more rapid immune response. For many applications, 
including biodefense vaccines for pandemic flu, anthrax and other 
potential bioterrorism weapons, a single-shot vaccine is the goal.  

This may be accomplished by the addition of adjuvants to the target  
antigens, as exemplified by the addition of the AS04 adjuvant to  
hepatitis B antigen in GlaxoSmithKline’s (GSK’s) Fendrix, which ena-
bled a reduction of a three-dose regimen to two doses4,5.

Antibody response broadening. Many pathogens, such as influenza 
viruses, HIV, human papilloma virus (HPV) and the malaria parasite, 
display substantial antigenic drift, strain variations or both. Thus, the 
ability of adjuvants to broaden an immune response profile could be 
crucial to the success of vaccines against such targets. Experimentally, 
massively parallel sequencing has shown that the broadening effect of 
adjuvants may be mediated via expansion of B cell diversity, not merely 
through increased titers6. Clinically, antibody response broadening by 
adjuvants has been demonstrated in influenza and HPV vaccines7–9.

Antibody response magnitude and functionality. It is well accepted 
that widely used adjuvants such as aluminum salts or oil-in-water 
emulsions induce a greater magnitude of antibody responses to vac-
cine antigens. There is now an increased appreciation of the capacity 
of adjuvants to increase not just overall antibody titer but greater 
numbers of functional antibodies, antibodies with higher affinity for 
vaccine antigens or both10,11.

Developing vaccines for effective T cell responses. Several vac-
cines in development are aimed at targeting T cell responses, which 
are not optimally induced by the most commonly used adjuvants in 
vaccines approved for human use, including alum and oil-in-water 
 emulsion–based adjuvants. A more refined objective may be to elicit 
more effective engagement of T helper cells for optimizing the quality 
and durability of antibody responses or to induce effector CD4+ or 
CD8+ T cells to kill intracellular pathogens. Therefore, the new gen-
eration of vaccines often incorporates agonists for Toll-like receptors 
(TLRs) and other innate immune receptors that facilitate the genera-
tion of T helper cell responses. This has been particularly important 
in the development of vaccines against pathogens that are controlled  
by cellular immune responses, including those causing malaria, tuber-
culosis and leishmaniasis.

Classes of adjuvants
The term adjuvant may have different meanings depending on 
the application. For example, delivery systems composed of 
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Figure 1 A timeline of adjuvant development. The history of vaccines 
containing adjuvants is shown, indicating the development from natural 
adjuvants to defined adjuvants. BCG, bacillus Calmette-Guérin; LPS, 
lipopolysaccharide; ssRNA, single-stranded RNA; TB, tuberculosis. 
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Figure 2 Potential benefits of adjuvants. Several crucial gaps in modern vaccine 
product development may be filled by appropriate adjuvant technologies.
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of response36–41. The question of formulation association is important 
not only for antigens but also for TLR agonists or other immuno-
modulatory molecules. Thus, co-encapsulation of CpG and antigen 
in polymeric microparticles significantly increased cytotoxic T lym-
phocyte activity compared to the same particles with unencapsulated 
CpG42. Associating immunostimulants with particulate formulations 
may also promote localized immune activation and reduce systemic 
exposure and inflammation and thus improve the safety profile of an 
adjuvant. For instance, development of the new TLR7 and TLR8 lig-
and 3M-052 was designed to maintain the adjuvant activity but reduce 
the systemic exposure profile of the small molecule R-848, a similar 
TLR7 and TLR8 ligand, via the addition of an acyl chain43.

Finally, the anatomical disparity in the various immunization 
routes and the surface modification of particle-based formulations 
by adsorbed host proteins (that is, the ‘protein corona effect’, wherein 
particles are surrounded by adsorbed proteins from the interstitial 
milieu) are essential factors in considering how to optimize formu-
lations44,45. Formulations of a specific size or composition may be 
suitable for some routes but ineffective or even reactogenic when 
administered by another route46–49. For instance, Mohanan et al.46  
demonstrated that intralymphatic administration of different particle-
based adjuvant formulations with OVA elicited strong IgG2a responses 
in mice compared to subcutaneous administration (with the exception 
of a chitosan-lipopolysaccharide nanoparticle formulation), whereas 

intramuscular and intradermal routes pro-
duced intermediate responses. However, 
some formulations at certain doses may not 
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Figure 3 Target receptors on APCs for adjuvants. 
Several pattern recognition receptors (PRRs) 
that activate an innate immune response can 
be targeted by adjuvants, and details of their 
downstream signaling pathways are shown. TLRs, 
located at the cell surface (TLR1, TLR2, TLR4, 
TLR5, TLR6 and TLR11) or the endosome (TLR3, 
TLR7, TLR8 and TLR9) are targets for adjuvants, 
and when activated they stimulate signaling 
that leads to the activation of key transcription 
factors, such as nuclear factor- B (NF- B). These 
transcription factors then stimulate gene expression 
programs that lead to the production of chemokines 
and cytokines that help orient particular immune 
responses. Adjuvants can also target cytosolic 
PRRs such as NLRs and RIG-like helicases. 
The NLR NALP3 is part of a macromolecular 
assembly, the inflammasome, that leads to 
caspase 1 activation and the production of the 
proinflammatory cytokines IL-1  and IL-18. ASC, 
apoptosis-associated speck-like protein containing 
CARD; IRF3, interferon regulatory factor; MDA5, 
melanoma differentiation-associated protein 5; 
MyD88, myeloid differentiation factor 88; TBK1, 
TANK-binding kinase 1; TIRAP, Toll-interleukin 
1 receptor domain–containing adaptor protein; 
TRAM, Trif-related adaptor molecule; TRIF, TIR-
domain-containing adapter-inducing interferon- .
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Figure 4 Putative mechanisms of action of 
adjuvants. A number of mechanisms have been 
postulated through which adjuvants mediate 
their activity. Many adjuvants can act as ligands 
for PRRs that activate an innate immune 
response. Receptor signaling can then activate 
transcription factors that induce the production 
of cytokines and chemokines that help direct 
a particular immune response, such as a TH1 
or TH2 type response, as well as influence the 
immune cells that are recruited to the site of 
injection. Inflammasome activation has also been 
implicated as a mechanism for some adjuvants. 
Activation of the inflammasome leads to the 
production of the proinflammatory cytokines IL-1  
and IL-18. Some adjuvants also influence antigen 
presentation by MHC. It is possible that some 
adjuvants can act through multiple mechanisms; 
for example, it has been suggested that alum 
can affect antigen uptake, PRR signaling, 
inflammasome activation and recruitment of 
immune cells. NK, natural killer cell.



TLR signaling serves linker between 
innate and adaptive immunity

TLR ligands are considered as an attractive adjuvant 
candidate in vaccine development.



TLR Adjuvant Preference

TLR4 (LPS, MPL) > TLR9 (CpG ODN) > TLR3 (poly I:C) > TLR5 (flagellin) 
                                                                                                                

                                                                                               TLR2 (LTA, lipoproteins)   



Flagellin:  
TLR5-targeting  

Versatile Adjuvant



Flagellin

Nature. 2001 Mar 15:410(6826) 331-7.Nature. 2001 Apr 26;410(6832):1099-103.



Flagellum 

Vibrio vulnificus
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Intranasally administered Vv-FlaB enhanced  
antigen-specific systemic & mucosal IgA 
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Trafficking of 131I-Vv-FlaB 

Intranasally administered 131I-Vv-FlaB readily reached 
systemic circulation while the regional draining cervical 
lymph nodes retained the adjuvant protein relatively 
longer than spleen.
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CD11c Vv-FlaB CD11c/Vv-FlaB

Intranasally administered Vv-FlaB colocalized with CD11c  
in the draining cervical lymph nodes.

In vivo colocalization of Vv-FlaB with DCs  
in cervical lymph node 
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Flagellin as an effective adjuvant  
for elderly vaccines. 

Biochemical evidence

Jae	Sung	Lim,	Shee	Eun	Lee,	and	Kyoung	A	Cho



• Immunosenescence - both innate and adaptive immunity

• Increase dosage? - Side effects inevitable…

• Need for effective adjuvant - Then what adjuvant?

Nat Med 2013 

How to overcome ineffectiveness of elderly vaccines? 
Many countries vaccinate elderly by NIP, but…



PspA  
(pneumococcal	surface	protein	A)

• Present	on	all	strains	of	S.	pneumoniae	
– expressed	during	invasion	
– expressed	during	colonization	

• Virulence	factor	for	
– invasion	
– colonization	

• Elicits	protection	against	
– bacteremia,	sepsis,	and	pneumonia	
– colonization	

• Inhibits	
– C3	activation	
– killing	of	pneumococci	by	cationic	peptides	

• Serologically	diverse(2-3	PspAs	are	needed	for	a	vaccine).

• Aras	Kadioglu,	et	al.	Nat	Rev	Micro	6(4):	288-301

•



Recombinant fusion proteins 

FlaB    PspA     PF     FP        FlaB        PF      FP      PspA    PF   FP

FlaB Ab       PspA Ab

	Vaccine	29:5731-9,	2011



Direct association of recombinant 
fusion protein with TLR5

Recombinant	fusion	proteins	directly	interacted	
with	TLR5	expressed	in	epithelial	cells

	Vaccine	29:5731-9,	2011



Aging Cell 14:907-915, 2015

FlaB-PspA is a promising candidate as the pneumococcal vaccine for elderly

> 24 months

8-10 weeks



Expression levels of TLRs in various tissues from young and old mice
Aging Cell 14:907-915, 2015



Expression of TLR5 was maintained in old Mφs in relation to Cav1
Aging Cell 14:907-915, 2015

RT-PCR

WB



Cav1 KD resulted in abrogation of TLR5-mediated NF-kB activation 
Aging Cell 14:907-915, 2015
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Fig. 3 Caveolin-1 mediates TLR5/MyD88 signaling. To clarify the role of caveolin-1 in TLR5 signaling, caveolin-1 expression was knocked down using a lentivirus carrying
caveolin-1-targeted siRNA in peritoneal macrophages from aged mice (n = 4~5 mice). (A) The protein expression of caveolin-1 was analyzed by Western blotting. (B) The
infected cells were treated with Vv-FlaB and then stained with an anti-NF-jB antibody (red) and DAPI (blue). These cells were fractionated with cytoplasmic and nucleus and
determined by Western blotting with anti-NF-jB, anti-a-tubulin (cytoplasm marker), antilamin B (nucleus marker), and anti-Cav1 antibodies. (C) After stimulation with Sal-P,
LPS, and Vv-FlaB for 12 h, the culture supernatants were collected and analyzed by ELISA for IL-6, TNF-a, and IL-1b cytokine secretion, and their interactions were confirmed
in peritoneal macrophages isolated from Cav1!/! and WT mice (n = 4~5 mice per each group). (D) The protein expression levels in each cell were analyzed by Western
blotting. After stimulation for 12 h with or without Vv-FlaB, (E) the interactions of TLR5 and MyD88 were analyzed by immunoprecipitation assay with anti-TLR5 or anti-
MyD88 antibodies, respectively, and immunoblotted with anti-MyD88, anti-TLR5, and anti-Cav1 antibodies. (F) After 12 h of stimulation with Vv-FlaB, the culture
supernatants were collected and analyzed by ELISA for IL-6, TNF-a, and IL-1b cytokine secretion. The relative density of proteins was normalized with b-actin (Fig. 3A and 3D)
or a-tubulin and lamin B (Fig. 3B) and represented by the graphs. Differences between each compared group were analyzed by Mann–Whitney U-test. The data were based
on three independent experiments (A–C) or five independent experiments (D-F). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. WT, wild-type mice; Cav1!/!,
caveolin-1 knockout mice.
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TLR5/MyD88/Cav1 interact physically in the cell membrane
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Then, can flagellin be used 
for a topical immunotherapy 

of mucosal cancers?

Mucosa is a frequent site of 
carcinogenesis, and most cancers are 

the illness of aged…

Shee	Eun	Lee,	Sul	Hee	Hong,	Vivek	Verma



HPV, CIN and cervical cancer

• HPV associated cervical cancer develop in mucosal organ

• The type 16 oncogenic proteins E6 and E7 are consistently 
expressed in most cervical cancer

• E6 and E7 peptides: promising target for development of 
anticancer vaccine in cervical cancer.



HPV
Disease HPV type

Common warts 2, 7
Plantar warts 1, 2, 4, 63

Flat warts 3, 10, 8
Anogenital warts 6, 11, 42, 44 and others
Anal lesions 6, 16, 18, 31, 53, 58

Genital cancers

•Highest risk: 16, 18, 31, 45 
•Other high-risk: 33, 35, 39, 51, 52, 
56, 58, 59 
•Probably high-risk:26, 53, 66, 68, 
73, 82 

Epidermodysplasia verruciformis more than 15 types
Focal epithelial hyperplasia (oral) 13, 32

Oral papillomas 6, 7, 11, 16, 32
Oropharyngeal cancer 16
Verucous cyst 60

Laryngeal papillomatosis 6,11

• Over 120 HPV types
• Types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73, and 82 are 

carcinogenic
• Cervical Intraepithelial Neoplasia (CIN), Vulvar Intraepithelial Neoplasia 

(VIN), Penile Intraepithelial Neoplasia (PIN), and/or Anal Intraepithelial 
Neoplasia (AIN).

//upload.wikimedia.org/wikipedia/commons/c/c8/HPV_tree_1.png


Genome organization of human 
papillomavirus type 16

• HPV type 16: one of the subtypes known to cause cervical cancer
• Early genes: E1-E7
• Late genes: L1-L2 (capsid)
• E6/E7 proteins inactivate tumor suppressor proteins

E6 - p53 / E7 - pRb 

//upload.wikimedia.org/wikipedia/commons/e/e7/HPV-16_genome_organization.png


•Merk/Sanofi-Aventis 

– HPV Types 6, 11, 16, and 18 
– Alum adjuvant
– Recombinant VLPs: assembled from 

the L1 proteins (capsid) of HPV types 6, 
11, 16 and 18. 

– Saccharomyces cerevisiae system 
– No DNA: cannot induce cancer. 

•GSK 

– HPV Types  16, and 18  
– AS04 (MPL + alum) adjuvant 
– Recombinant VLPs: assembled from 

the L1 proteins (capsid) of HPV types 
16 and 18.  

– Baculovirus system 
– No DNA: cannot induce cancer

HPV Vaccines: prophylactic



Flagellin & Cancer Immunotherapy: 
MODEL SYSTEM

• Cancer type
– Cervical cancer model

• Well established model
• TA: E6/E7

• Cancer immunotherapy (Cancer Vaccine) 
– DNA vaccine
– Protein vaccine
– Peptide vaccine
– Cell-based vaccine: ex> DC 
– Other new-generation vaccines



Therapeutic cancer vaccine
• Animal model: peptide vaccine model 

– C57BL/6 female
– TC-1 cell line
– Tumor transplantation: 5x105 cells/200µl/mouse (s.c.)
– E6: YDFAFRDL (8mer)
– E7: RAHYNIVTF (9mer) 
– Treatment: peritumorial s.c.   

• PBS:  PBS only

• F:  FlaB 4 µg/mouse

• P:  E6/E7 peptide 100µg each/mouse

• P F:  E6/E7 peptide 100µg each + FlaB 4 µg/mouse

Tumor	transplatation	
5X10^5	(s.c.)

0	day																						3	days																												8	days

Treatment	–I	
(s.c.)

Treatment	–II	
(s.c.) 	Vaccine	31:3879-87,	2013



E6/E7 + Flagellin => Ag-specific immune response ↑ 

=> tumor suppression 

Therapeutic Cancer Vaccine  
-TC-1 cell model: tumor growth-

	Vaccine	31:3879-87,	2013



Therapeutic Cancer Vaccine:  
-Survival-

E6/E7 + Flagellin => Ag-specific immune response ↑ 

=> tumor suppression => survival ↑ 
	Vaccine	31:3879-87,	2013



Therapeutic	Cancer	Vaccine	 
-Contralateral	Vaccination	Model-

Flagellin	enters	circulation	and	acts	as	systemic	immune	modulator	

P	=	0.036

P	=	0.0006

P	=	0.04

P	=	0.0007



Therapeutic	Cancer	Vaccine	 
-ELISPOT:	E6,	E7	peptide	re-stimulation-

FlaB	enhance	peptide-specific	IFN-γ	producing	cells

dLN

					PBS																					F																								P																						P+F	

dLN

SPL

SPL



					PBS																			F																						P																				P+F

Therapeutic	Cancer	Vaccine	 
	-ICC	Staining	and	Flow	Cytometry-

dLN

SPL

FlaB	enhance	peptide-specific	IFN-γ	production	in	CD8+Tcells



Therapeutic	Cancer	Vaccine	 
-Peptide-specific	CTL	activity-

						FlaB	enhanced	TC-1	cell-specific	CTL	activity	

•	Effector	cell	:	SPL	from	vaccinated	mice	
•	Target	cell	:	Cisplatin-treated	TC-1	
•	Cytotoxicity	:	LDH	assay	



Therapeutic Cancer Vaccine  
-CD4+/CD8+	T	cell	depletion	assay-

CD8+	CTL	response	is	responsible	for	the	antitumor	
immunity	in	this	model.	

					Tumor												Vaccination	 																																								Observation	

Day		

											0														3										5												8														11

	Vaccine	31:3879-87,	2013



Therapeutic Cancer Vaccine  
-Metastasis?-

Naïve												P+F																				P																				F																						PBS

	India	ink	assay

 Flagellin could be 
applicable to 

various phases of 
cancer 

immunotherapy.

											0																																																												6																																															35				Days

i.v.	TC-1 i.v.	Vaccination 	Sacrifice

	Vaccine	31:3879-87,	2013



FlaB: Adjuvant for peptide-based 
therapeutic cancer vaccine 

➢ FlaB potentiates E6/E7 peptide-mediated anti-tumor 
efficacy. 

➢ FlaB enhances E6/E7-specific CTL responses and 
IFNγ production. 

➢ In vivo adjuvant activity of FlaB is mediated by CD8+ 
cells. 

➢ The adjuvant activity of FlaB was abolished in TLR5 
KO mice. 

➢ FlaB significantly suppresses tumor development in 
the TC-1 lung metastasis model.



Orthotopic genital cancer model

• Genital organ: portal entry site for HPV  

• Therapeutic topical vaccine for cervical cancer? 

• Considerations… 
- Compartmentalized genital organ 

- Unique immune system in genital organ 

- Inductive site-specific anti-tumor immune response?



Orthotopic therapeutic cancer vaccine

• TC-1-luc cell line 
– Monitoring tumor growth by luciferase 

Lee et al, Oncoimmunology 2016



(IVAG / IN / SC)

IVAG only!!!

Orthotopic therapeutic cancer vaccine  
- Immunization route -

Lee et al, Oncoimmunology 2016



WT TLR5 KO
PBS         F               P            P+F

D3

D7

D13

D19

D22

PBS         F               P            P+F

Orthotopic therapeutic cancer vaccine  
- TC-1-Luc -

Lee et al, Oncoimmunology 2016



IFNγ production gLNs & SPL - only IVAG

Orthotopic therapeutic cancer vaccine  
- Immunization route -

gLNS SPL

Lee et al, Oncoimmunology 2016



gLNS SPL

Orthotopic therapeutic cancer vaccine  
- Immune responses? -

Lee et al, Oncoimmunology 2016



Cell components

Orthotopic therapeutic cancer vaccine  
- Immune responses? -

Lee et al, Oncoimmunology 2016



Orthotopic therapeutic cancer vaccine  
- IVAG Flagellin: tracking -

6h (FlaB-FNR-675)

3h (FlaB-FNR-675)

1h (FlaB-FNR-675)

1h PBS

Gated on CD11c

Recruitment of DCs in the vaginal wall 
Trafficking of IVAG-administered FlaB to gLNs 

Vagina

gLNs

gLNs

1hr

2hr

Lee et al, Oncoimmunology 2016



Orthotopic therapeutic cancer vaccine  
- IVAG Flagellin: tracking -

IVAG administration 
Tracking in gLNs 
Found in T cell area 

Lee et al, Oncoimmunology 2016



Orthotopic therapeutic cancer vaccine  
- Immune responses? -

PBS

P+F

CD11c

TL
R

5

PBS

P+F

TLR5 expression  
CD11c+ cells in gLNs

Lee et al, Oncoimmunology 2016



Conclusions
✔ IVAG flagellin exerted excellent adjuvant 

activity in combination with peptide antigens 
in an orthotopic cervical cancer model.  

✔ IVAG flagellin induced tumor-specific cell 
mediated immunity in both local and 
systemic compartments.  

✔ IVAG flagellin induced TLR5 pathways. 



Final conclusion

57

Flagellin serves  
a potent adjuvant for  

cancer  
vaccines/immunotherapy.
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