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is available for anthroponotic VL which may partly be due to the absence of an appropriate adjuvant sys-
tem. Vaccines alone yield poor immunity hence requiring an adjuvant which can boost the immunosup-
pressed state of VL infected individuals by eliciting adaptive immune responses to achieve required
immunological enhancement. Recent studies have documented the continuous efforts that are being

Key Wmds". L made in the field of adjuvants research in an attempt to render vaccines more effective. This review arti-

Visceral leishmaniasis . . . . .
Vaccines cle focuses on adjuvants, particularly particulate and non-particulate ones, which have been assessed
Adjuvant with VL vaccine candidates in several preclinical and clinical trials outlining the induction of immune
responses obtained from these studies. Moreover, we have emphasized the applicability of multiple adju-

vants combination for an improvement in the potential of a VL vaccine.
© 2019 Published by Elsevier Ltd.
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1. Introduction

Visceral Leishmaniasis (VL), the most fatal form of leishmaniasis,
caused by the protozoan parasite of Leishmania (L.) donovani com-
plex is transmitted through the infected female Phlebotomine sand-
flies. Since the parasite migrates to reticuloendothelial cells of
visceral organs (spleen, liver, bone marrow) hence the disease is
named visceral leishmaniasis. VL is prevalent in the Indian subcon-
tinent, East Africa where transmission is anthroponotic while in
Europe, Latin America, North Africa, it is zoonotic and is responsible
for half million cases each year. In India, it is most prevalent in Bihar,
West Bengal, Uttar Pradesh, Jharkhand states and mainly affects
poor communities residing in rural areas [1]. The key control mea-
sures rely primarily on chemotherapeutics regimens but have lim-
ited efficacy due to the side effects, toxicity, resistance,
unaffordable prices, and low clinical success rate. VL is particularly
characterized by progressive cellular immunosuppression and also
it has been observed that most of the individuals residing in ende-
mic regions remain asymptomatic acting as potent reservoirs. The
emergence of Leishmania-HIV co-infection causes treatment fail-
ures and frequent relapses while Post Kala-Azar Dermal Leishmani-
asis (PKDL), a sequel or complication of VL develops again due to the
treatment failures [2-4]. Hence, there is a critical demand for an
efficient vaccine development which can provide long-lasting pro-
tection in immunocompromised individuals. Moreover, cases of
recovery from a primary infection accompanied by immunity to
subsequent infections render vaccination a feasible leishmaniasis
control method. However, despite a decade of immense efforts, to
date, no candidate vaccine has been capable of providing the requi-
site level of protection against human VL often due to the lack of a
suitable adjuvant. Besides, since VL is an infection of innate immune
cells, so, targeting these cells with appropriate ligands as adjuvants
could be a viable strategy for the disease containment [5,6]. Also, the
innate immune cells are paramount in effectively modulating adap-
tive immune responses consequently unleashing the adjuvants’
worth potential in generating modern vaccine combinations. In
addition, traditional live attenuated or killed vaccines perhaps don’t
require adjuvant as these may inherently contain natural adjuvants
because of their heterogeneous composition, but these vaccines
cause non-specific reactogenicity [7]. To avoid this, protein-based
vaccines come into existence which confer some advantages over
classical ones, however these synthetic antigens are insufficiently
immunogenic, thus necessitating adjuvants assistance in the
rational vaccine design enhancing the efficacy of weak antigens by
inducing robust immune responses that otherwise not significantly
stimulated in the absence of adjuvant [8,9]. Further, the advance-
ment of vaccine formulations including suitable adjuvants to licens-
ing stages particularly in case of canine VL has provided an insight
into the adjuvant role in fulfilling the unmet clinical needs. There-
fore, selection of an appropriate adjuvant system containing
immuno-stimulant or immunomodulator as well as its conjunction
with vaccine candidates seemed to be essential for the success of
any vaccine against VL. The addition of adjuvants is especially val-
ued as it can also be employed in chemo-immunotherapy further
leading to enhancement of the antigen immunogenicity and effec-
tively modulating adequate immune responses further reducing
the number of doses of anti-leishmanial agents required. Thus, vac-
cine development must take into account an inclusion of immuno-
potentiator or adjuvant which could improve the potency of
immunogen by triggering a robust and long-lasting immunity.

2. Insight into cellular immunobiology of VL

In VL, L. donovani and L. infantum infection cause parasite estab-
lishment in invaded tissues like spleen, liver, bone marrow of

human host thereby causing early accumulation of mononuclear
phagocytic cells leading to hyperplasia of involved organs. Disease
progression sustained due to the immunosuppressed state of the
host; allowing uncontrolled division and dispersion of parasites
leading to health deterioration or mortality. Recent studies have
given new insights into the generation of various types of immune
responses during Leishmania infection which evokes different
immune cells resulting in the development of antileishmanial
responses. VL was initially thought to be associated to the domi-
nant Th2 type of immunity wherein IL-4 and IL-13 production
result into disease progression while Th1 immune response, char-
acterized by IFN-y and TNF-a secretion, is responsible for infection
control. However, in recent years, it became evident that this Th1/
Th2 dichotomy is not strictly observed in humans though there is a
participation of other immune cell types yielding more compli-
cated and mixed immunity. In several studies, VL patients express
elevated level of IFN-y along with regulatory cytokines IL-10 and
IL-6 and minimal level of TNF-a, IL-2, and IL-4 in both mRNA tran-
script and serum in lesional tissues during the acute phase which
suggested that the disease pathogenesis can’t be elucidated merely
by immune tolerance or Th2 polarization [10]. Moreover, human
VL is also linked with the elevated level of IL-10 which contributes
to effector T-cell deficiency [11] and as per another subsequent
finding, IL-10 neutralization in ex-vivo cell assays promoted signif-
icant parasite clearance in splenic aspirates of active VL patients,
thus suggesting the critical role of IL-10 as a key suppressor of
leishmanicidal immune mechanism [12].

Furthermore, another Th subset i.e., Th17 cells (proinflamma-
tory CD4 +T cells) was reported to play a protective role during
VL. In agreement to this, a study by Pitta et al. in 2009 demon-
strated the protective role of Th17 cells in human VL wherein
IL17 and IL22 along with Th1 cytokines were strongly associated
with immunoprotection against the disease [13]. Likewise, in
another investigation, the synergistic activity of IL-17A with IFN-
v to potentiate NO production against L. infantum challenge was
reported [14]. It has been well demonstrated that Th17 cells are
centrally regulated by IL-27 cytokine by blocking Th17 expansion
during VL [15]. Increased mRNA expression of IL-27 and IL-21
along with elevated levels of circulating IL-27 was reported by
Ansari et al. in 2011 [16]. Moreover, the role of IL-21 in immuno-
suppression by inducing IL-10 cytokine [17] was implicated and
thus, these studies supported the fact that IL-27, as well as IL-21,
can potentially inhibit the protective Th17 lineage thus facilitating
parasite propagation thereby disease progression.

Recent studies have documented the implication of regulatory
T cells (Treg) in the suppression of effector T-cell functions. Nylen
et al. demonstrated that in VL patients, CD4 + CD25 — Foxp3— or
adaptive Treg cells were found to be involved in increased mRNA
expression of IL-10 with almost no accumulation of CD4 + CD25
+Foxp3+ (natural Treg cells), however, conversely, Rai et al. in
2012 reported the involvement of Foxp3 + T-cells in inhibiting
T-cell activation by producing IL-10 thereby suppressing anti-
leishmanial immunity [18]. Thus, the definitive role of Treg cells
in the context of human VL is yet to be demonstrated.

Another lineage, CD8 + T-cells are capable of directly acting on
infected target cells but its contribution in disease progression or
pathology or cure is still controversial and more often depends
on the infection model, although its role has been demonstrated
in protection against L. donovani infection in cured VL individuals
[19]. However, Gautam et al. described CD8 + T cells as exhausted
phenotype characterized by high expression of CTLA-4, PD-1, along
with IL-10 with limited protective ability [20]. Since very few
reports are available on the functions of CD8 + T cells in human
VL, so an extensive investigation is required in order to elucidate
the anti-Leishmanial potential of these cells.
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In spite of the fact that B-cells function in disease exacerbation
in the case of L. donovani infection, the roles of B-lymphocytes and
antibodies have not been considered of much significance in dis-
ease pathogenesis [21]. Although, elevated levels of anti-
leishmanial IgG and its subtypes were reported in active VL
patients [22,23] and moreover, antibodies have been useful in VL
diagnosis sometimes, but still, these can’t predict disease outcome.

Clearly, a better understanding of the precise mechanism of dif-
ferent cytokines involved in VL as well as immune pathways being
operated during this disease is required to design a suitable vac-
cine that can effectively modulate the immune system towards
protection or cure.

3. Vaccine candidates for VL

A large number of vaccination strategies have been employed
against VL, but as yet there is no effective human vaccine available
in the market; though, some of them are in the pipeline. Develop-
ment of Leishmania vaccine has proven to be a complicated task
due to insufficient knowledge of parasite pathogenesis and intri-
cacy of immune responses required for protection [24]. First gener-
ation vaccine includes whole parasite based vaccine which may be
either killed or attenuated. Leishmanization is the inoculation of
live virulent L. major promastigotes and was practiced for several
years in many countries but it is now abandoned due to the safety
issues. Whole killed parasite based vaccines were also tested dated
back to 1940s and reached to clinical trials. Likewise, several atten-
uated parasites have been utilized for prophylactic studies but con-
cerns regarding their reversion to virulent forms make them
inappropriate for human use. Some examples of genetically modi-
fied parasites lacking crucial genes are biopterin reductase, cysteine
proteases, centrin which has been shown to confer protection
against virulent parasite strains [25-27]. Most of the vaccination
studies have been concentrated on second-generation vaccines
including recombinant proteins. Several different antigens that
have been tried in various animal models are L. infantum heat shock
protein (HSP)-70, paraflagellar rod protein (PFR)-2, kinetoplastid
membrane protein-11 (KMP-11) [28], amastigote specific protein
A2 [29], sterol 24-c-methyltransferase (SMT) [30], hydrophilic acy-
lated surface protein B1 (HASPB) [31], Leishmanial antigen ORFF
[32]. Nevertheless a few of them advanced to clinical trials; for
instance, a polyprotein recombinant vaccine Leish 111f comprising
of thiol-specific antioxidant (TSA), L. major stress-inducible protein-
1 (LmSTI1) and Leishmania elongation initiation factor (LelF), for-
mulated with Monophosphoryl Lipid-Stable Emulsion adjuvant,
has been shown to confer protection in VL rodent models [33]
which also progressed to human clinical trials [34]. Subsequently,
Leish-F3 (composed of Nucleoside Hydrolase from L. donovani and
SMT from L. infantum formulated with glucopyranosyl lipid A-
Stable Emulsion) and Leish-F3+ (Cysteine Protease B added to
Leish-F3) also moved to phase I clinical trials [35,36]. Apart from
these, third generation vaccines comprised of DNA vaccines like
Leishmania homologue of mammalian RACKs (LACK) [37], NH36
[38], ORFF [39], Cysteine proteinases [40], KMP11 [41]. Despite
enormous progress being made in vaccines development against
murine VL, development of a vaccine against human VL has been
difficult so far thus demanding new vaccination strategies involving
an adequate adjuvant system for generating long-term immunity.

4. Different adjuvants tested for candidate vaccines against VL

Adjuvants are molecules that augment the potency of a specific
humoral and cellular immune response against inoculated anti-
gens, causing least toxicity or long-lasting immune effects on their
own. In order to improve vaccine efficacy and safety, adjuvants
must be adapted depending on the nature of the antigen, immu-

nization schedule, administration route, type and duration of
required immunity and pharmaceutical parameters [8,42]. There
are several potential benefits of employing immunologic adjuvants
for candidate vaccines against VL such as enhancing immunogenic-
ity and potency, modulating T cell phenotype to Th1 type, reducing
the number of immunization doses, prolonged induction of specific
effector CD4 + and CD8 + T-cells and extending magnitude of neu-
tralizing antibody responses [9].

Since recombinant protein vaccines are often poorly immuno-
genic conferring weak immune response thereby necessitating the
requirement of adjuvant that could enhance the immunogenicity
of vaccines switching towards protective immune response follow-
ing the natural course of infection. However, in most of the cases,
the host is already infected with the pathogen and is immunosup-
pressed, so therapeutic vaccine is needed and in this case, adjuvants
may have to promote immunity by boosting up immunosuppressed
state in infected hosts. Recent research has shed considerable light
on the adjuvant biology and mechanistic approaches leading to its
wide applications in different generations vaccines.

Adjuvants which were used for VL till date can be broadly clas-
sified into 2 major categories on the basis of their mode of actions:

(1) Non-particulate or immunostimulatory adjuvants directly
act on the immune system to increase responses to antigens
and are mostly pathogen-associated molecular patterns
(PAMPs) which specifically bind to toll-like receptors (TLRs)
or nucleotide-binding oligomerization domain-like recep-
tors (NLRs). The immune system recognizes PAMPs and the
endogenous receptors bind microbial ligands to trigger dif-
ferent types of immune responses [42]. E.g. monophosphoryl
lipid A (MPL-A), muramyl di- or tripeptides and derivatives
(MDP/MTP-PE), BCG, saponins, cytokines, or CpG
oligonucleotides.

(2) Particulate adjuvants enhance the specific immune response
to the antigen by targeting antigens specifically to the site of
action and modulating the immune responses in an optimal
manner, including controlled release and depot delivery sys-
tems. They also enhance and facilitate the absorption,
uptake, and cross-presentation of antigens in APCs.
Moreover, the particle delivery system has the potential
for successfully delivering Leishmania antigens along with
additional immunostimulatory adjuvants in or onto the par-
ticle carrier system. E.g. mineral salts, liposomes, or
polymer-based delivery systems [8].

5. Non-particulate adjuvants
5.1. Bacillus calmette guerin (BCG)

BCG, an attenuated form of Mycobacterium bovis, has been a
widely acceptable adjuvant in human use and induces Th1 type of
immunity associated with stimulation of TLRs and IL-12 production.
In a longitudinal study carried out in Sudan, autoclaved L. major
(ALM) plus BCG combination elicited remarkably high IFN-y in
76.9% of vaccinated individuals and also increases survival period
of infected hamsters [43,44]. Further, in 2008 Ferreira et al. reported
significant protection against L. chagasi challenge characterized by a
predominant Th1 response in mice vaccinated with recombinant
cysteine proteinase/BCG [45]. Later studies also demonstrated
protective efficacy of L. donovani high molecular weight antigenic
fractions in combination with BCG in hamsters [46]. Subsequently,
Kumari et al. reported that Th1 stimulatory polyprotein of soluble
L. donovani promastigotes ranging from 89.9 to 97.1 kDa exhibited
long-lasting protection against L. donovani challenge [47]. Based
on this result some recombinant proteins identified from this
fraction were developed as recombinant ones and were found to



Table 1

List of non-particulate adjuvants that have been tested with vaccine candidates against VL.

Adjuvants with mode of action Vaccines/Routes of administration Against Test models Remarks [References]
infection
BCG-Activates phagocytosis and Autoclaved L. major/i.d. L. donovani Sudanese volunteers 76.9% immunized individuals produce high IFN-y, DTH response in 61.54%
induces Th1 biased immune individual[43]
response Autoclaved L. major (ALM) or L. donovani L. donovani Hamsters 94.3% and 86.1% parasite reduction in ALM + BCG and ALD + BCG resp., T
(ALD)/i.d mean survival period [44]
L. chagasi Cysteine proteases/s.c. L. chagasi BALB/c 100 fold parasite reduction in spleen, significant secretion of NO and IFN-y
[45]
L. donovani whole protein fractions (134- L. donovani Hamsters Fraction E (60-70 kDa) exerted 73.7% and 80.2% parasite inhibition in
64.2 kDa)/i.d. spleen and liver resp. and in vitro stimulatory responses and NO induction, 1
+Leishmania-specific IgG levels [46]
L. donovani soluble prom-fractions and L. donovani Hamsters ~90% parasite inhibition, 7 LTT response, IFN-v, IL-12, DTH response,
subfractions/i.d. Leishmania-specific IgG2 [47]
L. donovani Th1 stimulatory proteins-p45, L. donovani Hamsters Prophylactic efficacy (~60-90%), 1 iNOS, mRNA transcript and I[FN-v, IL-12,
rLdTPR, rLdEno, rLdAld, rLdSir2RP, IL-12p40 and TNF-a, IgG2 and | IL-4, IL-10, and TGF-p [48-54]
rLdcTryP, rLdTCP20, rLdAdoHcy,
rLdiPGAM/i.d.
P. acnes-Induces Th1 biased immune L. donovani rA2/i.p. L. donovani BALB/c mice 89% LDU reduction in liver, strong anti-A2 Ab response, splenocyte
response proliferation, 1 IFN-vy, IgG1, 1gG2a, IgG2b, 1gG3 [29]
L. infantum chagasi rLdccys1/s.c L. chagasi Naturally infected Dogs 7 log reduction in splenic parasite burden, 1 DTH response, IFN-v, IgG2, |
(Immunotherapy) IgG1, IL-10 [56]
MDP-Stimulates cellular and cytokine L. infantum LiESAp/s.c. L. infantum Beagle Dogs 100% protection, anti-LiESAp IgG2 reactivity, +LiIESAp specific LTT response,
responses, eliciting Ab production 1 IFN-vy, enhanced NO-mediated anti-leishmanial activity of canine
macrophages, 92% vaccine efficacy in field trial [60]
IL-12-Stimulates proliferation and L. donovani rHASPB1/s.c. L. donovani BALB/c mice 78% parasite reduction in liver, induced IL-12p70, IFN-y producing CD8
release of IFN-y from T-cell and +cell, 1 I1gG1 response [31]
NK cells generating cellular L. infantum Cysteine Peptidases rCPA L. infantum Beagle Dogs 81% dogs parasite positive (no protection), T IFN-y, comparable IL-4,
immune responses and rCPB/s.c. antigen specific Ab detected [63]
L. donovani Serine proteases/s.c. L. donovani BALB/c mice 91 and 89% parasite reduction in spleen and liver, { DTH, Splenocyte
proliferation, IFN-y, TNF-a, IgG2 and | IL-10, IL-4, IgG1 [62]
MPL-A-Induces strong humoral and mix of TSA, LelF, LmSTI1/s.c. L. chagasi Dogs Produced specific IgG against individual vaccine components, generated a
T-cell response through TLR-4 strong immunological memory, IgG2/IgG1 [70]
signaling cascade SMT/s.c. L. infantum C57BL/6 mice 55 and 117 fold parasite reduction in liver and spleen resp., Tinduction of
Ag-specific CD4 + cells producing IFN-y and TNF-q, IL-2 and CD8 + cells
producing TNF-o and IFN-y [30]
Leish111f/i.m., s.c. L. infantum BALB/c, C57BL/6, C57BL/10 91.7% and 99.6% parasite reduction in spleen in mice and hamster resp., 1
mice, LVG golden Syrian CD4 + cells producing IFN-vy, TNF, IL-2 and | CD8 + cells, IL-4 [33]
Hamsters
Leish111f/s.c. Humans Safe and immunogenic, induced T-cell production of IFN-y [34]
Leish110f, Glucantime/s.c. L. chagasi Mongrel Dogs 75% Survival probability, high cell proliferative response, reduction of
(immunochemotherapy) specific Ab titre [75]
rF14/i.m. L. donovani Hamsters 46% and 36% parasite reduction in spleen and liver resp.,100% survival, T
DTH, LTT, IgG, IL-12p40, NO, | IL-10 [69]
KSAC (KMP11, SMT, A2, and CPB)/s.c. L. infantum C57BL/6 mice 93% and 66% parasite reduction in liver and spleen resp., induction of
antigen-specific CD4 T cells producing IFN-y, TNF-o, IL-2 [73]
78KD, SSG, Cisplatin/s.c. L. donovani BALB/c mice 84.3-99.4% parasite reduction in liver and spleen, T DTH responses, IgG2a,
(Immunochemotherapy) IFN-vy and IL-2, | IgG1, IL-10, IL-4 [76]
L. braziliensis antigen/s.c. L. infantum Dogs 127.5 and 7 times parasite reduction in skin and bone marrow, T CD14
+ monocytes, NK cells, TCD4 + IFN-y and TCD8 + IFN-y, TNF-o, 1 CD21 +B
cells, | TCD4 + IL-4, TCD8 + IL-4, IL-10 [74]
GLA-SE-Induces strong humoral and Leishf3/i.v. L. donovani, C57BL/6 and BALB/c mice Significant reductions in parasite burden in liver, 1 IFN-y, TNF and IL-2, | IL-
T-cell response through TLR-4 infantum 5 and IL-10 [35]
signaling cascade. 79KkD Chimeric fusion protein [8E (L. L. donovani C57BL/6 mice Exhibited lower parasite burden, 1 antigen-specific IgG1, and IgG2a, IFN-vy,

braziliensis), p21 (L. major) and SMT (L.
infantum)]/s.c.

1 IL-5 [79]

80G¢
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Table 1 (continued)

Adjuvants with mode of action Vaccines/Routes of administration Against Test models Remarks [References]
infection
CpG ODN-Boosts humoral and L. rORFF and L. donovani Soluble Antigen/i. L. donovani BALB/c mice 60-80% parasite reduction in liver, 1 IFN-vy, IL-12, IgG2a, NO production
cellular responses promoting Th1 m. [80,81]
type of immunity through TLR-9 L. donovani Gp63/i.m., s.c. L. donovani BALB/c mice 107 and 10'° fold parasite reduction in liver and spleen resp., T DTH
signaling mechanism. response, NO, IgG2a/IgG1, IFN-y, IL-12, | IL-4, [L-10 fold and 101 [g5]
L major ribosomal proteins L3 (LmL3) and L. chagasi BALB/c mice 1.5-2 log reduction in parasite burden in liver, spleen, lymph node, 7 IFN-y,
L5 (LmL5)/s.c. | IL-4 and IL-10 [83]
Saponin-Increases anti-Leishmania FML/i.p., s.c L. donovani BALB/c mice, Swiss Albino 84-85% parasite reduction in liver, 79% increase in proliferative response,
IgG isotypes, together with higher 80-89% increase in Ab response, T IgG2a [109]
levels of lymphocytes, particularly L. donovani glycoprotein (Gp36)/s.c L. donovani BALB/c mice 68.1% parasite reduction in liver, 82.6% increase in IgG2a, proliferative
circulating CD8 + T-lymphocytes response (53.5%), DTH response (37.8%) [110]
FML/s.c. L. donovani Dogs 95% protection, + DTH response, Anti-FML | humoral response [92]
FML/s.c. (Immunotherapy) L. donovani BALB/c mice, Mongrel Dogs 90-94.7% reduction in liver parasitic load, 1 DTH, IgM, IgG1, IgG2a, IgG2b, |
IL-10 [87,91]
FML/s.c. L. chagasi Swiss Albino 95% and 86% parasite reduction in liver in QS21-FML and deacylsaponins-
FML groups resp., T IgG, IgG1, 1gG2a, IgG2b, IgG3 in QS21-FML vaccinated
animals, DTH, IFN-y, CD4 + T in spleen [89]
Leishmune/s.c. (Immunotherapy) L. chagasi Mongrel Dogs 1 Anti-FML IgG2, 75% positive DTH response [93]
rA2, Leishtec/s.c. L. chagasi, Dogs 71% asymptomatic, T IFN-vy, anti A2 IgG, 1gG2, | IL-10 [104,105]
infantum
L. infantum Ribosomal proteins/s.c. L. chagasi BALB/c mice 4.7 and 9.3 log parasite reduction in liver and spleen resp., IL-12 dependent
production of IFN-y by CD4 + and CD8 + T cells, +NO,| IL-4 and IL-10 [111]
L. donovani NH36/s.c. L. chagasi BALB/c mice 90.5-88.23% parasite reduction, T DTH response, TNF-a/IL-10 CD4
+ producing cells, IgM, 1gG1, IgG2a, IgG2b, IFN-y/IL-10 producing CD4 + and
CD8 +T cell [112]
L. donovani NH36 and F3/s.c. L. chagasi C57BL/6 95% and 87% parasite reduction in spleen resp., 49% and 39% reduction in
splenomegaly resp., 36% and 26% prevention in increase in total DC count
resp. [113]
rLiHyp1, rLiHyp6, rLiHyT, rLiHyV, rLiHysS, L. infantum BALB/c mice Significant parasite reduction in liver, spleen, bone marrow, lymph nodes, 1
rLiHyD, L. braziliensis proteins, rEnolase, [FN-v, IL-12, GM-CSF, IgG2a, | IL-4 and IL-10 [95-103]
rSGT, rSMP-3/s.c.
LbSapSal/s.c. L. chagasi Dogs 69-78.9% parasitic reduction in spleen, expansion of CD21 + B cells, CD4+,

CD8 +T cells, T NO, LTT response, IgG, 1gG1, IgG2, TNF-o, IFN-v, IL-12, | IL-4,
TGF-B [106-108]

Footnotes: T - Increase, | - Decrease, resp. - respectively, Ab - antibody, i.d. - intradermal, s.c. - subcutaneous, i.m. - intramuscular, i.p. - intraperitoneal, DTH - Delayed Type Hypersensitivity, LTT - Lymphocyte Transformation

Test, NO - Nitric Oxide, LDU - Leishman Donovan Unit, PBMCs - Peripheral Blood Mononuclear Cells.
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Fig. 1. Mechanisms of actions of adjuvants. Adjuvants may act through one or multiple synergistic signaling mechanisms to elicit immune responses. Alum adjuvant leads to
rapid recruitment of polymorphonuclear immune cells at the site of vaccination creating an inflammatory environment. Alum and muramyl dipeptide (MDP) act through
inflammasome activation and caspase-1 dependent secretion of cytokines IL-18, IL-18, and IL-33 which further promotes CD4 + T cell differentiation to Th2 and Th17 cells
augmenting antibody production and cellular response development respectively. However, the ultimate fate of Th17 cells is yet to be resolved in the VL scenario. TLR
agonists (MPL, CpG Motif, Imiquimod) adjuvants recognize various pathogen recognition receptors (PRR) that activate transcription factors inducing the production of key
cytokines to prime naive CD4 + T-cells towards the specific Th1 phenotype and also enhance antigen presentation to CD8 + T-cells generating cellular response against VL

infection.

be offering considerable prophylactic efficacy against experimental
VL in Syrian hamsters [48-54] (Table 1).

5.2. Bacteria and derivatives

The inclusion of micro-organisms and their metabolic products
into several vaccines has been shown to augment immune
responses acting as adjuvants. Propionibacterium acnes (P. acnes)
is a Gram-positive bacterium associated with specific Th1 skewed
immune response characterized by synthesis of various pro-
inflammatory cytokines primarily IL-12 and IL-18 thereby stimu-
lating IFN-y production [55]. In a study, L. donovani amastigotes
specific recombinant A2 protein with P. acnes conferred significant
protection, however, yielding mixed Th1/Th2 phenotype [29].
Moreover, immunization with recombinant cysteine proteinase
(rLdccys) adjuvanted with P. acnes elicited protective immunity

in murine model against L. chagasi infection and also generated sig-
nificant immunotherapeutic effects in dogs against CVL [45,56].
Another bacterial derivative, muramyl dipeptide (MDP) is a syn-
thetic immunoreactive peptide inducing an immune response by
generating IFN-y and other cytokines further stimulating lympho-
cytes differentiation and proliferation (Fig. 1) [8,57]. In a study, a
formulation of excretion/secretion antigen purified from culture
supernatant of L. infantum promastigotes (LiESAp) with MDP pos-
sesses prophylactic as well as therapeutic activity in L. infantum
infected dogs [58,59]. It also confers protection in naturally
exposed dogs of endemic regions of South of France [60] (Table 1).

5.3. Cytokines

The adjuvant potential of different cytokines including IL-12,
Granulocyte-monocyte colony stimulating factor (GM-CSF), IFN-y
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has been evaluated for vaccines against VL. IL-12 is a recently char-
acterized immunomodulatory cytokine stimulating Th progenitor
cell differentiation into Th1 subset as well as activation of humoral
responses to both T-dependent and T-independent antigens. It is a
potent inducer of CD8 T-cells, NK cells, T-cell proliferation and IFN-
v secretion [61]. Hence, the use of L. donovani secretory serine pro-
teases (pSP) with IL-12 exhibited sustained protection through
activating Th1 cytokines mediated pathway [62]. Additionally,
L. donovani HASPB1 combined with murine rIL-12 also conferred
protection against hepatic and splenic infection following
L. donovani challenge along with the development of adaptive
immune response [31]. However, preparation of canine IL-12 with
cysteine peptidases doesn’t protect dogs from L. infantum challenge
[63] (Table 1. The cytokine recombinant GM-CSF has been reported
to be involved in reversing neutropenia and reducing secondary
infections in VL patients [64]. However, the use of GM-CSF as an
immunomodulator was subsequently investigated as a treatment
for mucosal infections [65]. Another cytokine IFN-y has been
employed as an adjunct in immunochemotherapy with pentava-
lent antimony [66].

5.4. TLR agonists

Toll-like receptors (TLRs) are a group of pathogen-associated
molecular patterns (PAMPs) recognition receptors that play a cru-
cial role in modulating host immune system. TLRs 1, 2, 4-6 are
expressed on cell membrane surface while TLR 3, 7-9 are
expressed on endosomes. Various preclinical and clinical studies
have suggested that purified TLR agonists could induce an adaptive
immune response and further be employed as potential vaccine
adjuvants. Of all the TLR agonists, TLR-4, 7 and 9 agonists have
been exploited as immune-enhancers for candidate vaccines
against VL.

(A) TLR-4 agonists: Lipid A derivatives

Lipid A mimetic Monophosphoryl lipid-A (MPL-A), a TLR4 ago-
nist has immunomodulatory potential and is safe and efficacious
in inducing an immune response to a range of protein vaccines.
MPL-A is mucosally administered leading to systemic immune
response and also promotes Th1 type of response (Fig. 1). Of all
the TLR agonists, MPL is the only licensed, non-toxic adjuvant com-
mercially available today against various infectious diseases [5].
Various studies have demonstrated that MPL-A inclusion in the
antigenic preparation induces Th1 profile with significant parasitic
burden reduction [67-69]. MPL-Stable Emulsion (MPL-SE) with
squalene oil, a modified form with improved efficacy has been
co-administered with recombinant isolates (LelF, LmSTI, and TSA)
of Leish111f in the cocktail which generated a strong immunolog-
ical memory and Th1 type of immunity against canine VL [70].
Interestingly, immunization with Leish111f (Leishfl) adjuvanted
with MPL-SE demonstrated a strong humoral and T cell responses
in rodent models [33] and was also safe and immunogenic in ende-
mic contacts of the Indian population in phase I trial [34]. How-
ever, in another report, Leish111f-MPL-SE failed to prevent
disease progression and protection of beagle dogs in phase III trial
[71] but provided clinical cure in many dogs with VL thus depicting
potential immunotherapeutic efficacy of the vaccine [72]. Further-
more, rSMT immunization with MPL-SE in murine model leads to
the induction of CD4 +and CD8 + cells expressing multiple Thl
cytokines [30]. In another immunization protocol, co-
administration of KSAC (fusion of KMP11, SMT, A2, and CPB) with
MPL-SE protected mice from L. infantum infection [73]. Moreover,
immunotherapy with L. braziliensis antigens with MPL (LBMPL)
vaccine resulted in immune response polarization with a signifi-
cant enhancement of clinical and immune status and parasite

burden reduction along with potential to block vector transmission
[74]. Further investigation puts an insight into the use of MPL-A as
immunochemotherapy with drugs N-methyl meglumine antimo-
niate, cisplatin and sodium stibogluconate and responsible for
higher survival probability and disease resolution thus proving
an alternative for VL treatment [75-77] (Table 1).

Another lipid A derivative, Glucopyranosyl lipid stable emulsion
(GLA-SE), a modified form of MPL adjuvant induces APCs activation
and IFN-y production by antigen-specific T cells through TLR-4 sig-
naling, thus suggesting multifunctional immunomodulatory activ-
ities [5,78]. In a study, co-administration of GLA-SE with Leishf3
enhanced the antigen immunogenicity inducing an antigen-
specific humoral and robust T-cell immune response in mice as
well as healthy volunteers in the United States [35]. Further, a
79 kDa chimeric protein comprising of 8E, p21, and SMT in formu-
lation with GLA-SE also elicited antigen-specific protective Th1
response [79] (Table 1).

5.5. TLR-9 agonist: CpG-Oligodeoxynucleotide (CpG-ODN)

The adjuvant effect of CpG-ODN is mediated through stimulat-
ing antigen presenting cells (APCs) to produce various cytokines
through TLR-9 signaling, inducing the coordinated production of
IL-6, IFN-y and IL-12 by NK cells, B-, and CD4 +T lymphocytes
respectively (Fig. 1) and also enhance antigen presentation to
CD8 + T lymphocytes [5] thus making CpG-ODN a potent adjuvant
for vaccine. The inclusion of CpG-ODN with rORFF and soluble
Leishmania antigen (SLA) resulted in strong Th1 promoting isotype
with enhanced IFN-y and IL-12 secretion and parasite burden
reduction [80,81]. Moreover, heterologous prime-DNA/boost-
protein immunization regime using gp63 in presence of CpG also
showed a polarized Th1 response fold and 10! [82]. CpG-ODN adju-
vanticity was also evaluated with L. major ribosomal proteins
based vaccines inducing protection against L. chagasi [83]. Further,
it was reported that mannosylated liposomal CpG-ODN more effec-
tively leads to complete parasite elimination than liposomal or free
CpG-ODN [84]. However, it has now been shown that liposomal
formulation of CpG-ODN combination with a sub-curative dose
of a drug miltefosine enhances the anti-leishmanial activity yield-
ing ~97% inhibition of parasite multiplication in both mice and
hamsters [85] (Table 1).

5.6. Saponin

Saponins are plant-based natural glycosides of steroid or triter-
pene having the capacity to trigger mammalian immune system
through stimulating both Th1 immunity and the production of
cytotoxic T-lymphocytes (CTLs) thus making it a potential adjuvant
for various vaccines in preclinical and clinical studies [86]. Saponin
and its modified forms have been used in combination with Fucose
Mannose Ligand (FML) both in prophylactic and therapeutic vacci-
nation regimens eliciting a prominent reduction in parasitic bur-
den and signs of disease along with specific immunity induction
in rodent models [87-91]. FML antigen in formulation with Quil
A saponin has been also tested against CVL and is now commercial-
ized under the name of Leishmune in Brazil which confers strong
and long-lasting protection [92] with effective therapeutic efficacy
in infected dogs [87]. Furthermore, in another study, vaccination
with Leishmune vaccine in infected mongrel dogs modulate their
potential infectiosity to the vector with an interruption in disease
transmission [93]. Encouraging with results, the effect of Leish-
mune was also observed in healthy seronegative dogs during a 2-
year trial which showed strong immunogenicity induction [94].
Besides these, saponin has been also included as an adjuvant with
other recombinant hypothetical proteins in various prophylactic
studies [95-103]. Moreover, immunization with rA2 antigen plus
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Table 2
List of particulate adjuvants that have been tested with vaccine candidates against VL.
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Adjuvants with mode of Vaccines/routes of administration Against Test models Remarks [References]
action infection
Liposome-Able to L. donovani Promastigote L. donovani BALB/c mice 57% and 59.4% protection in liver and spleen resp., T DTH

encapsulate and deliver
antigens to specific

membrane Antigen (L Ag)/i.p

immune cells along with L. donovani promastigote soluble Ag L. donovani
humoral and T-cell in non-PC liposome (EPC-sLAg) and
proliferative responses Escheriosome (EL-sLAg)/i.p.
Non-coding plasmid DNA and L. donovani
soluble L. antigen/i.p.
L. donovani rGP63/s.c. L. donovani
Montanide-Induces both L. infantum rHASPB1 and rH1/i.d. L. infantum
Th1 type cellular and
humoral immune
response
Freund’s Adjuvants- L. chagasi rLcr1 and L. chagasi amas L. chagasi
Prolongs antigen 30kD/s.c., i.p.
persistence, activates
phagocytosis, enhances L. rORFF and rBT1/s.c. L. donovani
co-stimulatory signals
and Ab production L. donovani ribosomal protein L. donovani

(rLdP1)/s.c.

response, splenocytes proliferation, leishmanicidal
activity, IgG2a and IgG2b [116]

EPC-sLAg-38% parasite reduction in spleen, 14.8%
increase in CD4 + T-cells, T IFN-v, IL-4 EL-sLAg-84%
parasite reduction in spleen, 23% and 22% increase in
CD4 + and CD8 + T-cells, 1 LTT response, NO, IFN-vy, IL-4
[118]

10°-10"" fold parasite burden reduction in liver and
spleen, 1 DTH response, IgG, 1gG2a, I1gG2a/IgG1 ratio,
IFN-y, IL-12, | IL-4, IL-10 [119]

86% and 81% resistance to hepatic and splenic infection
resp., 100% survival, 1 DTH response, NO, IgG2a, IFN-v,
IL-12, CD4 + and CD8 + IFN-y producing T cells, | CD4
+IL-4 producing T cells [120]

Hamsters, BALB/c mice

BALB/c mice

BALB/c mice

Dogs 50% asymptomatic, T anti-HASPBI antibody titre[122]

BALB/c, C3H.HeJmice Partial protection, detection of IL-2, IL-10 and IFN-y in
supernatants from lymphocytes stimulated by antigen
[125,126]

10-81% parasite reduction in liver, splenocyte
proliferation, detectable antigen specific Ab titre [127]
66.6% survival, low lymphocytes proliferation, unable to
stimulate the release of Th1 type cytokines significantly
[128]

BALB/c mice

Hamster

Footnotes: 1 - Increase, | — Decrease, resp. — respectively, Ab - antibody, i.d. - intradermal, s.c. - subcutaneous, i.m. - intramuscular, i.p. — intraperitoneal, DTH - Delayed
Type Hypersensitivity, LTT — Lymphocyte Transformation Test, NO - Nitric Oxide, LDU - Leishman Donovan Unit, PBMCs - Peripheral Blood Mononuclear Cells.

saponin, induced partial protection in beagle dogs against Leishma-
nia infection and is currently licensed as LeishTec in Brazil which
requires further optimization under field conditions [104,105].
Saponin has been also used in formulation with salivary gland
extract and L. braziliensis proteins (LbSapSal) against CVL exhibit-
ing long-lasting protection [106-108] (Table 1).

6. Particulate adjuvants
6.1. Alum

Alum including a range of aluminium based salts is a classical
adjuvant extensively used for around 80 years as it is economical,
safe and can be formulated with a range of antigens [114]. Alu-
minium compounds due to their adsorption property form a short
depot at the site of injection thus slowly releasing vaccine antigen
to the immune system. The adjuvanticity of alum is linked to
NLRPs inflammasome activation and caspase 1 dependent release
of IL-1B and IL-18 cytokines [115]. IL-1B promotes CD4 + T-cells
differentiation to Th2- and Th17-cells augmenting antibody pro-
duction (Fig. 1). The inability of alum to induce Th1 biased humoral
and cellular response limits its applicability to vaccines against VL.
However, alum has been incorporated in combination with other
immunomodulators to induce Th1 type response.

6.2. Liposome

Liposomes are spherical vesicles of amphipathic phospholipid
bilayers and have been widely used as delivery system for numer-
ous antigens and drugs. These fuse with macrophage membrane
inducing both antibody as well as cell-mediated immune
responses (CMI). Nkanishi et al., 1999 reported that cationic lipo-
some act as a more potent CMI inducer specifically antigen-
specific CTL and DTH responses compared to anionic and neutral
liposomes containing the same antigen concentrations. In accor-

dance with this, anionic liposomes encapsulating L. donovani pro-
mastigote membrane antigens exhibited partial protection
reflecting Th2 dominance [116] whereas antigen in cationic lipo-
somes conferred significant protective immunity in BALB/c mice
[117]. Another group of workers reported profound adaptive
responses in rodents when immunized with Leishmania soluble
antigen (sLAg) entrapped in escheriosome (non-
phosphatidylcholine based liposome) [118]. Furthermore, the
potentiating effect of non-coding plasmid DNA against L. donovani
challenge was significantly enhanced when co-entrapped with sol-
uble antigens in cationic liposomes [119]. Similarly, gp63 of L.
donovani promastigotes formulated with distearoylphosphatidyl
choline (DSPC) cationic liposomes conferred dose-dependent
long-term durable protection against progressive VL [120]
(Table 2).

6.3. Montanide

Montanide adjuvants are water-in-oil emulsions composed of
mineral oil or metabolizable oil mixed with a surfactant and avail-
able in different forms [121]. These have been shown to induce
high antibody titer and CTL responses in various animal models.
In one of the study, histone 1 (H1) and HASPB1 immunized sepa-
rately, or together as a protein cocktail vaccine with montanide eli-
cited protection in 5/8 in dogs immunized with H1 Montanide, and
4/8 immunized with either HASPB1 combination with Montanide
or the cocktail of H1 + HASPB1 with Montanide [122] (Table 2).

6.4. Freund’s adjuvants

Freund’s adjuvant is a water-in-oil emulsion of mineral oil and
is of two types; complete and incomplete. Complete Freund’s adju-
vant (CFA) includes heat-killed Mycobacterium while incomplete
Freund’s adjuvant (IFA) is without Mycobacteria. Previously, IFA
was used in human vaccine formulations like killed poliomyelitis
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Table 3
List of adjuvants combinations that have been tested with vaccine candidates against VL.
Adjuvants Vaccines/Routes of Against Test Models Remarks References
administration Infection
CpG-ODN and L. infantum Cysteine proteinase L. infantum BALB/c mice, Reduction in hepatic and splenic parasites in mice and [40,129]
Montanide 720 type I & I (pCB6-cpa and pCB6- Dogs bone marrow of dogs remained free of parasites, strong
cpb)/i.m. DTH and splenocyte proliferation, 1 IgG, IgG2a, IFN-y/IL-
5, IFN-v/IL-10, IFN-y mRNA in PBMCs
L. infantum Cysteine proteinase L. infantum BALB/c mice Significant parasite reduction in spleen and liver, T NO, [141]
type Il (pcDNA-cpc)/s.c. IgG2a/lgG1, IFN-y
L. infantum pcDNA-CTE/s.c. L. infantum BALB/c mice Couldn’t control parasite propagation, T IgG1 and IgG2a, [130]
IL-5, IL-5/IFN-y ratio
MPL-TDM and rGP63/s.c. L. donovani BALB/c mice 2 and 1.5-log-fold reduced parasite burden in liver and [131]
Liposome spleen resp., T DTH, IFN-v, IL-12 p40, IL-4, IgG2a
Cysteine proteases cocktail/s.c. L donovani ~ Hamster 10'3-10'® folds parasite reduction, | IFN-y, IL-2, TNF-o,  [132]
IL-12, IgG2, NO, DTH, LTT, | IL-4, IL-10
Soluble L. donovani Ag/s.c. L. donovani BALB/c mice 89% and 87% protection in liver and spleen resp., {DTH,  [133]
1gG2a/IgG1 ratio, IFN-vy, | IL-4
Alum and BCG Alum precipitated ALM and BCG/ L. donovani Indian Langur ~ Complete cure in 87% of animals, + DTH response, 6/7 [134]
id. and 6/8 animals showed + LTT response, | IFN-y
Dogs 69.3% efficacy and decrease in incidence rate from 12% [135]
to 3.7% in dogs
Human Safe, no seroconversion, LST conversion rate varies in [136]
children from 56% at 6 months to 31% at 2 years
Alum-BCG-Imiquimod ~ Alum-ALM-BCG-Imiquimod/i.d. Dogs 40.04% efficacy rate, 16.3% seroconversion, 30.0% skin [137]
test conversion
Alum +IL-12 Ad5-A2 +rA2/rhIL12/Alum/s.c. L. infantum Macaque Lowering of parasite load in liver, pre-challenge [138]
production of anti-A2 specific IgG antibodies, hepatic
granuloma resolution and reduction of clinical
symptoms
Virosome + GLA-SE 1JL143, KMP11 and LeishF3+/i.m. BALB/c mice Safe, T CD4 + and CDS8 + cell proliferation, IFN-y versus [139]
IL-10 response, IgG2aa-LJL143 and a mixed IgG1/IgG2a
response against LeishF3+
Nanoparticles-MPL-A PLGA-soluble L. infantum L. infantum BALB/c mice 92% parasite reduction,  IgG2a, Splenocyte proliferation,  [140]

antigens-MPL-A/s.c.

CD8 + T cell producing IFN-v, | IL-4 and IL-10

Footnotes: | - Increase, | — Decrease, resp. — respectively, Ab - antibody, i.d. - intradermal, s.c. - subcutaneous, i.m. - intramuscular, i.p. - intraperitoneal, DTH - Delayed
Type Hypersensitivity, LTT — Lymphocyte Transformation Test, NO - Nitric Oxide, LDU - Leishman Donovan Unit, PBMCs - Peripheral Blood Mononuclear Cells.

vaccines and influenza [123]. Emulsions based adjuvants associate
with antigen and facilitate its distribution to draining lymph node
thereby assisting in interaction with cells of the immune system. It
leads to the stimulation of antibody production due to nonspecific
immunopotentiation of macrophages [124].

CFA adjuvanticity was evaluated with the recombinant 30 kDa
antigen from L. chagasi amastigotes provided partial protection
too [125]. Other antigens formulated with freund’s adjuvants were
rLcrl yielding partial protection and rORFF and rBT1 exhibiting
splenocyte proliferation along with the production of antigen-
specific antibody [126,127]. Moreover, immunization with acidic
ribosomal protein rLdP1 eliciting reduction in parasite burden
comparable to infected control but unable to stimulate the release
of protective Th1 response significantly [128] (Table 2).

7. Combination of adjuvants for optimization of
immunogenicity of candidate vaccines

The increasing availability of new generations of adjuvants in
last decade enables development of synergistic adjuvant combina-
tions most likely augmenting their adjuvanticity and eliciting the
desired mix of immunological responses. A combination of desired
adjuvants requires an understanding of the nature of the immuno-
gen as well as the type of immune response required.

Many combinations of adjuvants have been utilized, (Table 3)
for instance, CpG motif adjuvant in conjunction with montanide
720 induces both Th1 biased humoral and cell-mediated immunity
thereby providing protection against canine and murine VL
[40,129]. However, a mixed type 1 and 2 immune signature was
displayed when the combination of these adjuvants was used with
C-terminal extension of cysteine proteinase type I [130]. Addition-
ally, liposomal rGp63 and cysteine proteinases in association with

MPL-Trehalose Dicorynomycolate (TDM) induce a profound
immune response [131,132]. Similarly, liposome encapsulating
mixture of leishmanial soluble antigen and MPL-TDM exhibited
sustained and long-term protection in comparison to that induced
by liposomal SLA [133]. Moreover, a combination of alum and BCG
with ALM has been evaluated in different animal models eliciting
positive DTH response with better survival and a significant reduc-
tion in parasite burden. This preparation was also tried in humans
and was completely safe [134-136]. In another study, alum-ALM
mixed with BCG and a TLR-7 agonist Imiquimod possessing pro-
found Th1 response was assessed against CVL but its efficacy was
low [137]. Another study indicated remarkable clinical and para-
sitological protection against VL when immunized via heterolo-
gous prime-boost regime with recombinant human interleukin
12 and alum [138]. Recently, there is a growing interest in using
immunopotentiating influenza virosome as ideal anti-leishmanial
vaccine delivery system. Their resemblance with the intact virus
and ability of cell-penetration along with immunological proper-
ties due to viral proteins altogether provide a novel strategy
against VL. One such study reported the safety and immunogenic-
ity of virosome loaded with recombinant proteins LJL143 (from
Lutzomyia longipalpis saliva), KMP11 and LeishF3 + and adjuvanted
with GLA-SE [139]. Recently, biodegradable polymeric nanoparti-
cles have emerged as one of the approaches for confronting VL
due to several advantages including enhanced encapsulated anti-
gen stability, safety, biocompatibility, controlled antigen release,
and polymer degradation. In a study, poly-(p,.-lactide-co-
glycolide) nanospheres surface modified with TNF-oo mimicking
peptide and entrapping L. infantum antigens with MPL-A, conferred
remarkable protection against parasite challenge [140]. These
results suggest that synergy between different classes of adjuvants
could be investigated to augment vaccine efficacy.
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Table 4
List of candidate vaccines used with alternative adjuvants in a comparative study against VL.
Antigen Adjuvants Infection/ Remarks References
Animal . . .
Parasite reduction Immunological response
model
78 kDa of L. rlL-12 L. donovani/ 71-94.8% in spleen 1DTH, IFN-v, IL-2, IgG2a, | IL-4,1gG1  [142]
donovanils.c. Liposome BALB/c mice 62.9-93.4% in spleen
MPLA 56.5-92% in spleen
ALD 51.3-71% in spleen
FCA 49-69% in spleen
Freeze-thawed L.  Liposome L. donovani/ 78.7-90% in liver 1DTH, IFN-v, IL-12, IgG2a, | IL-10, [144]
antigen/s.c. MPLA BALB/c mice 75.9-88.8% in liver IL-4, IgG1
Saponin 74.2-84.1% in liver
Alum 66.8-81.08% in liver
Killed L. Liposome L. donovani/ 86-93.7% in liver 1 DTH, IFN-v, IL-12, IgG2a, | IL-10, [68]
donovani/s.c. MPLA BALB/c mice 83.4-92.8% in liver IL-4, 1gG1
Saponin 79.9-88.8% in liver
Alum 73.78-82.9% in liver
Autoclaved L. Liposome L. donovani/ 79.06-91.6% in liver 1 DTH, IFN-v, IL-12, IgG2a, | IL-10,  [143]
donovanils.c. MPLA BALB/c mice 77.5-90.8% in liver IL-4, IgG1
Saponin 75.6-85.6% in liver
Alum 69.8-79.2% in liver
Chimerical Freund's adjuvant/Aluminium L. infantum/ Q/CpG-ODN conferred maximum 1 1gG2a/IgG1 ratio, IFN-vy, | IL-4 [145]
Protein Q/i.d.  hydroxide/HSP 70/BCG/CpG-ODN/ BALB/c mice 99% parasite reduction in liver and
pCDNA3/pUC18 spleen
FML/s.c. Quil A L. donovani/ 93% in liver 1 anti-FML IgG1, 1gG2a, IgG2b, + [88]
Swiss Albino DTH
QS21 mice 79.2% in liver 1 anti-FML IgG1, IgG2a, IgG2b, +
DTH, IFN-y
Riedel De Haén Saponin pure 73% in liver 1 anti-FML IgG1, 1gG2a, I1gG2b, +
DTH, IFN-y
BCG 52% in liver 1 anti-FML IgG and IgM responses
(minor and non-specific protection),
IFN-y
IL-12 No parasite reduction 1 anti-FML IgG1, IgG2a, IgG2b, +
DTH
L. donovani BCG/MPL-TDM/Cationic Liposome L. donovani/ Cationic liposome conferred highest | DTH, IgG2a, IFN-v, | IL-4 [146]
promastigote BALB/c mice parasite reduction in liver and spleen
antigen/i.p.
L. donovani pSP|  IL-12 L. donovani/ 91% and 89% parasite reduction in 1 Splenocytes proliferation, DTH, [62]
s.C. BALB/c mice spleen and liver resp. TNF-a, IFN-v, | IL-4, IL-10
Freund’s Complete Adjuvant 82% and 79% parasite reduction in
spleen and liver resp.
L. donovani Alum-BCG/Montanide ISA/MPL-A L. donovani/ Alum-BCG and Montanide ISA 11gG2, | IL-4, IL-10 [147]
sonicated Vervet conferred significant parasite
antigen/i.d. monkey reduction in spleen

Footnotes: 1 - Increase, | — Decrease, resp. — respectively, Ab - antibody, i.d. - intradermal, s.c. - subcutaneous, i.m. — intramuscular, i.p. - intraperitoneal, DTH - Delayed
Type Hypersensitivity, LTT - Lymphocyte Transformation Test, NO - Nitric Oxide, LDU - Leishman Donovan Unit, PBMCs - Peripheral Blood Mononuclear Cells.

8. Comparative effectiveness of different adjuvant systems

The use of right adjuvant is of paramount importance in order
to develop an effective vaccine. Various studies have investigated
the comparative analysis of different adjuvants in formulation with
a vaccine candidate (Table 4). Immunogenicity of 78 kDa antigen
formulated with different adjuvants was evaluated, out of which
the highest level of protection was observed with 78 kDa + rIL-12
[67,142]. Thakur et al. in 2015 demonstrated maximum protection
with the use of liposome encapsulated killed L. donovani, freeze-
thawed L. antigen, and autoclaved L. donovani when compared
with other adjuvants [68,143,144]. CpG-ODN was evaluated pro-
phylactically against VL by comparison against alternative adju-
vants with Protein Q in a murine model and it was observed that
CpG-ODN revealed the highest level of protection as compared to
other formulations [145]. Furthermore, Moreover, a strong protec-
tive effect was observed against murine VL when immunized with
FML in conjunction with QuilA saponin [88]. In a comparative
study, the highest level of protection was exhibited by liposomal
Leishmania antigen against murine VL [146]. Similarly, L. donovani

secretory serine proteases (pSP) conferred maximum protection
when delivered with IL-12 adjuvant following L. donovani chal-
lenge [62]. A study indicated that alum-BCG (AIBCG), as well as
montanide ISA 720 with L. donovani sonicate antigen induces low
Th2 cytokines and high IgG2 antibodies in the vervet monkey
model [147].

9. Conclusion

Despite enormous efforts in the field of advancement towards
vaccine adjuvants and enhanced understanding of VL pathogene-
sis, there is no vaccine licensed for immunoprophylaxis or
immunotherapy against human VL. Recent development in adju-
vant biology and vaccine development anticipates the search for
an adjuvant capable of eliciting a stronger immune response
against anthroponotic VL. With this concept, several human clini-
cal trials were carried out where BCG, MPL-SE, and GLA-SE adju-
vants were used in vaccine formulations, out of which few have
reached to phase I clinical trial and emerged as potential adjuvants.
However, their translation against natural disease condition in
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Table 5
List of human vaccine adjuvants that have been clinically tested.
Adjuvants Formulations Clinical trials Mode of action References
MF59 Squalene-based oil-in-water Approved for H5N1 Induces high antibody titre with [148,149]
emulsion pandemic influenza vaccine balanced IgG1:1gG2 ratio
and H1IN1 influenza vaccine
AS03 Squalene-based oil-in-water Used in licensed influenza Induces antibody response and cell- [150]
emulsion containing o-tocopherol vaccine mediated immunity
AS04 MPL adsorbed to aluminium salts Approved for HPV and HBV Induces humoral and Th1 type of [151]
vaccines immune responses
Virosome A reconstituted membrane of an Approved for influenza Induces antibody and CTL responses [152]
enveloped virus virus as well as HAV
vaccines
Alum Aluminium based salts Included in licensed human Induces humoral and Th2 type of [114,153]
vaccines like HAV, HBV, immune responses
HPV, diphtheria, tetanus,
Haemophilus Influenzae
Type b (Hib) and
meningococcal.
Poly Inosinic: TLR-3 agonist Phase I trial of H5N1 Induces strong humoral, Th1 type and [154]
Cytidilic influenza virus vaccine CTL responses
Flagellin TLR-5 agonist Phase I trial of Influenza Induces humoral, Th1 and Th2 type of [154]
virus vaccine immunity
CpG TLR-9 agonist Phase III trial of HBV Induces strong humoral, Th1 type and [154,8]
vaccine CTL responses
ASO1 Combination of liposome, MPL, QS-21 Phase III trial of Malaria and Induces strong humoral, Th1 type and [154,8]
Cancer vaccines CTL responses
AS02 Oil in water emulsion containing MPL Phase I-III trials of Malaria, Induces potent humoral and Th1 [154,8]
and QS-21 Tuberculosis, HPV, HBV, HIV responses
ISCOM and Lipid-based adjuvant containing Phase I-III trials of Influenza, Induces humoral, Th1 and Th2 type of [154]
ISCOMMATRIX antigen, saponin, cholesterol and HPV, HCV immunity and CTL response

phospholipid

Footnotes: HPV - Human Papilloma Virus, HAV - Hepatitis A Virus, HBV - Hepatitis B Virus, HCV — Hepatitis C Virus, ISCOM - Immune Stimulating Complex, CTL - Cytotoxic

T-lymphocyte.

humans is yet to be seen. While, in case of zoonotic VL, LeishTec
(rA2 protein with saponin) and Leishmune (FML protein in combi-
nation with Quil-A saponin) are the two currently available
licensed commercial vaccines in Brazil, giving rise to a ray of hope
towards the approval and licensing of vaccines for human VL also.
Although a plethora of adjuvants has been proposed in these years
for use with potential Leishmania vaccines, they could not be
exploited commercially perhaps due to difficulty in designing of
potent, safe and economically feasible adjuvants. It may be worth
exploiting a handful of clinically validated vaccine adjuvant formu-
lations viz.,, MF59, AS03, AS04 and virosomes that have been
licensed for human use against influenza virus, hepatitis virus,
human papilloma virus (HPV) and cancer [8,148-155] (Table 5).
The success of clinical trials conducted with these novel adjuvants
formulations demonstrates that synergy between multiple adju-
vants targeting different arms of the immune system is critically
important for rational vaccine design. Therefore, these potent adju-
vants formulations should be able to confer long-term parasite-
specific cellular immune response and will hopefully lead to
approval for vaccines against human VL.
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