
Carnet et al. Veterinary Research           (2023) 54:18  
https://doi.org/10.1186/s13567-023-01151-3

REVIEW

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

Veterinary Research

An inventory of adjuvants used 
for vaccination in horses: the past, the present 
and the future
Flora Carnet1,2, Laure Perrin‑Cocon3, Romain Paillot4, Vincent Lotteau3, Stéphane Pronost1,2*† and 
Pierre‑Olivier Vidalain3*†    

Abstract 

Vaccination is one of the most widely used strategies to protect horses against pathogens. However, available equine vac‑
cines often have limitations, as they do not always provide effective, long-term protection and booster injections are often 
required. In addition, research efforts are needed to develop effective vaccines against emerging equine pathogens. In this 
review, we provide an inventory of approved adjuvants for equine vaccines worldwide, and discuss their composition and 
mode of action when available. A wide range of adjuvants are used in marketed vaccines for horses, the main families being 
aluminium salts, emulsions, polymers, saponins and ISCOMs. We also present veterinary adjuvants that are already used for 
vaccination in other species and are currently evaluated in horses to improve equine vaccination and to meet the expected 
level of protection against pathogens in the equine industry. Finally, we discuss new adjuvants such as liposomes, polylac‑
tic acid polymers, inulin, poly-ε-caprolactone nanoparticles and co-polymers that are in development. Our objective is to 
help professionals in the horse industry understand the composition of marketed equine vaccines in a context of mistrust 
towards vaccines. Besides, this review provides researchers with a list of adjuvants, either approved or at least evaluated in 
horses, that could be used either alone or in combination to develop new vaccines.
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1  Introduction
In both humans and animals, vaccines have greatly 
reduced the morbidity and mortality associated to infec-
tious diseases. Horses are no exception and vaccination 
is widely used to prevent the spread of equine patho-
gens. In line with the One Health initiative, the proper 
vaccination of horse populations also aims at preventing 
zoonotic events and the potential spread of horse patho-
gens to humans. The equine industry (sport, leisure and 
breeding) is constantly growing. In recent decades, the 
ability to move horses from one country or continent 
to another has been facilitated [1]. These movements, 
often driven by international events involving horses 
from different countries, favour the transmission of 
infectious diseases and regularly lead to major epidem-
ics. For example, in 2007, an epizootic of viral arteritis 
occurred in France [2] and outbreaks of equine influenza 
(EI) have affected Australia in 2007, Europe in 2019 and 
also Asia and America [3–5]. In 2021, a major epizootic 
of rhinopneumonitis started in a major equestrian event 
in Valencia, Spain. The occurrence of these outbreaks 
reflects major defects in the protection of horses that 
were not, or not effectively, vaccinated. Reinforcements 
in vaccination policy and compliance with equine vaccine 
recommendations can improve vaccination coverage and 
horse protection. However, vaccination protocols differ 
from country to country and are not always properly vali-
dated. To ensure that equine vaccination remains effec-
tive and safe, it is important to regularly monitor vaccine 
efficacy and safety in order to adjust vaccine frequency, 
dosage and composition [6]. Several organisations, 
including the World Organisation for Animal Health and 
the Fédération Internationale Équestre, are now evalu-
ating, and improving vaccination protocols to reduce 
the risk of epizootics. The development of new vaccines 
that are more effective or that protect against yet untar-
geted pathogens should also provide leverage for a better 
protection of horse populations against known and (re)
emerging pathogens.

Currently, a large panel of equine vaccines have been 
approved and are commercially available. These vaccines 
rely on conventional technologies, i.e. inactivated or live-
attenuated pathogens and subunit vaccines [7]. The latter 
are composed of purified antigenic parts of the infec-
tious agent, especially proteins or peptides, that need to 
be combined with adjuvants to induce an effective adap-
tive immune response against this antigen. Indeed, in 
contrast to complete pathogens, purified antigens do not 
deliver efficient activation signals to antigen presenting 
cells (APCs) such as dendritic cells (DCs) that are central 
actors of the immune system to prime naive T cells and 
orient the adaptive immune response. By definition, adju-
vants are substances that aim at increasing the amplitude, 

the efficacy and the persistence of the immune response 
induced by a vaccine to achieve long-lasting protec-
tion against all forms of an infectious disease [8]. There 
are different ways of classifying adjuvants based on their 
origin and chemical composition, their mode of action 
and the type of immune response they induce. This can 
be challenging because adjuvants are often composed 
of several molecules with different properties that are 
assembled into complexes playing multiple functions.

In a context of mistrust towards vaccines, it is impor-
tant to help professionals of the equine industry under-
stand the composition of marketed equine vaccines 
and the role played by adjuvants. It is also important 
to provide researchers with a list of adjuvants validated 
in horses that could be used to develop new vaccines. 
Indeed, adjuvants must be validated in the target spe-
cies because of intrinsic specificities of the immune sys-
tem. In other words, results obtained in mice or humans 
are not necessarily transposable to horses [8, 9]. Many 
reviews have been published on adjuvants used for vac-
cination of humans and other species but to our knowl-
edge, there is no specific review on adjuvants found in 
equine vaccines. Here, we first give basic knowledge on 
the role of adjuvants in vaccines. We then provide an 
inventory of adjuvants that are used in approved equine 
vaccines or are under investigations. We classified these 
adjuvants according to their chemical composition. We 
also describe how they stimulate the immune system of 
horses when the information is available or, when data 
are missing, describe what is known in other species. This 
will provide professionals of the equine industry with 
sound information on adjuvants. This should also guide 
research to improve the performance of current equine 
vaccines and contribute to the development of vaccines 
against pathogens for which vaccines do not exist yet.

2 � Role of vaccine adjuvants in the induction 
of the immune response

The concept of “adjuvant” was introduced in the 1920s by 
Gaston Ramon, a veterinarian at the Institut Pasteur, who 
first observed higher titers of specific antibodies in horses 
with abscesses at the injection site [10]. Later on, he dem-
onstrated that substances causing a local inflammation 
also improved the production of antisera. The concept of 
adjuvant was born and few years later, Glenny and col-
laborators discovered the immunostimulatory effect of 
aluminium salts [11]. However, the mode of action of 
adjuvants remained obscure for decades and was quali-
fied by Charles Janeway in 1989 as the “immunologist’s 
dirty little secret” [12]. This quote reflected the lack 
of knowledge about the mechanism of action of many 
known adjuvants. Huge progresses have been made since 
[13–15]. Even if grey zones persist, we now understand 
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much better the molecular mechanisms underneath the 
adjuvant effect. There are many equine vaccines available 
to combat various viruses and bacteria [16]. The vaccine 
strategy in place is generally effective but the occurrence 
of outbreaks sometimes highlights the limitations of vac-
cines and demonstrates the importance of research and 
development in this field. The effectiveness of vaccines 
depends on several factors. Among them, the choice of 
the adjuvant is one of the most important. Adjuvants are 
essential components of modern vaccines such as subu-
nit vaccines and the properties needed differ depending 
on the antigen and the vaccine composition [17, 18].

Vaccines are first composed of one or more antigens, 
i.e. molecules that are specific to the pathogen against 
which a protection is sought. To be effective, vac-
cines have to stimulate the adaptive arm of the immune 
response, promoting the amplification and long-term 
survival of antigen-specific T lymphocytes, including 
both CD8+ cytotoxic T cells and CD4+ helper T cells 
(or Th cells), and B lymphocytes which secrete antigen-
specific antibodies after differentiation into plasma cells. 
These antigen-specific cells can survive for months or 
years in the blood and lymphoid organs, which is the 
basis of immunological memory. It is primarily this 
process of adaptive immunity that vaccination seeks to 
induce [16]. The induction of an antigen-specific immune 
response requires the antigen and an immunostimulatory 
signal that is provided by the adjuvant. Its function is to 
activate the innate immune response which is a prerequi-
site to trigger the adaptive immune response. Stimulation 
of the innate immune response is mediated by a lim-
ited set of conserved molecular patterns that are shared 
across a large panel of microbes such as bacterial lipopol-
ysaccharide (LPS) or are associated to cellular damages 
such as free DNA in the extracellular environment. These 
pathogen-associated molecular patterns (PAMPs) and 
damage-associated molecular patterns (DAMPs) are rec-
ognized by cellular receptors called pattern recognition 
receptors (PRRs) [15]. This includes but is not limited 
to Toll-like receptors (TLRs), RIG-like receptors (RLRs) 
and NOD-like receptors (NLRs). This explains that vac-
cines based on live-attenuated pathogens usually do not 
require the addition of an adjuvant because they intrinsi-
cally contain PAMPs that will activate the innate immune 
response.

Although all cells contribute to the innate immune 
response, a prominent role is played by immune cells 
which express a larger panel of PRRs such as neutrophils, 
Natural Killer cells, macrophages and DCs [15]. Once 
activated, all these cells produce membrane ligands and 
pro-inflammatory cytokines and chemokines that con-
tribute to induce the adaptive immune response. Among 
these different populations, DCs play a specific role 

as they are the only APCs capable of activating naïve T 
lymphocytes that never met their matching antigen. Fur-
thermore, they are able to present peptides from inter-
nalized antigens not only on Major Histocompatibility 
Complex of class II (MHC-II) molecules for the activa-
tion of CD4+ Th cells but also on Major Histocompat-
ibility Complex of class I (MHC-I) molecules, which is 
necessary to activate CD8+ cytotoxic T cells. Therefore, 
they are key to initiate adaptive immunity. A major role 
of adjuvants is to induce antigen presentation and func-
tional maturation of DCs. To this goal, the nature of the 
adjuvant has a very important role in the type of adaptive 
response that is induced [15]. Depending on the innate 
immune response that is triggered by the adjuvant, vac-
cine can stimulate a Th1-oriented immune response 
inducing a cellular immunity and/or a Th2-oriented 
response mainly inducing a humoral response. A Th2-
oriented immune response results in the production of 
antibodies opsonizing extracellular pathogens preventing 
entry into the cells and favouring their elimination. The 
Th1-oriented immune response promotes the elimination 
of infected cells by stimulating cytotoxic cells, especially 
CD8+ T lymphocytes. Specific populations of CD4+ T 
lymphocytes are associated to the Th1 vs Th2 profiles of 
the immune response, and can be distinguished by the 
secretion of specific cytokines such as Interferon gamma 
(IFN-γ)/Interleukin (IL-) 12 for the Th1 and IL-4/IL-5/
IL-13 for the Th2.

Besides the induction of innate immunity to trigger and 
orient the adaptive immune response, other functions 
have been attributed to adjuvants [17]. This includes the 
protection and stabilization of the antigen at the injec-
tion site to ensure its persistence for a longer time. Adju-
vants can also increase the uptake of antigens by APCs 
through the engagement of endocytosis receptors and 
therefore, facilitate antigen presentation and transport 
up to the lymphoid organs. Resident DCs at the injection 
site play an important role in the capture and transport of 
antigens to the draining lymph node. For example, mice 
deficient for NLRP10, a NLR protein expressed by DCs, 
have a profound defect in the induction of the adaptive 
immune response after Alum-adjuvanted immunization. 
In the absence of NLRP10, DCs are unable to transport 
antigens from the injection site to the draining lymph 
node whereas their other functions are maintained in 
the experimental autoimmune encephalomyelitis model 
[19]. Most importantly, adjuvants can reduce the amount 
of antigen required per vaccine dose as well as the fre-
quency of injections to acquire and maintain protection 
[20]. Thus, adjuvants often play multiple roles in paral-
lel [15, 17, 20], and the main mechanism responsible 
for their activity is sometimes controversial. Based on 
observations in different species, the roles that adjuvants 
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can play in equine vaccines are summarised in Figure 1. 
Since their discovery, research in adjuvant compounds 
has made considerable progress. However, only few 
molecules have been authorized for humans and vet-
erinary medicine. Indeed, vaccines are usually delivered 
to healthy individuals as prophylaxis. As such, safety 
requirements are very high for vaccines and the adju-
vants they contain. This makes the development of new 
adjuvant substances extremely costly when vaccines must 
be relatively cheap to reach the market, especially in vet-
erinary medicine. In the field of equine vaccination, most 
of the adjuvants used are old molecules but newcomers 
have been recently approved and might change the cur-
rent situation.

3 � Families of adjuvants in equine vaccine
Five major families of adjuvants have been widely stud-
ied for equine vaccines: aluminium salts, emulsions, 
polymers, saponins and ImmunoStimulating COMplexes 
(ISCOMs). The different adjuvants found in commer-
cially available equine vaccines and the targeted patho-
gens are listed in Additional file  1. These vaccines are 
mostly administered intramuscularly or sub-cutaneously, 
usually in the neck, rump or possibly the chest. Specific 
vaccines can be also administered by the sub-mucosal 
route or intranasally but these commercially available 
vaccines do not have an adjuvant and are therefore not 
discussed in this review (Equilis® Strep E, Flu Avert I.N.® 
and Pinnacle® I.N.).

3.1 � Mineral salts
Aluminium salts were among the first adjuvants used and 
are still very common in vaccine preparations, especially 

in human vaccines. They have demonstrated good effi-
cacy in the history of vaccination to be used on a very 
large scale but this adjuvant has limitations (see below) 
and the toxicity of aluminium is now raising safety con-
cerns [14]. Initially used in vaccines containing tetanus 
and diphtheria toxoids, aluminium salts were later added 
to other vaccine preparations (pertussis, meningococcal, 
etc.). There are two forms of aluminium salts that can be 
found in vaccines: aluminium hydroxide and aluminium 
phosphate. Although similar, these two adjuvants have 
different physical and chemical properties and the choice 
of the aluminium adjuvant will have consequences on 
the effect of the vaccine [17]. Aluminium hydroxide, also 
known as aluminium oxyhydroxide, is the most common 
aluminium salt used in vaccines. It dissolves slowly at the 
injection site [21]. Aluminium phosphate or aluminium 
hydroxiphosphate dissolves much more rapidly in the 
interstitial tissues after injection. In order to operate and 
act as an adjuvant, the vaccine antigen must be adsorbed 
to aluminium salts. There are different physicochemical 
parameters that can be modulated to achieve the desired 
adsorption: the particle size profile, steric hindrance and 
surface charge that is adapted to match the size and the 
surface charge of the antigen [22, 23]. Antigenic adsorp-
tion can be achieved on the surface or within the alu-
minium salt aggregates. The parameters of adsorption are 
very important because the greater the adsorption capac-
ity of the adjuvant, the more effective will be the vaccine 
and its response.

Immunologists have long considered that the adjuvant 
property of aluminium salts was linked to the progres-
sive release of the antigen at the injection site [24]. This 
theory has since been the subject of controversy and it 

Figure 1  Role of adjuvants in the immune response of horses. Summary of the different functions of vaccine adjuvants. APC, Antigen 
Presenting Cells. MHC, Major Histocompatibility Complex. The figure was partially generated from Servier Medical Art, provided by Servier, under a 
Creative Commons Attribution 3.0 unported License.
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has been found that excision of the injection site only 
few hours after vaccine administration does not inter-
fere with the adjuvant effects of aluminium salts [24, 25]. 
This demonstrates that the transport of antigenic com-
plexes to the draining lymph nodes where the adaptive 
immune response is triggered, is a rapid process [25]. 
Since the depot theory has been challenged, it has been 
shown that aluminium salts induce a local inflammation 
associated to the recruitment and activation of mono-
cytes, macrophages and DCs that are competent for anti-
gen capture, processing and T-cell presentation [25–27]. 
Endocytosis or phagocytosis of the aluminium particles 
in these APCs allow antigen to enter the endolysosomal 
vesicular network containing hydrolytic enzymes. Inter-
nalized antigens, first delivered to early endosomes, then 
move into late endosomes and finally into lysosomes. 
These endocytic compartments have increasing acidity 
facilitating the degradation of the endocytosed mate-
rial [27] since it activates hydrolytic protease enzymes 
that cleave the protein antigen into small peptides. The 
fusion of phagosomes with endosomes first and then lys-
osomes leads to the formation of phagolysosomes, con-
taining hydrolytic enzymes and acidified via vacuolar 
proton pumps [27]. To be presented by MHC-II mol-
ecules, antigens have thus to be processed in peptides of 
13 to 18 amino acid residues long, mainly in endosomes, 
without being completely degraded. It is suspected that 
by stimulating reactive oxygen species (ROS) produc-
tion and by inhibiting the acidification and maturation 
of phagosomes, aluminium salts could modulate the deg-
radation of internalized material and thus favour antigen 
presentation [27]. After internalization, phagocytes and 
especially DCs ensure the transport of antigens to the 
draining lymph node [19]. It should be noted that thanks 
to its physico-chemical properties, aluminium cannot be 
degraded. It is this property that leads to the persistence 
of aluminium aggregates both at the injection site and in 
the draining lymph nodes [28]. This raised the question 
of the potential long-term toxicity of aluminium salts.

The mechanisms responsible for the inflammatory 
properties of aluminium salts and their ability to acti-
vate APCs are complex and controversial [24]. In 2008, 
the NOD-Like Receptor family, Pyrin domain containing 
3 (NLRP3) inflammasome was assigned a critical role to 
the inflammatory property of aluminium salts [29–31]. 
Upon activation, NLRP3 multimerization allows the 
recruitment of the Apoptosis-associated Speck-like pro-
tein containing a CARD (ASC) which in turn recruits 
and activates Caspase-1 [29]. This protease cleaves 
the pro-peptides of IL-1β and IL-18 into mature pro-
inflammatory cytokines that are secreted. Besides, the 
NLRP3 inflammasome can induce a lytic, proinflamma-
tory cell death known as pyroptosis via the activation of 

Gasdermin D [32]. How aluminium salts activate NLRP3 
is still a matter of debate. Aluminium salts were reported 
to destabilize the membrane of phagolysosomes in mac-
rophages, thus releasing their content into the cell cyto-
sol and in particular cathepsin B that has been involved 
in inflammasome activation [33]. They also induce K+ 
efflux, Ca2+ release in the cytosol and ROS production 
by the mitochondria that all were found to be essential 
in NLRP3 activation [34–36]. However, the sequence and 
the specific contribution of these events in the inflam-
matory properties of aluminium salts is still debated. 
Furthermore, the actual contribution of the NLRP3 
inflammasome in the adjuvant effect of aluminium salts 
has been challenged by several groups [37, 38]. Although 
there is a consensus on the role of NLRP3 and Caspase-1 
in the induction of IL-1β and IL-18 by aluminium salts, 
this mechanism does not seem essential to the induction 
of the adaptive, antigen-specific immune response [38]. 
Aside NLRP3 activation, it has been shown by atomic 
force microscopy that aluminium salts can bind the cel-
lular membrane of DCs. This leads to lipid sorting and 
receptor aggregation that can activate these APCs [39]. 
A simpler theory is that aluminium salts induce necrotic 
cell death by non-specific binding and destabilization of 
cellular membranes considering that the local concentra-
tion at the injection site is very high (in the 60 mM range; 
[23]). This could lead to the leakage of cytosolic factors 
and extracellular release of DAMPs including Heat-Shock 
Protein 70 (HSP-70) and HMGB1 but also intracellu-
lar DNA [40–43]. These factors activate TLR2/4 and 9, 
respectively, stimulating innate immunity. However, the 
role of these receptors in the adjuvant properties of alu-
minium salts was excluded by several studies [42–44]. 
Necrotic cell death also releases adenosine triphosphate 
(ATP) that engages the purinoreceptor P2RX7 [45]. 
This induces K+ efflux and activates the NLRP3 inflam-
masome [34]. However, despite its implication in the 
secretion of inflammatory cytokines, extracellular ATP 
does not seem to play a key role in the adjuvant effect of 
aluminium salts [46]. Finally, the degradation of purine 
nucleotides in the extracellular compartment leads to the 
accumulation of uric acid at the injection site [47]. Crys-
talline uric acid activates the inflammasome, and this was 
involved in the adjuvant effect of aluminium salts in vivo 
[47]. All these factors could probably combine to activate 
APCs and prime the adaptive immune response. A recent 
study showed that the NLRP3 inflammasome is func-
tional in the equine model and is activated by aluminium 
crystals and other well-characterized inducers in horse 
monocytes. However, results suggest that the potassium 
efflux pathway may be less important in horse cells than 
in other species for NLRP3 activation [48].
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It has long been recognised that aluminium salts are 
very good inducers of the humoral response [49]. Indeed, 
this adjuvant promotes the differentiation of naïve CD4+ 
T cells into effector lymphocytes with a Th2 profile sup-
porting the production of antibodies and differentiation 
of memory B lymphocytes. In mice, this induces the pro-
duction of immunoglobulins of isotypes G1 (IgG1) and 
E (IgE), but not efficiently the IgG2a subclass [50]. This 
was shown to be an issue in first generations of conven-
tional inactivated EI vaccines adjuvanted with alum [51]. 
Therefore, aluminium salts are mostly used for vaccines 
that aim at inducing high levels of antibodies, which is 
an efficient response against extracellular pathogens or 
toxins (Additional file  1). In contrast, they do not effi-
ciently stimulate the cytotoxic T cell response that is usu-
ally necessary to control intracellular pathogens [26, 49]. 
Thus, aluminium-based adjuvants supplemented with 
Glucopyranosyl Lipid A (GLA; a.k.a MonoPhosphoryl 
Lipid A or MPL) have been developed (adjuvant AS04 
from GSK) in order to bias the immune response towards 
a Th1 profile. Aluminium salts are not the most com-
monly used adjuvants in equine vaccines, unlike human 
vaccines. They represent less than 10% of the adjuvants 
present in equine vaccines. These adjuvants are mainly 
found in equine vaccines against tetanus [52], EI [7], 
rabies [53] and strangles, particularly in monovalent vac-
cines (Additional file 1).

3.2 � Emulsions
An emulsion is a process in which two normally immis-
cible phases are dispersed in each other and stabilized by 
the addition of surfactants such as Span 85® or Tween 
80®. Surfactants are either more lipophilic or hydrophilic 
depending on the type of emulsion, i.e. whether the dis-
persed droplets are water- or lipid-based [54]. There are 
three main types of emulsions: water-in-oil (W/O), oil-
in-water (O/W) and water-in-oil-in-water (W/O/W). 
W/O adjuvants allow the gradual and sustained release 
of antigen at the injection site, the so-called depot effect, 
whereas O/W emulsions do not form a depot but quickly 
activate APCs [55, 56]. Emulsion adjuvants are frequently 
found in veterinary vaccines. In W/O emulsions, the 
antigen is found within droplets in aqueous solution and 
entrapped in a lipophilic phase [54]. The most studied 
adjuvants of this type are the complete and incomplete 
Freund’s adjuvants. These emulsions contain paraffin oil 
and use mannide monooleate as an emulsifier. They are 
supplemented (complete) or not (incomplete) with desic-
cated mycobacteria to stimulate innate immunity. Com-
plete Freund’s adjuvant was rapidly abandoned (except 
in highly-regulated experimental settings) because of its 
high toxicity and painful reactions induced at the injec-
tion site, but incomplete Freund’s adjuvant has been used 

for a longer time. It induces a strong antibody response 
associated to a moderate CTL response. However, the 
induction of significant inflammatory reactions has 
prevented its further use in humans and pets [13, 14, 
17]. Besides, this first generation of emulsion adjuvants 
is based on non-metabolizable mineral oils which are 
known to be carcinogenic [49]. Over the years, research 
was continued on W/O emulsions and new generations 
are based on purified mineral oils but also vegetable or 
animal oils such as squalene [57]. These metabolizable 
substances are safer and only induce a moderate local 
inflammation. Some Montanide-based Incomplete SEP-
PIC Adjuvants (ISA) are good example in this class. W/O 
adjuvants from the ISA family such as ISA 61 are used in 
veterinary vaccines such as foot and mouth disease (cat-
tle, pigs), avian influenza, Newcastle disease (poultry) 
or for some farmed fish vaccines. They improve vaccine 
efficacy by increasing the strength and duration of immu-
nity [15] by inducing local inflammation leading to the 
recruitment and activation of APCs [17]. Oil-based adju-
vants are mainly known to stimulate antibody responses 
but some W/O type emulsions are also able to activate 
cytotoxic T lymphocytes [58]. ISA 50, another W/O 
adjuvant of the ISA family, has been tested for the experi-
mental vaccination of horses but with moderate success 
[59]. These W/O adjuvants are not yet used in marketed 
equine vaccines.

Among oil-in-water (O/W) emulsions, the most repre-
sentatives are MF59, AS03, AF03 and ISA 35 that were 
developed by Novartis, GSK, Sanofi Pasteur and SEP-
PIC, respectively [49]. These emulsions are microdro-
plets of oils such as squalene or α-tocopherol in water 
stabilised by surfactants such as Tween 80. The release of 
antigen occurs more rapidly than with W/O emulsions. 
The oil droplets will allow the antigen to be transported 
to the lymph nodes where antigen deposits will be pre-
sented by APCs [54]. These adjuvants have been used in 
human influenza vaccines against seasonal and pandemic 
viruses. MF59 induces cell-mediated responses with a 
Th2-biased profile [60]. Studies are conducted to supple-
ment emulsion adjuvants with synthetic TLR4 agonists in 
order to bias the immune response towards a Th1 profile. 
After antigen release, a mild local inflammatory reaction 
leads to the secretion of TNF-α and IL-1β cytokines as 
well as the differentiation of monocytes into DCs and 
the recruitment of various immune cells such as mono-
cytes and neutrophils [54, 57]. An experiment revealed a 
significant increase in ATP release within minutes after 
MF59 injection. When coinjected with MF59, apyrase 
eliminates extracellular ATP and the adaptive immune 
response is blunted. These results provide evidence that 
the extracellular release of ATP is a key step in the adju-
vant activity of MF59 [46]. As aforementioned, ATP can 
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activate the purinergic receptors P2RX7 which leads to 
K+ efflux and NLRP3 activation. However, the adjuvant 
effect of MF59 does not rely on NLRP3 and Caspase-1, 
but rather requires the MyD88 adaptor that is shared 
by all TLRs (except TLR3) and IL-1R as well as the ASC 
adaptor that is involved in different types of inflammas-
omes [61, 62]. The adjuvant effect of AS03 was docu-
mented by Morel et al., and correlated to the stimulation 
of the innate immune system [63]. It was shown that 
AS03 transiently activates NF-κB in the injected mus-
cle and in the draining lymph nodes. The authors also 
observed an increase in cytokines and chemokines in 
the muscle and the draining lymph node between 6 and 
48 h post-injection. Moreover, AS03 showed its capacity 
to induce the migration of DCs and monocytes [63, 64]. 
However, the signalling events accounting for its adju-
vant effect have not been characterized yet. MF59, AS03 
and AF03 are not used in horses. One such O/W adju-
vant found in equine vaccines is MetaStim®, a squalane-
based emulsion including Pluronic poloxamer and Tween 
80 as surfactants, which is commercialized by Zoetis. It is 
notably found in vaccines against equine influenza virus 
(EIV) and West Nile Virus (WNV) (Fluva Innovator and 
West-Nile Innovator, respectively). A study demonstrated 
that MetaStim® stimulated IFNγ and IL-12 expression 
that are characteristic of a Th1 immune response more 
potently than aluminium salts [65]. The O/W adju-
vant ISA 35 is found in equine vaccines against EIV and 
equine herpesvirus (EHV), and showed a positive anti-
body response in a vaccination trial against African horse 
sickness [66].

W/O/W emulsions have been investigated but produc-
tion remains more difficult and these emulsions are often 
unstable. Only a few adjuvants of this type are used in 
particular in bovine and avian vaccines [54]. ISA 206, a 
W/O/W adjuvant, has been tested in experimental horse 
vaccination with relative success and performed better 
than ISA 35 but side effects were reported [67].

Montanide™ IMS is a series of adjuvants containing a 
mixture of microemulsions of varying sizes (10–500 nm; 
with or without an immunostimulant compound). Adju-
vants tested in vaccine formulations against equine path-
ogens are IMS 3012, 2211 and 1313. These adjuvants have 
mainly been studied for vaccines against Rhodococcus 
equi. IMS 3012 is a water-based microemulsion [68]. Two 
studies show mild or no local reactions when IMS 3012 
was used as an adjuvant for vaccination against Rhodo-
coccus equi or to produce a polyvalent snake antivenom 
[67, 69, 70]. It has been shown that horses vaccinated 
against Rhodococcus equi adjuvanted with IMS 3012 
showed an increase in opsonising capacity [68] and an 
increase in IgGa and IgGb indicative of Th1 responses, 
and an increase in IgGT indicative of Th2 responses 

in adult horses [68–70]. IMS was able to significantly 
increase the expression of IFNγ, IL-2 and IL-10 mRNA 
in peripheral blood lymphocytes [69]. In the same study, 
the effects of three adjuvants (IMS 3012, IMS 2211 and 
ISA 35) were compared, showing that the highest pro-
duction of both IgGa and IgGb against Rhodococcus equi 
was obtained with IMS 3012. Furthermore, it was shown 
that vaccination against Rhodococcus equi with IMS 3012 
and administration of anti-Rhodococcus equi hyperim-
mune plasma to foals of pregnant mares protected the 
foals from infection in a contaminated environment [71]. 
In contrast, poor results were obtained with IMS 3012 
in a vaccination trial against African horse sickness [66]. 
IMS 1313 has recently been studied for an autogenous 
vaccine against equine Salmonella enterica causing abor-
tion attacks in mares. The vaccine adjuvanted with IMS 
1313 was used in an equine Salmonella enterica abortion 
crisis in Italy as an emergency tool. Mares developed a 
high humoral response after the 2nd immunisation [72]. 
Finally, studies using IMS 3012 and 1313 adjuvants in 
vaccines against Rhodococcus equi and Salmonella enter-
ica, respectively, suggested that vaccination has an abil-
ity to provide passive immunity to new-born foals [68, 
72]. In order to confirm these results further studies are 
needed on the effects of maternal antibody interference 
and passive protection in foals [6]. In addition, further 
research into the mechanisms of action of these adju-
vants would be helpful.

3.3 � Polymers
Carbomers are hydrophilic acrylic acid polymers that are 
used to stabilize nano-emulsions. They have been used 
since the 1970s in veterinary vaccines, notably in vaccines 
against EIV [73, 74], EHV [75–77] and WNV. They are 
now found in a large number of commercialized equine 
vaccines (Additional file 1). Despite its widespread use in 
veterinary medicine and the presence of carbomer adju-
vants in many veterinary vaccines, the number of studies 
on this adjuvant is surprisingly small. Its mode of action 
has not been elucidated yet, but it is known that carbom-
ers are able to stimulate the innate immune response 
and improve antigen delivery. It has been shown that 
carbomer adjuvant enhance antibody production in 
vaccinated horses [73, 74]. A study also demonstrated 
the effect of carbomer-based adjuvants on the adaptive 
immune response to influenza vaccination in mice [78]. 
Analysis of the T-cell response showed elevated levels of 
both Th1 and Th2 cytokines [78]. It has been established 
that carbomer adjuvants enhance the immune responses 
to subunit and to inactivated but also to live-attenuated 
vaccines [79]. Carbomer activity is accompanied by a 
high secretion of pro-inflammatory cytokines and the 
early recruitment of leukocytes. A study showed that a 
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carbomer-based adjuvant could stimulate CD8+ T cells 
via the cross-presentation mechanism, i.e. the presenta-
tion on MHC-I molecules of peptides derived from inter-
nalized antigens [80]. Surprisingly, metabolic analyses 
revealed that carbomer-stimulated DCs did not exhibit 
the typical metabolism of activated DCs characterized by 
an induction of aerobic glycolysis, but showed a basal gly-
colytic activity combined to a low mitochondrial respira-
tion. Although the carbomer-based adjuvant used in this 
study activated IL-1β and IL-18 production, an experi-
ment using DCs deficient in Caspase-1, NLRP3 and ASC 
showed that the cross-presentation ability of DCs was 
not impaired suggesting that inflammasome activation 
by the carbomer used is not necessary to enhance cross-
presentation [80]. In contrast, the results indicate that 
by increasing lipid peroxidation and ROS production, 
this carbomer-based adjuvant facilitated antigen escape 
from endosomes to the cytosol allowing antigen degrada-
tion into peptides by the proteasome for MHC-I loading. 
Carbomers have also been shown to affect phagocytosis. 
A study conducted on carbopol showed that particles of 
this carbomer are mainly found in phagocytic cell popu-
lations. After phagocytosis, carbopol undergoes a confor-
mational change in lysosomes triggering the production 
of ROS and thus inflammatory mechanisms [81]. Early 
induction of IFNγ is important in the adjuvant effect 
of carbomer and the induction of the cellular immune 
response. In addition, in  vitro and in  vivo analyses 
showed that carbomer adjuvants do not engage directly 
TLRs or other PRRs such as NOD1, NOD2 or RIG-I [81]. 
Due to their composition, carbomers have been studied 
in combination with other emulsion-type adjuvants such 
as MF59 (described previously). Strong but complemen-
tary immune responses were observed. A study analysed 
the efficacy of a combination of a carbomer (Carbopol 
971P) and an emulsion (MF59) on the humoral responses 
to HIV-1 envelope glycoprotein (gp140) in the animal 
[82]. ELISAs performed on rabbit sera two weeks after 
the 2nd injection and up to 15 weeks after the 4th injec-
tion of the Carbopol 971P/MF59 combination showed 
higher antibody titers and higher avidity than sera from 
rabbits immunized with either MF59 or Carbopol 971P 
alone. Although the mechanism of action of this com-
bination has not yet been investigated, the authors 
speculate that the ability of MF59 to enhance antigen 
presentation and APC recruitment combines with the 
ability of Carbopol 971P to activate B cells to induce effi-
cient vaccination [82].

The EI vaccine was one of the first vaccines studied 
with carbomer adjuvant. In the 1994 study by Mumford 
et  al., a comparison of two EI vaccines, one adjuvanted 
with aluminium salts and the other with carbomers, 
revealed higher antibody stimulation with the carbomers 

and longer protection over time [73]. Overall, carbomers 
appear to be effective adjuvants, particularly in the vet-
erinary field, but the mechanisms of action of this adju-
vant remain to be elucidated. Havlogen® is a preparation 
of Carbopol 934P cross-linked with polyallylsucrose and 
an emulsifier, as described in U.S. Patent No. 3,919,411, 
1975 [83]. Some equine vaccines use an adjuvant called 
Carbimmune®. This proprietary adjuvant is a carboxy-
polymer-based substance, but we did not get additional 
information (personal communication).

Another adjuvant polymer is based on a highly stable 
gel of sodium polyacrylate microparticles [84]. A specific 
grade commercialized as PET GEL A has been tested 
with encouraging results for vaccination against Rhodo-
coccus equi in foals and African horse sickness in adult 
horses [66, 70]. This adjuvant was also used in combina-
tion with vaccine grade Poly(I:C) (VacciGrade™; Invivo-
gen) for experimental contraceptive vaccination in mares 
[85, 86].

3.4 � Saponins
Saponins are complex mixtures of triterpenoids extracted 
from the bark of the South American tree Quillaja sapon-
aria. It is an immunostimulant and is also found in vac-
cine adjuvants. Saponins have emulsifying properties and 
can be used as surfactants but is not the main component 
to stabilize emulsions because of its inflammatory pro-
prieties and toxic effects. The active adjuvant compound 
is the crude plant extract called Quil A [14]. The adjuvant 
capabilities of Quil A in veterinary vaccines have been 
proven for different diseases: feline leukaemia vaccine, 
foot and mouth disease vaccine, porcine reproductive 
and respiratory syndrome (PRRS) vaccine [54]. This is the 
most studied of all saponins, but although it has powerful 
adjuvant properties, crude Quil A is too toxic to be used 
because of haemolytic activity and the induction of site 
reactions [87]. To avoid toxicity, Quil A has been frac-
tionated, and the most studied fraction is QS-21 [88]. In 
recent years, research has heavily focused on saponins as 
adjuvants and less toxic forms are now widely used in vet-
erinary vaccines [55]. Quil A-derived saponins, for exam-
ple QS-21 combined with MPL and liposomes (adjuvant 
AS01, GSK) [89] or with emulsions (AS02) [49], or Quil 
A combined with cholesterol and phospholipids to form 
immunostimulating complexes (ISCOMs) have reduced 
toxicity and adjuvant properties (the ISCOM system will 
be described in detail in the next chapter). These adju-
vants induce strong Th1 and Th2 immune responses via 
cytokine stimulation. It also activates CD4+ and CD8+ T 
lymphocytes and improves antigen presentation by APCs 
[90]. It has been hypothesised that saponins are able to 
interact with cholesterol to form pores in cell mem-
branes, particularly in DCs, and thus release antigens in 
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cells cytosol. This allows the loading of antigenic peptides 
on MHC-I molecules and the priming of CTLs [90].

Warda et  al. showed that an EI vaccine containing a 
saponin adjuvant maintained a protective antibody titer 
for up to 8  months post-vaccination [91]. A study by 
Hellman and colleagues showed the effect of a proprie-
tary adjuvant: G3 (a combination of Quil A and choles-
terol) on equine peripheral blood mononuclear cells. The 
G3 adjuvant appears to stimulate a Th1-oriented immune 
response by inducing pro-inflammatory cytokines (IL-
1β, IL-6, IL-8 and IL-10). This profile is sought for vac-
cines against pathogens where immune protection is 
predominantly dependent on cell-mediated immunity 
[92]. Encouraging results were obtained with G3 in a vac-
cination trial against African horse sickness [66]. How 
saponins stimulate the immune system is still poorly 
understood despite their widespread use. The induction 
of NLRP3 inflammasome has been well documented but 
the mechanisms involved remain to be elucidated [32].

3.5 � Immunostimulating complexes (ISCOMs)
The properties of saponins are at the origin of the devel-
opment of ISCOMs. This adjuvant first appeared in 
1984 following a vaccination study using Quil A-based 
ISCOMs incorporating viral membrane proteins of 
parainfluenza virus 3, measles virus and rabies virus in 
the mouse model [93]. Saponins like Quil A have the abil-
ity to interact with membrane lipids. In the presence of 
cholesterol, phosphatidylcholine and Quil A at the right 
ratio, “open cage” structures specific to ISCOMs will 
form, allowing the incorporation of amphipathic anti-
gens. Two types of ISCOMs can be distinguished: clas-
sic ISCOMs and ISCOM-Matrix whether the antigen is 
included during ISCOM assembly or added to preformed 
ISCOMs, respectively [7, 93, 94]. With these two systems, 
antigenic peptides are loaded with the same efficiency 
on both MHC-I and MHC-II molecules [95]. ISCOMs 
induce high antibody production over a long period. It 
also induces Th1 and Th2 responses as well as a potent 
CTL response and the synthesis of pro-inflammatory 
cytokines [7, 94]. Finally, they improve antigen presenta-
tion by APCs [94, 95].

ISCOMs induce efficiently the production of neutralis-
ing antibodies in sheep and cattle models against bovine 
viral diarrhoea [96]. A 2008 study by Paillot et  al. on 
ponies vaccinated with an EI vaccine adjuvanted with 
ISCOMs showed the induction of a Th1-type immune 
response, with elevated levels of specific antibodies and 
increased percentage of specific T lymphocytes pro-
ducing IFNɣ [97]. A significant reduction in the sever-
ity of clinical signs and a decrease in viral shedding was 
observed in vaccinated horses after viral challenge [97–
100]. In horses, ISCOMs are mainly found in monovalent 

EI and Streptococcus equi vaccines, and EI-tetanus com-
bined vaccines (Additional file  1). The EI ISCOM vac-
cine combined with tetanus toxoid has been shown to be 
protective in the long term (15 months) [101]. A study by 
Cullinane compared the immune responses elicited by 
three EIV-containing vaccines in young horses: an inac-
tivated whole virus vaccine with ISCOMs; an inactivated 
whole virus vaccine with aluminium hydroxide; and a 
multivalent vaccine also containing EHV1-4 and reovirus 
types 1 and 3. The monovalent vaccine with aluminium 
hydroxide provided better haemagglutinin antibody titers 
against EIV than either the ISCOM-based vaccine or the 
multivalent vaccine in young horses tested after primary 
and first booster vaccination [102]. Another study com-
pared three EI vaccines: a whole virus vaccine, a subunit 
vaccine with ISCOM Matrix and a recombinant canary-
pox vaccine. The whole virus vaccine showed the best 
antibody response. In contrast, the ISCOM-based vac-
cine showed the best increase in IL-4 induction [103]. 
All 3 vaccines similarly stimulated IFN-γ expression 
[103]. A significantly higher acute phase response (Serum 
Amyloid A), fibrinogen and white blood cell response 
was also observed with an inactivated whole virus vac-
cine adjuvanted with ISCOM compared to a recom-
binant vaccine [104]. Furthermore, it has been shown 
that an ISCOM-adjuvanted EI vaccine can be adminis-
tered simultaneously with a Carbopol®-adjuvanted EHV 
without interfering with the antibody response [77]. 
ISCOM adjuvants have been studied in an EHV1 vaccine. 
High levels of neutralising antibodies were measured. 
Although it did not prevent infection upon challenge, 
there was a reduction in clinical signs, nasal excretion 
and cell associated viremia compared to the non-vacci-
nated control group [105]. ISCOMs were also tested in a 
vaccine against Streptococcus equi containing a mixture 
of Streptococcus equi antigens with an ISCOM-Matrix 
adjuvant, AbISCO. Although the adjuvant effect was not 
directly addressed, the study shows that the vaccine pro-
vided some level of protection against strangles in ponies 
as assessed by reduced clinical symptoms and bacterial 
shedding [106]. Two types of AbISCO-adjuvanted vac-
cines were combined in this study: an intramuscular 
vaccine containing AbiSCO-200® adjuvant and an intra-
nasal vaccine containing AbISCO-300® adjuvant. Finally, 
a safety study tested a vaccine formulation of an ISCOM-
based EI vaccine. The study was conducted in 2 popula-
tions of horses considered susceptible: foals and pregnant 
mares. The authors did not observe significant local and 
systemic reactions, the few local reactions observed 
being considered as mild [98].

ISCOMs are used in commercial vaccines against EI, 
Streptococcus equi and Clostridium tetani (Additional 
file  1). We previously mentioned a study showing that 
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ISCOM-based EI vaccines induce lower antibody titers 
than those adjuvanted with aluminium hydroxide [102], 
but whether there is a significant difference in term of 
protection needs to be further investigated. It would be 
also interesting to conduct future research on the use 
of ISCOMs as an adjuvant for vaccination against other 
equine pathogens. Besides, further comparison studies of 
these vaccines are needed to test immune responses with 
different antigens and over a longer period of 6 months 
to 1 year. Vaccination trials are usually performed follow-
ing primary or first and second booster vaccinations. It is 
necessary to conduct comparisons of vaccines on booster 
doses further away from the primary vaccination and 
after yearly boost to confirm the benefits of these adju-
vants. Finally, research should focus on the combination 
of ISCOMs with other adjuvants as in the Equip FT vac-
cine against EIV and Clostridium tetani since such com-
binations have not been extensively explored.

4 � Adjuvants under study and perspectives
Adjuvants have the important role of increasing the 
immunogenicity of antigens and improving the effi-
cacy of vaccines. Advances in the understanding of the 
mechanisms of action of adjuvants allow the improve-
ment of vaccines which includes the induction of an 
immune response adapted to the type of pathogen for 
which protection is sought. Several adjuvants are avail-
able in equine vaccines and new adjuvants are currently 
being studied in horses. Among the adjuvants under 
study, liposomes seem interesting for equine vaccina-
tion. Many parameters of liposomes offer a wide range 
of possibilities for their use as adjuvants. Size, lipid com-
position, surface charge and structure are all parameters 
that influence the adjuvant properties of liposomes [107]. 
Their adjuvant effect is largely related to the formation 
of deposits at the injection site facilitating antigen trans-
port via APCs. Indeed, liposomes can deliver antigens to 
APCs for presentation on MHC-I and MHC-II molecules 
and also attract phagocytes to the injection site, which 
then migrate to the lymph nodes to finally interact with 
T cells. Liposomes have been shown to induce both Th1 
and Th2 responses [107]. This dual capacity is a necessary 
and increasingly sought-after requirement for combat-
ing emerging diseases. Liposome-nucleic acid complexes 
are being studied for the development of equine vaccines 
against western equine encephalitis virus as they showed 
promising results in a mouse model. Mice that received 
the liposome-adjuvanted vaccine produced protective 
antibodies and survived to viral challenge [108]. Another 
type of adjuvant that is also being studied in horses is 
based on polymer particles of polylactic acid (PLA) or 
poly(DL-lactide-co-glycolide) (PLGA) [109–111]. These 
injectable biodegradable polymer particles represent an 

interesting approach to control the release of vaccine 
antigens. PLAs have been shown to have the ability to 
stimulate humoral and cellular responses in a strangles 
vaccine mouse model. Mice vaccinated with a PLA-based 
vaccine containing an antigen of the strangles pathogen 
showed an increase in antigen-specific IgG, and IL-2 
and IFNγ secretion by splenocytes [109, 110]. A pro-
tective response to a lethal challenge with Venezuelan 
equine encephalitis virus (VEEV) was demonstrated in 
mice immunized with a PLGA-encapsulated VEE vaccine 
[111].

In the field of equine vaccination, the development of 
new adjuvants should facilitate the development of vac-
cines against emerging horse diseases. A study com-
pared 3 adjuvants coupled to the African Horse Sickness 
Virus (AHSV) rVP2 protein: saponin, Aluminium phos-
phate and ISA 50 (W/O) [59]. Saponin-adjuvanted anti-
gen induced excellent protection against experimental 
infection with a lethal strain of AHSV, in comparison to 
immunisation with Alum and ISA 50 that induced only 
partial immunity [59]. This study confirms that the choice 
of adjuvant for a given antigen is a determining factor 
for the immunogenicity of a vaccine. A vaccine prepa-
ration of inactivated Japanese Encephalitis Virus (JEV) 
with an inulin-based adjuvant called ADVAX™, a natural 
polysaccharide of plant origin, has been studied in vivo, 
conferring increased neutralising antibodies in mice and 
horses and complete protection of mice against experi-
mental JEV infection [112]. In a pre-clinical study in 
pregnant mares and young foals, this vaccine formulation 
induced a strong neutralising antibody response [113]. 
Further studies are needed to optimise JEV vaccine prep-
arations and confirm the immunogenicity of the vaccine 
in a larger equine population and the resulting protec-
tion. The use of nanoparticulate adjuvant systems based 
on poly-ε-caprolactone encapsulating Streptococcus equi 
antigens were able to induce strong humoral (increased 
IgG), mucosal and Th1 immune responses in mice vac-
cinated intranasally [114]. This adjuvant holds promises 
for the control of strangles and it would be interesting to 
test it in the target species. Finally, polyanhydride nano-
particles and pentablock copolymer hydrogels are being 
developed as adjuvants against EIV. They were shown to 
preserve the structure of recombinant EIV hemaggluti-
nin trimers and to provide sustained release of the anti-
gen [115].

A summary of adjuvant classes available in equine 
vaccines or under investigation is presented in Figure 2. 
Interestingly, this highlights the fact that for several 
equine diseases only a fraction of available adjuvants has 
been tested for vaccination. Moreover, in most cases, 
adjuvant combinations (or “multiplexing”) to form more 
elaborated adjuvant complexes have not been tested yet.
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5 � Conclusion
The present review has established an inventory of the 
different adjuvants marketed or under study in equine 
vaccines. The results show that (i) a relatively large 
panel of adjuvants is used in marketed equine vaccines, 
(ii) several innovative adjuvants as well as adjuvants/
antigens combinations are being studied in the equine 
model, (iii) the mode of action of vaccine adjuvants is 
insufficiently characterized in horses, leaving some grey 
areas in the understanding of their potential for protec-
tion. Besides, while the benefits of vaccines in the pro-
tection against serious diseases are undeniable, their 
long-term safety is the subject of controversies. As new 
vaccines and adjuvants are developed, it is important to 
continuously monitor side effects to ensure the safety 
of vaccines even after their authorization. The current 
challenge for vaccines, including adjuvants, is to pro-
vide protection against emerging diseases while ensur-
ing optimal safety. To reach this goal, equine health 
research must constantly improve its performance, 
facilitate the recording of side effects in the field, and 
increase studies on the mechanisms of action of adju-
vants in the equine model, as information obtained 
from other models are not always transposable. The 
regular occurrence of epizootics in the equine field is 
an argument in favour of continuous improvement 
of vaccines and adjuvants in order to increase animal 
protection and also to be able to develop new vaccines 
against emerging equine diseases.
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