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A B S T R A C T

Research over the past several decades has provided insight into the mode of action of adjuvants. However, the
main focus of attention has been the efficacy in the induction of protective immunogenicity, while less effort has
been devoted to the study of toxicity mechanisms. Evidences suggest that several mechanisms that are re-
sponsible for the immunostimulating effects are, at the same time, responsible of the adverse effects. In this
context, it is often very difficult to establish the boundaries between immunostimulation and immunotoxicity to
reach the ideal balance of efficacy/safety. During decades, hundreds of adjuvants and adjuvant formulations
have been proposed as immunostimulants for vaccines but very few have been used in human vaccines due to
toxicity concerns. In this review, relevant aspects about immunotoxicology of adjuvants, based on clinical and
experimental studies are discussed. Some effects are only observed under hyperstimulating regimens using non-
approved adjuvants for human use, but these are nonetheless useful to understanding basic principles of ad-
juvant toxicity. The acute local and systemic reactions, during the first hours and those that can be observed after
the third day of vaccination in the inoculation site and systemically are discussed.

1. Introduction

Adjuvants are essential for efficacy of most vaccines [1]. Histori-
cally, the focus of attention in adjuvant research has been the efficacy in
the induction of protective immunogenicity, while less effort has been
devoted to the study of toxicity mechanisms [2]. However, vaccine
safety is currently a key concern of regulatory agencies and health in-
stitutions. Regrettably, the vast majority of toxicity studies with ad-
juvants were performed in combination with a wide variety of antigens.
Thus, information about the toxicity of adjuvants alone is scarce,
hampering the understanding of the mechanisms involved in several
adverse events [3].

The physicochemical properties of adjuvants, the antigenic struc-
ture, the doses, the frequency and route of administration, as well as the
genetic characteristics of the organism, are determinant conditions that
influence the quality of the immune response [4,5]. In the same way,
these factors influence the toxicity reactions of the adjuvanted vaccines.
Nowadays, it is accepted that many adverse reactions induced by im-
munological adjuvants occurs through an immunological-based me-
chanism (Table 1). The immunostimulatory effects that are necessary to
increase the effectiveness of the vaccine can lead to undesirable effects
if exceeding certain limits (Fig. 1). However, for immunological ad-
juvants, the limits between the desired pharmacological effects and

toxicity are often imprecise [2,3,6].
Currently, one of the greatest challenges in vaccine design is the use

of highly effective antigen-adjuvant combinations while causing
minimal adverse effects. Increasing insight into immunological me-
chanisms and how to manipulate them using molecules with well-de-
fined mechanisms of action, has replaced empirical with rational design
of adjuvants and targeted molecular modulation [1,7,8].

In the following sections, the acute local and systemic immunotoxic
reactions occurring during the first hours post-administration are ana-
lyzed. Following, those reactions that can be observed after the third
day of vaccination in the inoculation site and systemically are also
discussed (Fig. 2).

Several of the adverse effects mentioned here have been observed
only under experimental conditions in laboratory animals, in veterinary
vaccines or during different phases of clinical trials. Others have been
reported in human prophylactic and therapeutic vaccines.

2. Acute immunotoxic reactions induced by adjuvants

After vaccination, the early innate immune responses that is sti-
mulated in the inoculation site by the adjuvant, define the character-
istics and magnitude of the adaptive responses as well as the vaccine
efficacy and toxicity [9,10]. The acute immunotoxic reactions are those
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Table 1
Some relevant mechanisms involved in vaccine adjuvant immunotoxicity.

Mechanisms Consequence Clinical manifestations Adjuvant
examples

Selected
References

Associated with local reactions
Direct cytolytic Direct lytic effects on cells in the inoculation

site. Damage-associated molecular patterns
(DAMPs) release from injured cells.

Local irritation and inflammation Alum
Saponins

[11,14,15,16]

Depot effect and slow degradation Excessive recruitment of immune cells and
Th1-biased response

Long lasting local inflammation,
granuloma (delayed-type
hypersensitivity)

Gels
Emulsions

[17,96,63,64]

Inflammation-associated oncogenesis Tumorigenesis Tumors in the inoculation site Alum [68,69,70,71,72,73,74]

Associated with local and (or) systemic reactions
Profuse release of inflammatory

cytokine/chemokines
Excessive stimulation and/or suboptimal
downregulation of innate immune system

Local inflammation, acute phase
response
Vascular leak syndrome
Aplastic-like bone marrow

Multiple
Cytokines
pATRex

[44,45]
[57,58,59,60]
[109,110]

Disturbs in hepatic cytochrome P450
expression/activity mediated.
Changes in drug transporters

Changes in pharmacokinetics (including
metabolism) and pharmacodynamics of
drugs mediated by cytokines

Toxicity of some drugs administered
during or shortly after vaccination

Freund´s
adjuvants
Alum
LPS

[46,47,48,49,50,51,52,53,54]

Off-target effect Expression of innate immune receptors by
cell types not involved in the immune
response

Inflammation in non-immune
tissues. Autoimmune/inflammatory
symdrome associated to adjuvants?

Alum [9,79]

Failure in the contraction of adaptive
immune response

Homeostatic disturbances in several immune
mechanisms

Hypersensibility reactions and
autoimmune disorders

Freund´s
adjuvants,
Alum.
Regulatory T
cells modulators

[75,76,77,78,79,80]
[8]

Loss of peripheral immunotolerance Immune response against own tissues Autoimmune process Freund´s
adjuvants
Alum

[75,76,77,78,79,80]

Excessive Th2-biased response Excessive stimulation of IgE response and
allergy mediators

Immediate-type hypersensitivity
reactions

Alum [27,30,32]

Formation and deposition of immune
complex (IC)

Local or systemic inflammatory reactions
mediated by IC

Arthus reactions, vasculitis Alum [26,27,28,29,30]

Fig. 1. CD4+T cell polarization into functionally distinct cell lines after antigen/adjuvant stimulation and associated immunotoxicity reactions. After
antigen/adjuvant interaction with antigen presentating cells (APCs) and presentation to naive T cells, natural Treg are activated while Th0 cells can be polarized to
different Th subsets cells. The CD4+T cell polarization is driven by the nature of the antigen and the adjuvant, the way of administration and the genetic
background. Immune polarization optimize the immune response but under misregulated conditions, different immunotoxic responses (highlighted in red words) can
be induced.
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that appear in the first 24 h and usually do not last more than 72 h.
They can be local or systemic and some of them are rarely observed [3]
(Fig. 2A and B).

2.1. Transitory local inflammation

Immediately after the first contact of the adjuvant formulation with
the tissue, a chemical irritation can occur due to a non-physiological
pH, osmolarity or by direct cytotoxicity [6,11,12]. Adjuvants such as
alum, saponins (e.g. Quil A and QS21-saponin fractions purified from
the soapbark tree Quillaja saponaria Molina); immune-stimulatory
complexes (ISCOMs); Iscomatrix) and some emulsions, produce direct
cytolysis in the inoculation site associated to immediate local pain,
congestion, and focal inflammation [12]. Findings of a recent study
showed that direct irritant effect of cytotoxic adjuvants detected in vitro
is directly associated to severe local reactions in the inoculation site in
vivo [13]. For that reason, cytotoxic adjuvants are particularly con-
traindicated for mucosal vaccination.

The cytotoxicity of emulsions containing mineral salts is due to the
presence of short chain hydrocarbons with detergent-like effects, dis-
solving the lipid bilayer of the cell membrane. Mineral oils are a mix of
hydrocarbons with carbon chains of different length. Short chains in-
duce local reactions, whereas longer chains (> C14) are safer, but less
efficient as adjuvants. The emulsifiers used in water/oil emulsions, such
as mannide monooleate can produce cytotoxic effects through

enzymatic breakdown of native lipid chains releasing toxic fatty acids
[6]. Other well-known cytotoxic adjuvants are the above-cited saponins
that interact with cell membranes leading to cell lysis [14]. Surface
activity responsible for foaming properties, as well as some others
biological functions, including haemolytic activity of saponins, are at-
tributed to their amphiphilic nature, which results from the presence of
a hydrophilic sugar moiety, and a hydrophobic genin (called sapo-
genin). This structure facilitates the formation of complexes with cell
membrane cholesterol leading to pore formation and cell permeabili-
zation [15].

Adjuvants causing cytotoxicity can activate the innate immune re-
sponse through of molecules released from injured cells named damage-
associated molecular patterns (DAMPs). Some of the best-known
DAMPs include chromatin-associated-protein-high-mobility group box
1 (HMGb1), heat shock proteins (HSPs), and purine metabolites, such as
ATP and uric acid. In addition, there are also extracellularly located
DAMPs generated after matrix proteolysis by enzymes released from
dying cells. They include matrix fragments, such as hyaluronan, he-
paran sulphate and biglycan [16].

Adjuvants causing releasing of DAMPs are known as DAMP-type
adjuvants [17]. They act on monocytes, macrophages, or granulocytes
to induce cytokines that generate a local immuno stimulatory en-
vironment, eventually leading to dendritic cell activation. The cyto-
toxicity of aluminum gels have been related to their adjuvant proper-
ties. Alum yields a direct cytotoxic effect and the DNA, acid uric and

Fig. 2. Overview of immunotoxic reactions induced by adjuvants.
A) Transitory local inflammation and B) acute phase response, both occurring during the first hours post-vaccination. C) Local delayed-type hypersensitivity and D)
selected autoimmune reactions occurring after 72 h post-vaccination*.
* Autoimmune reactions after human prophylactic vaccine are regarded rare adverse events and the relation of causality in many cases is still under debate.
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other intracellular molecules released from dying cells mediates alum
adjuvanticity through of the pro-inflammatory nod-like receptor family,
pryin domain containing-3 (NLRP3) inflammasome pathway [18].

Other important group of adjuvants, named PAMP-type adjuvants,
contain in their own composition pathogen-associated molecular pat-
terns (PAMPs) and they can directly interact with pattern recognition
receptors (PRRs) in dendritic cells for their activation [17,19].

Because of the activation of dendritic cells, pro-inflammatory cy-
tokines are released, including interleukin-1 (IL-1), tumor necrosis
factor (TNF)-α, IL-6 and neutrophil-recruiting C-X-C motif chemokines,
such as CXCL1, CXCL2, CXCL5 and CXCL8 [20]. They promote neu-
trophil egress from the vasculature and migration into the tissue. If the
initial neutrophilic response were insufficient to eliminate the in-
oculum, a second cascade of chemotactic signals would be stimulated to
recruit additional inflammatory cells by releasing C-C motif chemokines
such as CCL3, CCL4, CCL8 and CCL20. In this way, neutrophils mono-
cytes and macrophages collaborate to remove foreign entities [21].
Simultaneously, structural and functional modifications on local
draining lymphatic vessels are induced, to allow the traffic of dendritic
cells carrying antigens toward regional lymph nodes [22,23].

These early events occur during the first 24–72 h post-inoculation
and are accompanied by a transient local inflammatory reaction char-
acterized by redness, mild pain and swelling. It is the more frequent
adverse event following vaccination [9].

Once the inflammatory stimulus has been eliminated, the ongoing
inflammatory response must be resolved to prevent excessive tissue
damage (Fig. 1). The uptake of apoptotic neutrophils by macrophages
(efferocytosis) promotes anti-inflammatory signalling that are char-
acterized by high production of IL-10 and transforming growth factor
(TGF)-β, and low production of IL-12p40. These macrophages suppress
the local inflammatory response by decreasing the production of pro-
inflammatory cytokines and reactive oxygen species (ROS), and
achieving the resolution of inflammation with tissue restoration
[24,25].

2.1.1. Non frequent acute reactions in the inoculation site
The Arthus reaction: is a local type III hypersensitivity reaction,

which involves the deposition of antigen/antibody immune complexes
(IC) in the walls of blood vessels, causing vasculitis with severe local
inflammatory reaction. This reaction can begin 2–8 hours after antigen
injection and occur in the presence of elevated levels of preformed
antibodies in a previously vaccinated person. The deposition of IC
triggers Fc gamma receptor-dependent inflammation, in which macro-
phages recognize IC and release migration inhibitory factor (MIF),
which damages surrounding tissue [26]. The repeated administration of
the same adjuvant in different vaccines might induce high levels of
antibody directed toward the adjuvant itself, leading to the possibility
of inducing an Arthus reaction [27]. However, except squalene, the
majority of adjuvants do not stimulate antibody responses against
themselves [28]. The Arthus reaction has been reported after the re-
peated administration vaccines such as: recombinant anti-hepatitis B
and diphtheria/tetanus anatoxins [29,30].

Local type-1 hypersensibility reactions: Aluminum adjuvants sti-
mulate a Th2 profile. However, in practical conditions, it has been
difficult to demonstrate cases where vaccination with aluminum ad-
juvants has led to IgE-mediated allergy toward the vaccine antigen
[27]. Recall urticarial (RU), also known as a fixed-drug recall reaction,
is a localized response that occurs at the site of previous antigen in-
jection upon re-exposure to that antigen at a remote site [31,32]. Im-
mediate swelling, hives, and intense pruritus at the site of prior antigen
injection, after re-exposure to that antigen in a remote site, characterize
RU [33]. This reaction has been observed in association with peptide-
based vaccines that include alum or the saponin QS-21 [33,34]. The
circulation of excess unbound antigen and subsequent cross-linking
with antigen-specific IgE that is bound to cutaneous mast cells pre-
viously deposited at old immunization sites, leading to histamine

release is a possible mechanisms involved in RU [9].
Nicolau’s syndrome (NiS): NiS is a rare local reaction that can

occur following intramuscular vaccine injection, by accidental in-
travascular or perivascular inoculation, causing vasospasm secondary
to needle prick, embolization of the injected material, or pressure from
the injected material around the vessel. NiS is characterized by sudden
onset of painful swelling, followed by livedoid erythema, circumscribed
haemorrhagic patches and ultimately tissue necrosis [35].

2.2. Acute systemic reactions

2.2.1. Acute phase response (APR)
Acute Phase Response (APR) is a transient syndrome that sum-

marizes different endocrine, metabolic and neurological changes as
consequence of an inflammatory response. The APR is initiated when
pro-inflammatory cytokines are produced in levels sufficient to reach
the blood flow causing systemic effects especially in the hypothala-
mic–pituitary–adrenal axis, liver and hemolymphatic system [36].

Flu-like symptoms are observed during the APR. They usually ap-
pear within hours of the vaccination and generally recede without
complications. Flu-like symptoms typically consists of moderate fever
of 38–39 °C, exceeding 40 °C in some cases, chills, fatigue, myalgia,
headache and nausea [37]. Cytokines IL-1β, IL-6, IL-8, TNF-α, inter-
feron (IFN)-β, IFN-γ, prostaglandin E2 (PGE2) and several chemokines,
act as pyrogens and cause other distant reactions [37,38]. These med-
iators overflowing into the systemic circulation, can gain access to the
brain through saturable transport systems, and enter the circumven-
tricular organs through fenestrated capillaries, where they induce the
production of prostaglandins, such as PGE2, a centrally controlled
mediator of fever [39–41].

Genetic background can influence in the magnitude of the flu-like
symptoms. Stanley et al. identified eight haplotypes in the four genes
IL1A, IL1B, IL1R1 and IL18, associated with an incremented or decre-
mented risk for development of fever post-inoculation of smallpox
vaccine [42]. More recently, a significant association between single-
nucleotide polymorphisms/haplotypes in IL18R1 and IL18 genes and
IFN-γ cytokine release in smallpox vaccine-induced adaptive immune
response was discovered [43].

APR is manifested by the production of acute-phase proteins and the
modification of drug metabolisms in the liver [36,44]. Hepatocytes
respond to proinflammatory cytokines, primarily through alteration of
gene transcription, to increase the production of acute-phase proteins.
Several of these proteins such as C-reactive protein, fibrinogen, serum
amyloid A and albumin are elevated in the serum after immunization
and they are eventually used as biomarker of APR post-vaccination
[45]. Another effect of the APR after vaccination is the inhibition of the
drug hepatic metabolism [46–50]. The inhibition of the hepatic cyto-
chrome p450 (CYP450) isoenzymes because of immunostimulation is
involved in disturbances in the metabolism and elimination of drugs
administered concurrently with increased toxicity. Cytokines such as IL-
1, IL-2, IL-6, TNF, TGF-β and IFNs, are involved in modulating the
expression of several CYP450 isoforms [51]. Prandota reported a
downregulation of CYP450 isoforms through a direct reduction in
mRNA levels, protein content and catalytic activity in Freund's com-
plete adjuvant -treated rats and proposed that polymorphisms of drug-
metabolizing enzymes and cytokines may influence to drug-induced
hepatotoxicity and drug pharmacokinetic in genetically sensible sub-
jects [52]. Interestingly, there are drugs such as acetaminophen, whose
toxicity in overdoses depends on the integrity of the hepatic CYP450
and the immunostimulation can reduce their toxicity [53,54].

Another mechanism that can be involved in the drug toxicity after
vaccination is the reduction of drug transporter expression/activity
mediated by inflammation. IL-1β, TNF-α, and IL-6 that are released
during an acute inflammatory process, markedly alters the expression
profile of hepatic transporters in rodents and humans [55,56].
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2.2.2. Non frequent acute systemic reactions
Vascular leak syndrome (VLS): is a major dose-limiting toxicity of

cytokine therapy, including IL-2, IL-12, granulocyte-macrophage-
colony-stimulating factor (GM-CSF), IL-15, and other cytokines, that are
used for cancer immunotherapy [57,58]. VLS is a major drawback for
the use of cytokines as adjuvants in vaccines. This reaction is char-
acterized by an increase in vascular permeability resulting in tissue
edema, weight gain, oliguria, hypotension, dyspnea and multiple organ
failure [59]. Several mechanisms for VLS have been proposed. They
include the activation or damage of endothelial cells and leukocytes,
the release of cytokines and inflammatory mediators (e.g., IL-1, TNF-α,
components of the complement cascade), cytotoxicity of lymphokine-
activated killer cells on vascular endothelial cells, perforins as well as
alterations in cell–cell interactions, cell matrix adhesion and in cytos-
keleton function resulting in disturbance of vascular integrity [57]. In
another study, it was reported that therapeutic vaccination inducing
antibodies against P277 (a 24-aa fragment of the HSP60 molecule, first
discovered to be an antigen for diabetogenic T-cell clones in nonobese
diabetic mice) mediates endothelial cells damage and induces VLS [60].

3. Delayed post-vaccination reactions

The delayed post-vaccination reactions are those that last more than
72 h. Some of them may appear several weeks, months or even years
after vaccination and they can be observed in the inoculation site or
systemically (Fig. 2C and D).

3.1. Delayed reactions in the inoculation site

When the vaccine inoculums is not rapidly removed in the first 72 h,
a local chronic inflammation can occurs due to a delayed-type hy-
persensitivity (DTH) response, especially in an already primed in-
dividual. Several properties can favour a depot effect, such as poor
biodegradability, high viscosity and large particle size. Adjuvants, such
as aluminum salts, oil emulsions, liposomes, biodegradable polymer
microspheres, and living vectors, all induce long-term antigen persis-
tence at the administration site [2,9].

The development of a typical DTH reaction involves four steps [61].
1) Initiation: after the initial inflammatory reaction, macrophages are
unable to clear the inoculum, occurring incomplete phagocytosis and
macrophage fusion (giant cells). 2) Accumulation: CD4+T cells are
recruited to activate macrophages, B cells, and eosinophils. 3) Effector
phase: Th1 cells secrete interferon-γ (IFN-γ) and TNF-β to activate
microbicidal mechanisms, such as reactive oxygen species and nitric
oxide in macrophages and enhance the recruitment of effector cells
such as natural killer and CD8+T cells. Histological changes include a
localized area of tissue necrosis containing foreign material thought to
consist of adjuvant or vaccine components. The central zone of foreign
and necrotic material is bordered by macrophages and multi-nucleated
giant cells, with a peripheral zone of lymphocytes and variable numbers
of plasma cells and eosinophils. This lesion is often referred to as a
foreign body granuloma, 4) Resolution: when the previously mentioned
mechanisms fail to clear the inoculum, a process begins to prevent the
expansion of tissue damage, and the granuloma becomes surrounded by
fibrosis. Cytokines such as TGF-β and IL-13, have been implicated in
granulomatous fibrosis, produced by a population of granuloma
homing T cells. During the resolution phase of infection, occurs tissue
remodelling, orchestrated by the innate immune response [62].

3.1.1. Rare chronic local reactions
Macrophagic myofasciitis (MMF): MMF is a local histopathological

reaction that has been observed in the human deltoid muscle and is
associated with the long-term persistence of vaccine-derived aluminum
hydroxide within the muscle. The MMF lesion consists of a focal in-
filtration of the epimysium, perimysium and perifascicular endomysium
by well-circumscribed and cohesive sheets of large mononucleated cells

of the monocyte/macrophage lineage. These cells are usually inter-
mingled with a minor lymphocytic population and macrophage ag-
gregates containing aluminum hydroxide spicules [63–65].

Tumorigenesis: A causal relationship between post-vaccination in-
flammation and development of different types of sarcomas, histiocy-
tomas and cutaneous lymphoma at injection sites have been reported in
association with veterinary vaccines containing alum in genetically
predisposed cats, ferrets and dogs [66–72]. The exact mechanism of
tumorigenesis induced by vaccine is unknown, but it is speculated that
fibroblasts or myofibroblasts are stimulated by the local inflammation,
triggering inactive oncogenes [73]. In humans, rare cases of cutaneous
and subcutaneous pseudolymphoma have been documented after im-
munization with hepatitis vaccine adjuvanted with alum. Histopatho-
logical studies showed dermal and hypodermal lymphocytic follicular
infiltrates with germinal centre formation. The follicles were composed
of B cells without atypia, whereas CD4+T cells were predominant at
the periphery. Molecular analysis revealed a polyclonal pattern of B and
T cell subsets. Histochemical staining in all cases and by microanalysis
and ultrastructural studies in one case identified aluminum deposits.
Associated manifestations included vitiligo and chronic fatigue with
myalgia in a few cases [74].

3.2. Delayed systemic reactions

Delayed systemic reactions induced by immunological adjuvants
have been observed under experimental conditions, while autoimmune
reactions are regarded rare adverse events of preventive human vac-
cines.

3.2.1. Induction or worsening of autoimmune diseases
Induction or worsening of autoimmune diseases is one of the best

examples of immunotoxic reaction by the combined effect of adjuvant/
antigen. However, there are examples of experimental autoimmunity
induced by adjuvants without any joint-specific antigen [75–78]. An-
other clinical examples such as siliconosis, MMF, the Gulf war syn-
drome, and post-vaccination phenomena, that are part of the “auto-
immune/inflammatory syndrome induced by adjuvants” (ASIA) [79],
highlight the role of the adjuvants in the mechanisms of induction or
worsening of autoimmune diseases [79–81].

In general, a classical vaccine formulation can contain all the ne-
cessary elements for triggering de novo or worsening of an already ex-
isting autoimmune disease in susceptible individuals [81]. Cryptic an-
tigens in the vaccine, may contain mimetic epitopes with self-
structures, while the co-administered adjuvant stimulates the up-reg-
ulation of costimulatory molecules and cytokines. They promote the
polyclonal activation of specific and bystanding anergic autoreactive
lymphocytes reviving their potential to trigger autoimmune reactions.
In addition, an epitope spreading mechanism can occur by continual
damage and release of self-peptides during the inflammatory process
[80].

A clear distinction should be made between autoimmunity and
autoimmune disease. Autoimmune reactions underline many normal
immunological processes and these events rarely develop into clinical
disease due to the existing mechanisms of immune regulation.
However, there are numerous reports of suspected autoimmune clinical
manifestations associated with some prophylactic vaccines, several of
them obtained from vaccine adverse event reporting system (VAERS)
[82–84], but several cases could not be confirmed, which has created
much debate [85]. Disagreements still exist and in 2015 a group of
experts concluded that there is no compelling evidence supporting the
association of vaccine adjuvants with autoimmunity signals. Never-
theless, they agree that future biomarkers related to autoimmune dis-
eases may help provide better understanding and risk management in
susceptible subpopulation [86].

In the case of therapeutic vaccines, other common observations
show that the potential risk of a post-vaccination autoimmune event is
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real. One of the clearest examples is the development of vitiligo (an
autoimmune skin reaction) in patients receiving therapeutic melanoma
vaccines [87,88]. Fortunately, vitiligo is a self-limited reaction and it is
associated with a good prognosis in terms of therapeutic effectiveness
[88]. However, others systemic autoimmunity manifestations during
adjuvant anti-tumor immunotherapy have been reported [89,90].

3.2.2. Embryonic immunotoxicity
Pregnancy is a complex immunological state in which a bias toward

Th2 protects the fetus and is important for a successful pregnancy while
Th1 cytokine profile during pregnancy may increase the risk of abor-
tions and foetal morphological defects [91,92]. Moreover, evidence
suggests that proinflammatory cytokines increase the risk of poor
neonatal outcome, independently of the direct effect of preterm labour
[93]. Cytokines, natural killer cells and gamma delta T cells of maternal
origin seems to be involved in processes such as foetal recognition,
placental development and regulation of gene expression during orga-
nogenesis [94]. Studies revealed that injection of high doses of CpG
oligodeoxynucleotides, a vaccine adjuvant inducing strong Th1 re-
sponses, to pregnant C57BL/6 mice resulted in a marked increase in
foetal resorption and craniofacial/limb defects, while lower doses had
little or no effect. The histological examination of the placentas showed
cellular necrosis with mixed inflammation and calcification in the
spongiotrophoblast layer and dysregulation of labyrinthine vascular
development [95,96]. Another study showed that fetal resorption and
preterm birth are rapidly induced in mice after intraperitoneal injection
of CpG on gestational day 10–14. In contrast, TLR9−/− mice or mice
receiving oral administration of the TLR9 inhibitor chloroquine were
protected from these effects [97]. In contrast, Delannois et al. (2018)
evaluated the potential reproductive and developmental toxicity of the
synthetic oligodeoxynucleotide (ODN) CpG 7909, a component of GSK’s
AS15 immunostimulant in rat and rabbit studies following intermittent
intramuscular injections. They used a dosing regimen reflecting the
planned intermittent intramuscular (IM) clinical use of CpG 7909 in
AS15-adjuvanted vaccines. Under the experimental conditions of these
studies, no adverse effects were observed on female fertility and pre-
and post-natal development of offspring from rats or rabbits [98].

In theory, an adjuvanted vaccine given in the early stage of preg-
nancy could affect the embryofoetal development through Th1-type
immunity [91]. A recent review of the adverse events after hepatitis B
vaccination of pregnant women reported to the Vaccine Adverse Event
Reporting System (VAERS) revealed that among 192 reports describing
an adverse event, the most common pregnancy-specific outcomes in-
cluded spontaneous abortion in 23 reports, preterm delivery in 7 re-
ports, and elective termination in 5 reports [99].

Despite the above described reports, there is little available in-
formation on adjuvants developmental immunotoxicity, thus terato-
genic effects that may result from exposure to vaccine adjuvants require
a particular attention. Special care should be taken with the preclinical
models used that do not always reflect the human context. For example,
it has been suggested that because of the cellular distribution of TLR9 in
mice is broader than in humans; therefore, rodents exhibit a broader
spectrum of cytokines, which may result in over-estimating the risk
associated with CpGODNs [94]. Further studies are necessary to un-
derstand the real danger of the use of adjuvants during pregnancy.

4. From empirical to rationally designed adjuvants for human
vaccine

The history of adjuvants began at the beginning of the 20th century.
In 1925, Gaston Ramon tested in an empirical fashion substances such
as agar, tapioca, lecithin starch oil, saponin, salts of calcium and
magnesium, killed Salmonella typhi and even bread crumbs to enhance
the immune response to diphtheria subunit toxoid. Around the same
time, Alexander Glenny and co-workers demonstrated that diphtheria
toxoid precipitated with aluminum salts significantly enhanced the

immune response to the toxoid [101]. The successful results of human
trials with diphtheria toxoid precipitated with alum were published in
1934 [102] and with tetanus toxoid in 1936 [103]. However, at that
time some early alum preparations also showed poor reproducibility
with failed clinical trials [104]. Aluminum salts were the only adjuvant
in use in several licensed vaccines for approximately 70 years. How-
ever, despite its extensive use, the immune mechanisms of action of
aluminum remains incompletely understood [105,106].

The first vaccine formulated with an adjuvant other than aluminum
was Epaxal®, a hepatitis A vaccine licensed in the mid-1990 s, which
uses a virosome adjuvant system [107]. In the last two decades, others
adjuvants have been included in licensed vaccines. Adjuvant System 04
(AS04; GlaxoSmithKline [GSK]) is an adjuvant combination that con-
tain (3-deacyl-monophosphoryl lipid A) derived from LPS from Sal-
monella Minnesota and aluminum salts. AS04 is used in vaccines
against hepatitis B and human papillomavirus (HPV). Adjuvant System
03 (AS03; GSK) is another combination adjuvant composed of d1-α-
tocopherol (vitamin E), squalene and polysorbate 80, and it is used in
anti-influenza vaccines. Other adjuvants that are being used in licenced
vaccines is the oil-in-water emulsion adjuvant MF59 (Novartis) that use
squalene, a naturally occurring and readily metabolized oil. MF59 in-
duce robust humoral and cellular immune responses in influenza-sea-
sonal and pandemic vaccines. Montanide ISA 51 (ISA 51; Seppic) con-
tain mineral oil DRAKEOL 6 VR Surfactant mannide-mono-oleate, and
it is used for therapeutic vaccines [108,109]

Numerous adjuvants have been evaluated for many years in anti-
viral, antibacterial and antifungal experimental vaccines [1,2,6,110].
However, the vast majority have not been used in human vaccines for
safety reasons. New generations of adjuvants are based on well-defined
structures and mechanisms of action. Frequently, they are called mo-
lecular adjuvants and comprise agonist of pattern recognition receptors,
plasmid-encoded signalling molecules including cytokines, chemokines,
immune costimulatory molecules, inhibitors of immune suppressive
pathways, post-transcriptional gene silencing process triggered by
double-stranded short hairpin RNA (shRNA) structures and immune
checkpoint modulators.

Despite their relative simplicity in comparison with classical ad-
juvants, a large part of experimental molecular adjuvants exhibited
different types of toxicity or low efficacy that limit their use in humans
[8,111]. A plasmid vector (pATRex) is a genetic adjuvant encompassing
the DNA sequence for the von Willebrand I/A domain (VWA) of tumor
endothelial marker-8 (TEM8, alias Anthrax Toxin Receptor-1). Studies
showed that pATRex enhanced immune protection against various tu-
mors when given in combination with DNA encoding tumor associated
antigens (TAA) [112]. pATRex promotes the formation of protein ag-
gregates that induce frustrated autophagy leading to caspase activation
and cell death with the consequent activation of innate immune path-
ways leading to enhanced vaccine immunogenicity [113]. However,
several reports evidenced that intramuscular injection of pATRex in
mice triggers severe bone loss (osteoporosis), amyloid and aggregosome
associated disorders, associated to chronically over-activated innate
immune system [114,115]. Other molecular adjuvants have been used
to modulate the function of regulatory T cells (Tregs) by different me-
chanisms including Treg depletion, disruption of Tregs homing or Tregs
differentiation to Th17 cells (plasticity) and checkpoint receptor in-
hibitors leading to Tregs functional inhibition. Several of these ad-
juvants induced diverse autoimmune manifestations while others ex-
hibited a promising balance efficacy/safety [8].

5. Conclusions

Much effort has been devoted to unravel the mechanisms of action
of adjuvants, however almost exclusively with a focus on efficacy while
only a relatively small number of studies have deeply investigated re-
levant toxicity mechanisms. Essentially, the mechanisms that are re-
sponsible for the immunostimulating effects are, at the same time,
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responsible of the adverse effects. In this context, it is often very diffi-
cult to establish the boundaries between immunostimulation and im-
munotoxicity to achieve high efficacy with minimal toxicity.
Considering furthermore the wide diversity of adjuvants, a reductionist
analysis of efficacy/toxicity is not possible. Therefore, each analysis
must be done case by case. One of the key challenges for the develop-
ment of future adjuvants and adjuvanted vaccines is the identification
of reliable biomodels and biomarkers with the potential to predict
immunogenicity, efficacy and safety, as well as subject-specific sig-
natures (e.g., genetic makeup) [95]. Growing strategies of rational
design of adjuvants are contributing to improve the efficacy/safety
balance of contemporary and future vaccines.
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