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Unraveling the enigma: elucidating 
the relationship between the physicochemical 
properties of aluminium‑based adjuvants 
and their immunological mechanisms of action
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Abstract 

Aluminium salts are by far the most commonly used adjuvants in vaccines. There are only two aluminium salts 
which are used in clinically-approved vaccines, Alhydrogel® and AdjuPhos®, while the novel aluminium adjuvant 
used in Gardasil® is a sulphated version of the latter. We have investigated the physicochemical properties of these 
two aluminium adjuvants and specifically in milieus approximating to both vaccine vehicles and the composition 
of injection sites. Additionally we have used a monocytic cell line to establish the relationship between their 
physicochemical properties and their internalisation and cytotoxicity. We emphasise that aluminium adjuvants used 
in clinically approved vaccines are chemically and biologically dissimilar with concomitantly potentially distinct roles 
in vaccine-related adverse events.
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Review
There are two aluminium based adjuvants (ABAs) 
commonly used in vaccines [1]. Alhydrogel® is a semi-
crystalline form of aluminium oxyhydroxide (AH) 
and AdjuPhos® is an amorphous salt of aluminium 
hydroxyphosphate (AP). A sulphate salt of the latter 
(AAHS) is also listed as being one component of an 
adjuvant system used in vaccinations against HPV [2]. 
Alhydrogel® and AdjuPhos® are commonly referred to 
as clinically-approved ABAs [3] and yet this is not the 
case. There are no ABAs which have been approved for 
intramuscular or subcutaneous injection into humans. 
There are no requirements for their approval, they are 
only ‘approved’ as part of vaccine preparations.

Aluminium-adjuvanted vaccines have a long history 
of clinical successes and a commensurately long history 
of vaccine-related adverse events [4]. Since there is no 
requirement to demonstrate the safety of ABAs one could 
quickly surmise that adverse events following vaccination 

are the direct or indirect effects of ABAs. This is almost 
certainly true as the phenotypes of most adverse events 
are unrelated to the disease being treated and are 
reproduced, at least in the short term, in ‘clinical approval 
trials’ where ABAs are the ill thought through placebos 
[5]. It is almost certainly the widespread use of ABAs 
and/or other aluminium-adjuvanted vaccines as placebos 
in vaccine safety trials that have guaranteed clinical 
approval of many vaccines. The numbers of individuals 
affected by an adverse event is largely determined by how 
widely a vaccine is administered (essentially a percentage 
of those inoculated) while the clinical manifestation and 
severity of an adverse event may be almost bespoke to 
the vaccine recipient. To better appreciate how ABAs 
are responsible for adverse events we must start with 
an understanding of their physicochemical properties 
within the physiological environment of the injection 
site. Indeed such information might also be a starting 
point for the design of novel and safer ABAs for future 
applications in vaccines.

The clinical significance of the physicochemical 
properties of ABAs begins prior to their combination 
with the antigen of interest. This is because the nature of 
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their interaction with antigen will be influenced by the 
surface they present for adsorption of antigen and such 
surfaces will depend upon the particle size profile of 
the adjuvant material as well as such aspects as surface 
functionality, e.g. hydroxyl or hydroxyphosphate, and 
the overall surface charge in the vehicle used to suspend 
them. The antigen, upon mixing, may then be strongly 
adsorbed to adjuvant surfaces or it may simply be 
occluded within aggregates of adjuvant. Since there will 
also be some dissolution of ABA at this point then there 
may also be direct interactions, such as ionic binding, 
between antigen and Al3+(aq) . Even before its injection a 
vaccine preparation can be extremely heterogeneous 
in respect of the presentation of the adjuvant-antigen 
complex. The same preparation is then subject to its 
passage through a hypodermic needle and into the even 
more diverse environment of the injection site, whether it 
is intramuscular or sub-cutaneous.

One aspect of the injection of a vaccine that invariably 
seems to be ignored is the immediate acuity of such 
an exposure to aluminium. The concentration of total 
aluminium in the vaccine can be as much as 63  mM 
(1.7  mg/mL)  and immediately upon its dilution into 
interstitial fluid its concentration in the immediate 
vicinity of the injection site will remain high, mM, for 
minutes if not hours following the injection. The solubility 
of the ABA will increase markedly upon its dilution at the 
injection site, both due to dilution but also the influence 
of myriad solubilising moieties reacting with Al3+(aq) , and 
commensurate with this will be a significant increase 
in the biological availability of aluminium [6]. Toxicity 
will be inevitable under such conditions and might be 
expected to be manifested as necrotic cell death and a 
subsequent inflammatory response. Herein, perhaps, is 
the origin of the potent adjuvant activity of aluminium 
salts; an immediate potency (often manifested as a 
simple reddening and swelling of the skin at the site of 
the injection) which will depend upon the presentation 
of the aluminium salt in question and, critically, the 
physiological response of the recipient.

While some degree of toxicity and cell death is probably 
inevitable, all subsequent responses to the adjuvant will 
bear the signature of an individual and these iatrogenic 
effects can range from benign to fatal. In every case, we 
might expect some degree of innate immune response 
to the antigen and that this will involve harvesting of 
adjuvant/antigen complexes by infiltrating immune-
responsive phagocytic cell types. We know that ABAs 
are  taken up by monocytic T helper 1 (THP-1) [7] cells 
and we also know that these cells respond differently 
to different ABAs. What we do not know is how such 
different responses are manifested in the innate response. 
For example, is endocytosis of ABA a prerequisite 

for the successful generation of innate immunity to 
the associated antigen? The apparent capability for 
monocytes to endocytose significant amounts of ABA 
without suffering obvious toxicity adds the additional 
dimension of these cells being vehicles for the trafficking 
of aluminium adjuvant throughout the body and into the 
brain [8].

Different ABAs are neither physically nor chemically 
equivalent and importantly ABAs are significantly 
dissimilar to other non-ABAs such as silica or uric acid. 
It is a mistake to make the assumption that adjuvants 
share an exact or similar action. It is, therefore, similarly 
mistaken to assume that all adjuvants are capable of 
adverse events following vaccinations.

The physicochemical properties of ABAs and their 
respective contributions to the immunological 
potency of vaccines
The physicochemical characterisation of ABAs remained 
in its infancy until 1990, when many studies appeared 
on the subject in an attempt to address immunological 
issues resulting from inconsistent batch production. 
Indeed, the lack of industrial standardisation and 
optimisation involved in vaccine formulation was widely 
regarded as the reason behind the fluctuating efficacy 
of preparations containing identical base components. 
The culmination of these efforts was the identification 
of several physicochemical properties that influenced 
the adjuvanticity of aluminium salts, namely hydrated 
colloidal structure, particle size and surface charge [1]. 
While some attempt has been made to investigate the 
correlation between adjuvant physicochemistry and 
immunopotentiation (see [9, 10] for past reviews on the 
subject), the nuances of this relationship remain relatively 
enigmatic. This section will explore the correlation 
between these two parameters based on an evaluation 
of current literature and ultimately identify which 
fundamental issues remain to be addressed.

The structural characteristics of ABAs and their role 
in the immunological response towards ABAs
Aluminium hydroxide gels
The aluminium hydroxide salts used in vaccines are 
more structurally complex than inferred by their generic 
chemical designation. The structure of contemporary 
aluminium hydroxide adjuvants resembles that of 
boehmite (AH) rather than that of the polymorphic 
hydroxide gels synthesised in 1958 [11]. Alhydrogel®, 
for example, has infrared (IR) stretching and bending 
vibrations located in almost identical positions to those 
obtained specifically for AH, which include a strong 
hydroxyl deformation band and stretching shoulder 
around 1070 and 3100 cm−1 respectively [12]. However, 
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as noted by Wang et  al. the additional hydroxyl 
deformation peaks at 835, 890 and 965 cm−1 imply that 
the structure of these adjuvants is significantly more 
hydrated than that of well-ordered boehmites [13], an 
observation which may be attributed to the specific 
conditions under which they are synthesised. Utilising 
lower temperatures and more acidic conditions during 
the synthesis of boehmites encourages the formation 
of small crystallites containing an abundance of non-
stoichiometric water molecules, which are present 
both at the surface interface and intercalated between 
octahedral layers [14, 15]. The resulting crystallites 
are fibrillar in morphology expressing preferential 
elongation in the direction of the c axis and are in the 
region of 4.5  nm × 2.2  nm × 10  nm in size [13, 16–18], 
which is diminutive when compared to the larger plate 
like structures observed for highly crystalline boehmites 
[14]. These structures are thus characteristically more 
disordered and produce characteristic Bragg reflections 
which are broad in nature and diminished in intensity 
[14]. As a consequence, these poorly crystalline 
boehmites (PCB) have a substantially larger surface area 
than that of highly crystalline aluminium hydroxides 
such as I-gibbsite (510  m2/g [18] vs. 29  m2/g [19]). It is 
should be noted, however, that the value of the former 
is significantly reduced during the process of vaccine 
formulation. Immersion within physiological saline 
(0.15 M NaCl), for example, prompted a decrease in the 
specific surface area of two commercial AH adjuvants 
(Alhydrogel® and Rehydragel®) from 350 and 300 m2/g to 
225 and 150 m2/g respectively [20].

From a vaccinological perspective, the larger relative 
surface area of PCB gels appears to offer significant 
advantages in terms of antigenic adsorption over more 
crystalline analogues or those composed primarily 
of highly ordered polymorphic hydroxides. The AH 
adjuvants used in clinical vaccines, for instance, are 
touted as having high adsorptive capacities for myriad 
proteins under isotonic conditions. Notable examples 
include the adsorptive capacity of Alhydrogel® for 
bovine serum albumin (BSA), β-casein and hepatitis B 
surface antigen (HBsAg) in 0.15 M NaCl, all of which are 
substantial at 1.25, 3.43 and 1.43 mg/mg Al respectively 
[21]. Despite these considerable values, the quantity 
of adjuvant used within prophylactic vaccines often 
greatly exceeds that of the antigen and thus ensures that 
complete adsorption is consistently achieved. These 
events induce conformational changes in the structure 
of the bound antigen, which theoretically increases 
both their proteolytic susceptibility and subsequent 
presentation to T cells via MHC class II molecules [22]. 
Furthermore, maximal antigen adsorption is reportedly 

necessary for the efficacy of immunisations containing 
S. pneumoniae amongst others [23]. The relationship 
between adsorptive capacity and immunopotentiation, 
however, remains equivocal and facilitating a higher 
percentage of antigenic adsorption within the 
vaccine preparation itself does not guarantee that the 
formulation will exhibit superior immunogenicity 
(see [24] for an extensive review of this subject). It is 
thus reasonable to conclude that the dependence of 
vaccine potency on adjuvant-antigen interaction is 
component specific and as such should be evaluated on 
an individual formulation basis.

The structural order of AH is also an important 
consideration in terms of tailoring their specific adjuvant 
activity when administered as part of a vaccine. Synthetic 
boehmite nanorods of lower structural order have been 
shown to stimulate the production of significantly 
elevated levels of IL-1β and IL-6 in  vivo in comparison 
to their more crystalline counterparts [25]. The presence 
of these pro-inflammatory cytokines is indicative of 
the classical Th2 polarisation typically associated with 
aluminium-adjuvanted vaccines [26–31]. Despite these 
initial results, the IgG1 titres potentiated by nanorod 
analogues were visually comparable 2  weeks following 
immunisation (fibrous vs. crystalline rod—ca 1 ± 0.4 and 
0.6 ± 0.4 ng/mL respectively), although it should be noted 
that statistical comparisons between candidates were not 
explicitly made or referred to within the text. Conversely, 
however, studies using more amorphous nanorods 
demonstrated that the level of IgG1 potentiated by these 
materials was significantly greater than those elicited by 
Alhydrogel® 61 days post vaccination [29]. Nevertheless, 
this apparent disconnect between the initial innate 
and adaptive immunological responses noted in the 
former is consistent with the well-established belief that 
IL-6, in particular, has little to no influence upon the 
enhancement of adjuvant-associated immunoglobulin 
levels in  vivo [30]. Similarly, more recent research has 
demonstrated that while IL-1β appeared to promote 
the recruitment of leukocytes towards the injection 
site [31], its abolition also had a negligible impact upon 
the generation of murine OVA specific IgG [32–36]. 
While many studies, including this one [25], argue that 
the adjuvanticity of aluminium salts is mediated by the 
formation of the inflammasome complex [37, 38], there 
is now mounting evidence to suggest that the magnitude 
of antibody titres generated at early junctures post 
vaccination may be somewhat independent of these 
innate signalling pathways and structural crystallinity. 
Furthermore, morphological differences in the structure 
of these adjuvants may be more relevant in this context 
as rod-like candidates generated higher overall antibody 
titres than platy or polyhedron type structures.
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Allergic IgE responses were also diminished in mice 
vaccinated with more crystalline derivatives [25]. The 
reduction in IgE levels as a consequence of a departure 
from the application of more fibrous morphologies 
could theoretically be attributed to a reduction in IL-18 
production, another well documented component of the 
PCB cytokine milieu [39]. This cytokine, in conjunction 
with other members of the IL-1 superfamily, can also 
drive Th17 differentiation [40], an immunological 
pathway activated in mice immunised with adjuvanted 
vaccines containing intermediate to high doses of 
whole-cell bacterial antigens [41]. Furthermore, IL-18 
has been shown to positively influence the production 
of both mature and precursor forms of IL-1β [42], 
which is consistent with the attenuation of the latter in 
mice challenged with materials of higher crystallinity. 
It is thus evident that the solid-state chemistry of AH 
adjuvants may play a more significant role with regards 
to the regulation of immunoglobulin class switching. 
Explicit modulation of IgE responses via this route 
could be used to temper the increasing incidence of 
local hypersensitivity reactions in paediatric populations 
vaccinated with PCB containing vaccines (see 
communication by Bergfors et al. for a short summary of 
this topic [43]). If carefully conceived and implemented, 
it is feasible that such augmentations could improve the 
safety of such formulations without compromising their 
immunological efficacy.

Exposure to these nanorods also induced the secretion 
of significant levels of IL-12 from BDMCs after 8  h, 
which putatively suggests some degree of preferential 
polarisation towards a cell-mediated response [25]. It is 
thus tempting to speculate that the presence of IL-12 may 
drive some degree of IFN-γ dependent Th1 activation 
in this case. Though relatively uncommon, incidences 
of such phenomena have been observed following the 
administration of prophylactic formulations adjuvanted 
with commercial equivalents [44–47]. Indeed, novel 
proteomic approaches have highlighted a significant 
role for IFN-γ signalling pathways in the immunological 
mechanisms potentiated by AH, which specifically 
included increased expression of HLA molecules (class 
I and II) and the generation of CD8+ memory cells 
[48]. The ability of PCB containing vaccines to enhance 
the generation of the latter is considered of particular 
importance in relation to the acquisition of sustained 
immunity towards pathogenic challenge [46]. Aluminium 
salts are, however, notoriously inept at inducing the 
terminal differentiation required to promote robust cell-
mediated responses [34, 46, 49]. In conjunction, this 
behaviour implies that sustained IL-12 production does 
not feature prominently in the immunological response 
towards commercial adjuvants [50]. In fact, others have 

demonstrated that formulations containing Alhydrogel® 
actively inhibited APC derived IL-12 in a predominantly 
dose-dependent manner both alone and in the presence 
of a CpG oligonucleotide antigen [51]. The discrepancies 
between the IL-12 responses generated in reaction to 
synthetic vs. commercial boehmites in this case may 
lie in the different sampling durations chosen by each 
group (8 vs. 24  h). Additionally, while IL-12 signalling 
is indeed crucial with regards to the activation of Th1 
driven responses [52], it is also capable of evoking B cell-
mediated humoral immunity independently of IFN-γ 
by acting as an initial primer for the production of IL-6 
and IL-10, thereby inhibiting and self-regulating its 
own biological activity [53–55]. It is possible, therefore, 
that early IL-12 production by dendritic cells (DCs) 
in response to vaccines adjuvanted with AH may be 
indirectly responsible for directing murine immune 
responses towards a Th2 profile.

As a final remark regarding the study by Sun et  al. 
[25], the authors also purport to identify several 
analogues that out-performed a “commercial” adjuvant 
competitor Imject® alum. It is worth noting however, 
that Imject® alum was a poor comparative choice in 
this case as it is neither used in clinical vaccines nor is 
it an AH adjuvant [56]. In fact, this suspension is known 
for its poor immunogenicity in comparison to clinically 
utilized AH gels [57] and its use in experiments designed 
to investigate the mechanisms surrounding ABA 
immunopotentiation has been openly criticised [10, 56]. 
The clinical relevance of these findings are therefore 
difficult to assess and emphasises that the choice of 
commercial materials in such experiments should be 
carefully considered in order for meaningful comparisons 
to be made.

Aluminium phosphate
Aluminium phosphate suspensions and their 
sulphated derivatives represent a secondary choice 
of adjuvant for inclusion within vaccines that require 
an inorganic immunopotentiator. When analysed via 
IR spectroscopy, commercial preparations exhibit 
functional characteristics synonymous with that of 
AP, including a strong phosphate peak at ca 1100  cm−1 
and broad hydroxyl stretches in the range of ca 3500–
3100  cm−1 [12]. These adjuvants lack translational 
periodicity by X-ray diffraction (XRD) [12] and due 
to their amorphous nature contain a high proportion 
of adsorbed water molecules at the surface interface 
(unpublished observations). By transmission electron 
microscopy (TEM), AP demonstrates an aggregated platy 
morphology composed of nanoparticles approximately 
50  nm in size [12, 58]. Augmentations of synthetic 
conditions during the manufacture of this adjuvant 
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have been shown to induce a shift in the ratio of surface 
hydroxyl: phosphate groups exhibited by individual 
batches [59]. The extent of molecular phosphate inclusion 
is particularly important as it influences the surface 
properties of adjuvant particulates and the resultant 
efficacy of immunological potentiation [60–63].

Given the information presented in the previous 
sections, one could reasonably predict that the 
amorphous nature of AP adjuvants could facilitate: (i) 
the increased reactivity of the adjuvant at the injection 
site and (ii) higher levels of serum IgE production. The 
former has been demonstrated to some degree using 
comparative studies in which AP was determined to be 
more cytotoxic than AH in vitro [64]. The latter is more 
difficult to justify as few studies directly compare allergic 
responses potentiated by AP and AH adjuvants or indeed 
crystalline vs. amorphous AP preparations. Nevertheless, 
the administration of AP adsorbed vaccines does appear 
to elicit both protracted and significant levels of IgE 
secretion in rodents [65]. However, IL-4 is an essential 
requirement for the induction of allergic response 
towards aluminium salts [28] and there is currently 
no evidence to suggest that IL-4 production is more 
pronounced when vaccines adjuvanted with AP are 
administered [44]. Furthermore, if another indicator 
is used, namely IL-18, the response of human PBMCs 
to AP was substantially reduced in comparison to that 
potentiated by AH [39].

The recent development of AAHS by Merck has 
prompted its preferential inclusion and consequent 
displacement of AP in many of its vaccine formulations. 
Characterisation of this adjuvant still remains in its 
preliminary stages and literature sources pertaining 
to such are increasingly uncommon. In lieu of XRD 
analysis, AAHS has been described as an amorphous 
mesh with a perhaps unsurprising morphological 
resemblance to AP [66, 67]. Due to the lack of afore-
mentioned physicochemical studies, it is difficult to make 
objective comments upon the efficacy and safety of this 
preparation in relation to its structural characteristics. 
Furthermore, the only available comparative study 
demonstrated that while AAHS adjuvants elicited 
high levels of HPV specific IgG1 antibodies in mice 
immunized via the intramuscular route, these responses 
were not statistically different from those potentiated by 
AP [66]. Given the results of this study, the rationale for 
the use of AAHS over more traditional AP preparations 
is currently difficult to discern.

The role of particle size in the immunological response 
towards ABAs
The substantial efficacy of particulate delivery systems 
with respect to both immunopotentiation and 

immunomodulation post vaccination is universally 
accepted [68]. Homogenous sub-micron or nano-
particulate suspensions appear preferential with 
emphasis upon the use of the latter, a logic perpetuated 
by the inverse nature of the relationship between particle 
size and membrane permeability or cellular uptake [69]. 
The application of such a conclusion to the relative 
adjuvanticity of such populations in biological systems, 
however, is by no means unanimous.

The heterogeneity and aggregation capacity of ABAs 
in hydrodynamic systems, including those of the vaccine 
preparation and inoculation site, are persistent obstacles 
that hinder the investigation of the relationship between 
the relative size of these salts and the subsequent 
magnitude and pathway of immunopotentiation 
elicited in  vivo. Many have relied upon the use of 
stable, monodisperse particulate models such as 
polylactide (PLA) in order to elucidate the importance 
of this association [70–72]. However, application of these 
trends to ABAs is spurious at best given the numerous 
physicochemical differences observed between these 
preparations and those containing aluminium.

Other approaches have sought to compare the 
immunological response to both micron and nano-
sized aluminium particulates in order to minimise the 
variations in physicochemistry typically encountered 
when comparing ABAs. Perhaps unsurprisingly, AH 
nanoparticles and nanosticks out-performed their 
microparticle counterparts not only with regards to 
antibody generation but also induced a marked reduction 
in inflammation in  situ [29, 73]. Contrary to numerous 
reports [7, 8, 64, 74–76], both reported virtually no 
cellular uptake of OVA-conjoined microparticles 
relative to the rapid internalisation of nanoparticles, 
an argument presented as a major contributor to their 
increased adjuvanticity along with that of enhanced 
protein adsorption. However, the increased cytotoxicity 
of such materials as evidenced by their ability to induce 
significant levels of uric acid production in vivo provides 
a more convincing explanation [77]. AH nanoparticles 
have also been able to potentiate potent CD8+ T cell 
responses, which makes them attractive potential 
candidates for vaccines against Tuberculosis [78] and 
those intended for immunotherapy [79]. While these 
studies are highly informative with regards to the 
development of more efficacious vaccine adjuvants, the 
application of their results with regards to elucidating 
the immunological mechanisms activated by clinically 
utilised ABAs is questionable. Moreover, the data 
presented in these studies challenges the well-established 
consensus that uptake of ABAs is a prerequisite for their 
immunological action, an increasingly improbable notion 
given the results of a recent study where aluminium 
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adjuvanted vaccines were administered intramuscularly 
to rhesus macaques [80].

The particle size of ABA stock suspensions
Early characterisation of native ABA preparations by 
TEM identified that although composed of heterogeneous 
microparticles [81] the average size of both suspensions 
was < 10 µm [82]. Indeed, under conditions that promote 
maximum aggregation i.e. the point of zero charge (PZC), 
the average size of synthetic AP candidates peaked at 
ca 3  µm [58]. These attempts to ascertain the particle 
size distribution (PSD) of ABAs were nevertheless 
problematic and utilised methodology where analysis was 
conducted in an anhydrous environment. The removal of 
water at crystallite interfaces has been shown to facilitate 
the nucleation and subsequent growth of particulates and 
adjuvant-diluent interactions are a crucial mediator of 
systemic agglomeration in colloidal suspensions [83–88].

Hydrodynamic analyses of ABA suspensions also have 
their limitations mainly due to the polydispersity of the 
preparations themselves; however, such methodologies 
provide an informative reference PSD under relevant 
environmental conditions. Our group recently reported 
that the median particle size of Alhydrogel® and Adju-
Phos® by dynamic light scattering (DLS) was ca 3 and 
7 μm respectively [89]. The latter was in good agreement 
with that obtained by Kolade et al. using low angle laser 
light scattering for an equivalent commercial preparation 
(ca 6 μm) [90]. Others have used liquid particle counting 
techniques in order to demonstrate the diversity of 
micron sized agglomerates present within synthetic APs, 
which reportedly range from ca 2–100 μm [91]. Despite 
the smaller size values and monomodal distribution 
obtained via DLS, the high polydispersity of Alhydrogel® 
solutions implied that several populations exceeded 
the maximum size limit of DLS. This was consistent 
with reports that described the PSD of this adjuvant 
as multimodal, with the contribution of additional 
peaks being recorded at ca 22 and 44  μm [92]. These 
results imply that the hydrodynamic size of ABAs is 
intricately complex. Furthermore, these hydrodynamic 
studies highlight that the elevated size of these colloidal 
suspensions may bear a distinct relation to their 
relative ability to form interactions with the aqueous 
environment through interfacial hydroxyl groups.

The particle size of ABAs within vaccine preparations
Adjuvanted vaccine formulations containing 
attenuated/inactivated pathogenic antigen associated 
with ABAs are usually administered in an isotonic 
solution of physiological saline. The matrix of this 

diluent is teaming with monovalent electrolytes which 
facilitate an increase in ionic strength relative to the 
minimalist environment of the native preparation.

When introduced into physiological saline, ABAs 
undergo extensive aggregation in comparison to 
that observed within ultrapure water (UPW) at 
equivalent concentrations of Al; however, a marked 
disaggregation is generally observed relative to that 
of the native stock [89]. The former can be attributed 
to a phenomenon known as charge screening, which 
actively reduces the repulsion between particulates 
[93]. The formation of smaller agglomerates in this 
case can be considered beneficial in terms of antigenic 
adsorption as preparations containing a higher 
proportion of larger entities typically exhibit lower 
proteinaceous absorption capacities [94]. Facilitating 
such events has been shown to increase the size of the 
resultant antigen-adjuvant complex [75, 89], which is 
likely to influence their subsequent recognition and 
uptake at the site of injection. Particulate coagulation 
has been traditionally considered to negatively impact 
the immunogenicity of immunisations in vivo; however, 
this remains largely dependent upon the extent of these 
events as preparations containing a smaller proportion 
of large agglomerates (> 10  μm) have been shown to 
be equally effective at potentiating humoral responses 
[83–87].

The influence of phosphate ions upon the PSD of 
ABAs has yet to be fully explored. Preliminary studies 
have suggested that at an equivalent concentration 
of Al, the particle size of Alhydrogel® was reduced 
when formulated in PBS [95] relative to physiological 
saline [89]. Others have also postulated that antigenic 
adsorption onto AH in the presence of phosphate 
results in the formation of more compact particles, 
which in turn improves the efficacy of the vaccine [96]. 
Given the high adsorptive capacity of hydroxylated 
aluminium for inorganic phosphate, this first result is 
slightly perplexing. For example, Tang et  al. proposed 
that while ionic exchange was the predominant means 
by which phosphate was adsorbed by highly crystalline 
boehmites, an additional mechanism was observed 
with regards to more amorphous derivatives, which 
involved the precipitation of aluminium phosphate 
[97]. Lookman et  al. also supported this hypothesis, 
demonstrating that the precipitation of aluminium 
phosphate was restricted to the surface of aluminium 
hydroxide in systems exposed to high concentrations of 
phosphate [98]. Aluminium phosphate itself has been 
identified as an efficient chemical binding agent [99] 
and it is therefore more likely that its presence within 
these suspensions may serve as a nexus for particulate 
agglomeration in the absence of competing antigens.
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The particle size of ABAs at the site of intramuscular injection 
post administration
The extracellular milieu found at the site of intramuscular 
injection is a diverse environment rich in anionic and 
proteinaceous ligands for aluminium. Some examples 
include phosphate [100], citrate [101] and serum 
components [100]. In  situations where the association 
between antigen and adjuvant are limited, the former 
have been reported to contribute to significant levels 
of antigenic elution in  vitro [102–104]. Such a scenario 
yields particulates whose surfaces are almost devoid of 
antigenic material providing a suitable site for protein 
adsorption in  situ. This results in the formation of a 
hard corona whose speciation and magnitude shapes the 
biological identity and size of ABAs. Interstitial proteins 
are also known to compete for ABAs facilitating the 
displacement of antigen and subsequent evolution in 
protein corona composition [105].

The solubility of aluminium salts in biological fluid is 
largely dependent upon their individual physicochemical 
properties and is likely to be partially stymied due to 
the protective influence of this proteinaceous corona. 
However, smaller entities available for independent 
migration away from the injection site may, theoretically, 
still exist. It is reasonable to assume, therefore, that 
in response to injection related trauma, the increase 
in interstitial pressure will facilitate the rapid and 
independent removal of these species through the 
lymphatics [106], resulting in their presence within the 
draining lymph nodes [8] and bloodstream [107, 108] 
prior to leukocytic recruitment [109]. Furthermore, 
the translocation of these species is likely to be more 
pronounced for AH than AP at earlier junctures due 
to the more rapid initial dissolution rate of the former 
in  vivo [107, 108]. It is therefore not unreasonable 
to suggest that the independent migration of such 
species may provide one of the initial stimuli for the 
immunological response potentiated by aluminium salts.

The remaining adjuvant material available at the 
injection site resides predominantly within the micron 
range and represents the greatest deposit of extracellular 
aluminium whose clearance and translocation will be 
dependent upon ingestion by APCs [110]. While the 
kinetics of internalisation will be different with regards 
to the dynamic environment found in vivo [109], uptake 
of particles by APCs is likely to occur relatively quickly 
after administration. The size of particles encountered 
within this timeframe will likely induce a predominantly 
phagocytic mechanism of uptake, although there will 
still be some discrete populations available for receptor-
mediated endocytosis [111]. Materials composed 
of smaller particles are more avidly internalised by 
APCs [64, 70, 75, 112]. However, the requirement of 

ABA phagocytosis in order to potentiate an immune 
response has been questioned by several reports, 
which demonstrated an absence of material within the 
intracellular compartment of APCs despite the generation 
of robust adaptive immunity [29, 73, 113]. Such events 
appear counter-intuitive considering the essential role 
of phagocytosis in the destruction and direction of the 
immune response against pathogenic bacteria [114], the 
majority of which have sizes residing in the region of 
1–4  μm [115]. In addition, cells of a monocytic lineage 
typically exhibit a highly conserved ruffled membrane 
[116], which has been implicated in the preferential 
uptake of particles whose sizes correspond to this range, 
although the attachment and subsequent internalisation 
of 2–3  μm structures is considered optimal [117]. 
Furthermore, the variation in abundance of particles 
existing below ca 3  μm provides a novel explanation 
concerning the relationship between particle size and the 
magnitude of adjuvant uptake by phagocytes observed 
in  vitro. The application of this theory to ABAs reveals 
that materials containing a greater abundance of these 
particles upon exposure to biological medium are more 
readily endocytosed than their larger counterparts and 
are also able to target more of the surrounding cellular 
population (AH > AP) [64]. Larger particles were also 
observed within the intracellular environment of THP-1 
cells, although the number of these entities was severely 
restricted. Such trends emphasise the importance of size 
with regards to the operation of the phagocytic pathway, 
which is often hindered by larger particles due to the 
relationship between the kinetics of cell signalling and 
manifestation of inhibitory signals [118]. Nevertheless, 
larger particles often have greater amounts of aluminium 
associated with their structure and the internalisation 
of a few of these entities may result in the delivery of a 
greater concentration of aluminium into the intracellular 
compartment of phagocytic cells. This may provide 
an initial justification for the observation that larger 
aluminium adjuvant particles promote greater levels of 
cytotoxicity in vitro [64].

The role of zeta potential in the immunological response 
towards ABAs
There are a plethora of mechanisms by which antigens 
typically associate with the surface of ABAs. ABAs 
exhibit distinct differences in PZC permitting the 
adsorption of a specific spectrum of pathogenic and 
allergenic proteins at ca pH 7.4, which is equivalent to 
that experienced within the vaccine preparation and 
at the injection site [119, 120]. For example, AH, which 
is positively charged at physiological pH, will form 
electrostatic associations with negatively charged species 
such as BSA thereby facilitating surface adsorption. By 
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contrast, AP, which is negatively charged within the 
afore-mentioned pH range, exhibits a higher affinity for 
positively charged antigens such as lysozyme. Although 
this model is well established, further studies revealed 
that while attractive forces including electrostatic 
interactions, hydrogen bonding, hydrophobic and van der 
Waal forces contributed to the absorption of proteins by 
aluminium salts, adsorption was not guaranteed in these 
systems if repulsive forces predominated in  situ [121]. 
The recent immobilisation of AH upon a quartz crystal 
microbalance sensor also revealed that the adsorption of 
BSA by this material could not be adequately explained 
by electrostatic mechanisms alone [122]. In conjunction, 
these studies suggest that antigenic adsorption within 
vaccine preparations may occur through additional 
mechanisms and be more complex than originally 
contemplated.

Vaccine subunits exhibiting bipolar tendencies can 
also interact with both ABA compounds, although the 
orientation of antigen domain is inevitably dependent 
on the relative charges involved [123]. While variance 
in protein orientation appears to be redundant with 
regards to immunopotentiation in this case, structural 
degradation and unfolding [22, 124], expedited by the 
individual micro-environmental pH at the adjuvant 
surface [125], can promote enhanced antigen-adjuvant 
interaction [102, 126] followed by a concomitant 
decrease in antibody production [127]. However, this 
trend is not universally upheld for all such adjuvant-
antigen complexes [128]. Phosphorylated antigens also 
target and preferentially bind hydroxylated surfaces 
through ligand exchange creating complexes with high 
associative strength [129].

The degree of antigenic adsorption to particulate 
entities is regarded as a crucial factor governing 
the potentiation of the immune response towards 
aluminium-adjuvanted vaccinations [130], facilitating 
T cell responses through improved cross presentation 
via enhanced cellular uptake [75, 131]. Indeed, when 
administered subcutaneously the elution rate of 
antigens adsorbed by electrostatic mechanisms was 
greater than those held by ligand exchange, consistent 
with the enhanced retention of the latter at the site of 
inoculation [60, 132]. While antigenic retention may be 
considered beneficial with regards to interaction with 
infiltrating inflammatory monocytic populations, these 
studies were the first to highlight that the strength of 
antigenic adsorption is in fact inversely proportional to 
the antibody response mounted in  vivo. Preparations 
with the largest degree of phosphate modification have 
typically exhibited the lowest adsorptive affinities [60, 
61, 94, 132] and thus potentiated the most substantial 
immune response in animal models [60, 61, 132]. Hence, 

phosphate treatment of AH has been successfully 
employed to improve the efficacy of vaccine formulations 
in several studies [61–63]. Furthermore, robust antibody 
responses are mounted against vaccines in which 
minimal adsorptive forces are displayed between antigen 
and ABAs [133, 134]. Despite the predominance of 
repulsive interactions, the latter observed an association 
between the two components in which the antigenic 
species became entrapped within adjuvant void spaces. 
This permitted simultaneous internalisation of antigen 
and adjuvant by APCs and provided a novel mechanism 
of immunopotentiation independent of antigen 
adsorption to aluminium salts.

While the zeta potential of aluminium salts influences 
the magnitude of proteinaceous adsorption observed 
within biological media, no correlation between this 
parameter and particulate uptake has been definitively 
demonstrated. The instantaneous nature of the 
adsorption of interstitial proteins by these adjuvants 
often results in the transformation of their surfaces to 
reflect negative charges of equivalent magnitude [64], 
making comparisons of this nature virtually impossible. 
Others have also struggled to demonstrate a significant 
role for surface charge with regards to both the efficacy 
of AH nanorod endocytosis and resultant titres of OVA 
specific IgG1 and IgE [135]. Previous studies investigating 
the coronal composition of cationic, neutral and anionic 
particles have demonstrated that the latter are more 
effectively opsonised through the association of IgG with 
their surfaces [136]. Furthermore, opsonised particulates 
of equivalent sizes exhibited greater levels of phagocytic 
uptake than those lacking this motif, an event which was 
mediated through interaction with Fc receptors on the 
surface of macrophages [137].

Cellular uptake of aluminium adjuvants in human 
vaccinations
Advances in modern-day vaccine engineering have 
allowed for the production of highly purified protein 
antigens in large quantities that boast excellent safety 
profiles [138]. Unfortunately, immunisation using antigen 
only results in little to no antibody production. Therefore, 
it has remained necessary to include particulate 
substrates in vaccines to overcome this barrier [138, 
139]. It is the immunostimulatory properties of ABAs, 
described as their ‘adjuvanticity’ that has driven their 
predominant and continued use in human vaccinations 
[138]. Of the fundamental mechanisms governing 
the adjuvanticity of ABAs are their ability to provide 
enhanced delivery of antigens to APCs, subsequently 
initiating an immune response and high antibody 
titers (Fig. 1) [10, 138]. For this reason, when ABAs are 
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formulated in vaccines they are generally added in excess 
[138].

Some debate has ensued in the scientific literature 
as to the importance of the binding avidity of the ABA 
to the antigen in potentiating and shaping the resultant 
immune response [10, 60, 138]. If the antigen remains 
tightly adsorbed to its ABA as for studies using alpha-
casein and Alhydrogel® respectively, then such high-
affinity interactions diminish the immunostimulatory 
properties of the vaccine [60]. As such, the choice of 
antigen in a vaccine dictates its ability to dissociate from 
its ABA [10], yet is often solely chosen dependent upon 
its charge. Weak electrostatic forces of attraction result in 
the rapid dissolution of the antigen in muscle interstitial 

fluid (MIF) at the injection site [10]. As such, it cannot 
be presumed that the entirety of ABA particulates remain 
co-adsorbed to their highly purified target antigen [6]. 
These effects have been described previously as the depot 
effect of ABAs, whereby the presence of aluminium in 
the vaccine prolongs the persistence of the antigen at 
the injection site [10, 139]. This theory has since been 
disputed as injection sites could be excised without 
affecting the adjuvanticity of the administered ABAs 
[140, 141].

Ligand and electrostatic interactions still give rise to 
antigen persistence at the injection site [109]. Therefore, 
two general modes of action for ABAs may be surmised 
in explaining their immunostimulatory effects in  vivo. 

Fig. 1  Biological processing of vaccines containing ABAs following intramuscular injection. 1. Vaccine preparation includes antigen adsorbed 
on the surface of the ABA, occluded within aggregates of ABA and, potentially, free antigen. 2. Biological fate of vaccine constituents includes; 
independent translocation of antigen (< ca 200 nm) to lymph nodes (2a); inflammatory monocyte/macrophage uptake of larger antigens through 
micropinocytosis (2c); intracellular antigens are either processed by the lysosomal system (L) or evade lysosomal capture through rupture of the 
endosome (2e); antigen associated with ABA (adsorbed or occluded) is internalised by phagocytosis (2b) and processed via autophagy, endosomes 
maturing into autophagosomes and ultimately, autolysosomes (AL) (2d). The biological mechanisms involved in the processing of these various 
entities contribute to the downstream activation of complexes such as the NALP-3 inflammasome and the subsequent release of pro-inflammatory 
cytokines including IL-1β



Page 10 of 19Shardlow et al. Allergy Asthma Clin Immunol           (2018) 14:80 

Firstly, increased antigen persistence by ABAs allows for 
sufficient recruitment and accumulation of infiltrating 
inflammatory cells to initiate an immune response at 
the injection site [10, 109]. Secondly, the subsequent 
association of the ABA to the antigen promotes their 
interaction and potential cellular uptake by infiltrating 
APCs, further driving the initiation of an immune 
response [109]. Thus, ABAs are able to potentiate the 
immune response whether co-adsorbed or dissociated 
from their target antigen in a vaccine.

Cellular mechanisms of aluminium adjuvant uptake
The scientific literature to date has almost entirely 
focused upon the cellular uptake of the antigen in a 
vaccine formulation. Consequently, the question remains 
as to how the cellular uptake of ABAs and their transport 
to locations distant from the injection site contributes to 
this process [6, 10, 60, 109, 139]. In drawing comparisons 
between the cellular uptake of the two ABAs used most 
frequently in clinical vaccinations, Alhydrogel® and 
Adju-Phos®, consideration must be given to the cellular 
routes of uptake of ABAs and the types of cells recruited 
to the site of injection. The process of cellular uptake is 
stringently controlled at the plasma membrane of the cell, 
which allows for both the passage of substances from the 
extracellular space into the cell cytosol via endocytosis 
and their expulsion from the intracellular space via 
exocytosis [142]. Therefore, the interchange between 
these two important cellular transport mechanisms will 
ultimately be responsible for driving the cellular passage 
of ABAs [142, 143].

Non‑specific endocytic mechanisms of cellular uptake
Non-specific mechanisms of endocytosis can be defined 
as cellular uptake mechanisms whereby internalisation 
is achieved without the use of specific receptors such as 
protein transporters embedded in the cell membrane 
[142]. Upon the administration of the vaccine formulation 
to the injection site, the degree of heterogeneity with 
regards to the ABA and antigen species formed, 
inevitably increases [6]. Therefore, administration of an 
ABA into the extracellular space would likely drive its 
dissociation into non-particulate forms [144]. Therefore, 
immunisation with an ABA would be expected to release 
the free solvated trivalent metal cation, Al3+(aq) , at the 
injection site [6]. As the principal bio-reactive species 
of aluminium, the release of Al3+(aq) into physiological 
milieu would have the potential in vivo for complexation, 
forming high and low molecular weight charged and 
neutral soluble species of the metal ion [144].

In addition, these ‘break-down’ products of ABAs may 
also be released into MIF once degraded intracellularly 
and exocytosed from cells and hence represent all 

forms of non-particulate ABA. Endocytic mechanisms 
are tightly-regulated by the size of the extracellular 
substance [142]. Therefore, all non-particulate forms 
of ABAs of a  size greater than a few nanometres would 
not be expected to diffuse through cellular pores of 
sub-nanometre dimensions, but rather cross cellular 
membranes by non-receptor mediated endocytosis [142–
144]. These cellular mechanisms of uptake may occur 
by simple diffusion known as transcellular transport, 
against an electrochemical gradient or require energy 
in the form of adenosine triphosphate (ATP) for uptake 
by active transport, cross ion channels or pores in the 
cell membrane or alternatively traverse the extracellular 
space through cell layers via paracellular transport [6, 
142].

Paracellular transport is achieved through selectively 
permeable barriers that consist of epithelial and 
endothelial cell layers such as those found in the blood–
brain barrier (BBB), forming tight junctions between 
adjoining cells [6]. In the presence of aluminium, 
residual leakiness of these membranes including the 
BBB has been noted, thereby diminishing the ability of 
tight junctions to restrict the passage of substances into 
the brain, promoting the free diffusion of aluminium 
between cells [144]. It remains unlikely however, that 
paracellular transport would allow for the free cellular 
passage of nano- or  micron-sized particulates of either 
Alhydrogel® or Adju-Phos® due to the close proximity 
of even compromised cell layers [143]. Furthermore, as 
this cellular transport mechanism fails to result in the 
direct cellular uptake of at least particulate ABAs, other 
mechanisms of cellular internalisation would be expected 
to occur once particles interact with the cell membrane 
(Fig. 1) [142, 143].

Transcellular transport does not require specific 
receptors on the cell membrane, thereby acting as a 
diffusive process of cellular uptake. Since an unequivocal 
mechanism has yet to be elucidated for the transcellular 
transport of aluminium, combined with the expected 
blockade of this mechanism of cellular transport via 
the intracellular accumulation of Al3+(aq) , little evidence 
supports a significant role for this route of uptake [144]. 
Low molecular weight neutral complexes of aluminium 
would, however, accumulate over time in cells via their 
transcellular diffusion through the plasma membrane 
and via ion channels into cell cytosol. Charged low 
molecular weight complexes of aluminium are predicted 
to be internalised via active transport [144], driven 
through variances in charge between exoplasmic vesicle 
membranes and the cytosolic cell face [145]. Finally, 
high molecular weight complexes of aluminium carrying 
neutral charge would be likely internalised in vesicles via 
non-specific adsorptive endocytosis [143, 144].
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The amorphous nature of Adju-Phos® as an AP based 
adjuvant would be expected to more readily dissociate 
to give Al3+(aq) , than semi-crystalline Alhydrogel®, an AH 
based adjuvant. Therefore, while both ABAs would give 
rise to increased concentrations of the trivalent metal 
cation at the injection site, the more rapid dissociation 
of Adju-Phos® would be predicted to result in a greater 
proportion of high and low molecular weight soluble 
complexes of aluminium [144]. As such, immunisation 
using Adju-Phos® may result in the reduced loading of 
nanometre and micrometre-sized particulate aggregates 
versus Alhydrogel®, thus lowering the adsorptive capacity 
of the ABA to protein antigens [6, 140]. Therefore, in 
the absence of unequivocal data concerning these latter 
mechanisms of cellular uptake, a role for the adsorptive 
capacity of ABAs upon the potentiation of the immune 
response remains to be elucidated.

Endocytic mechanisms governing the cellular uptake 
of particulate aluminium adjuvants
All pathways of endocytosis result in the cellular 
internalisation of ABA particles, ultimately resulting in 
their presence within lysosomal compartments in cell 
cytosol [144]. Specialist variations of endocytosis can 
be defined under six recognised pathways consisting 
of phagocytosis, macropinocytosis, clathrin-mediated 
endocytosis, caveolar-mediated endocytosis, pinocytosis 
and adsorptive or non-receptor mediated endocytosis 
[142, 143]. Phagocytosis is a form of endocytosis and a 
process of cellular uptake that relies upon mechanical 
interactions of phagocytic cells with apoptotic or 
necrotic cells, cellular fragments, pathogens or particles 
that fall in the approximate size range of 0.5–5  μm and 
is only possible by a limited number of cell types [109, 
117]. As an actin-regulated mechanism of engulfment, 
reorganisation of the actin cytoskeleton is necessary 
to allow for cellular uptake [144]. This mechanism of 
uptake can often be of detriment to the cell, however, 
due to the necessity of the formation of large pores in 
the cell membrane. As such, phagocytosed substances 
are engulfed through cup-shaped protrusions in the cell 
membrane that gradually approach and close around 
particulate matter [143].

Phagocytosis is one  of the most recognised cellular 
pathway governing the internalisation of micron or 
nano-sized particulates of ABAs and is controlled by 
the molecular process of autophagy [144, 146]. The 
entry of particulate material into the cell initiates the 
formation of the phagophore of shape and size dictated 
by the engulfed substance [143]. The recruitment of the 
cytosolic light chain protein 3 (LC3) to the phagophore, 
forms a double-membrane known as an autophagosome 
which is vesicular in nature and encompasses engulfed 

particulates as well as mitochondria and peroxisomes 
[147]. Peroxisomes are found in all eukaryotic cells 
and are small membrane-bound cytoplasmic cellular 
organelles that contain a host of enzymes including 
catalase and urate oxidase that participate in a variety of 
oxidative mechanisms [145].

In the latter stages of autophagy and most notably 
for macroautophagy [147], a lysosome combines with 
the autophagosome triggering its maturation into an 
autolysosome, following the dissociation of LC3 from 
the membrane. The lysosomal contents spill into the 
autolysosome releasing enzymes including cathepsin 
B which acidify the resultant vesicular compartments 
to approximately pH 4.0 [146]. This results in the 
degradation of internalised particulates of the ABA, 
thereby releasing Al3+(aq) into cell cytosol [6, 144, 146]. 
The release of cathepsin B has been suggested to act 
as an endogenous danger signal that in combination 
with degradative products of ABAs, triggers localised 
inflammation at the injection site [148].

Phagocytosis is the optimal mechanism of cellular 
uptake when particles are in the size range of 1–3  μm 
(Fig.  1) [117, 142]. Macropinocytosis as a phagocytic 
cellular uptake mechanism would likely govern the 
cellular uptake of particulate material ≤ 1  μm owing to 
their maximal outreaching pore size of a few hundred 
nanometres in the extracellular space [142]. As with 
phagocytosis, this cellular process of uptake only occurs 
in a limited number of phagocytic cells and requires 
the rearrangement of the actin cytoskeleton, though 
arguably to a lesser extent to allow for the cellular passage 
of smaller sub-micron-sized particles [142, 143]. In this 
process, a large volume of extracellular fluid containing 
particulate matter is engulfed via the ruffling of the 
cell membrane that gives rise to varying shapes of the 
vesicles upon closure. Large cellular organelles known as 
macropinosomes [143, 149] then form, which may also 
account for the internalisation of lower molecular weight 
species of aluminium [144].

Clathrin-mediated endocytosis engulfs particles 
through the formation of cytoplasmic clathrin-
coated pits that initiate a process of self-assembly into 
polygonal-shaped cages, facilitating cellular uptake [143]. 
This mechanism of uptake is more likely to play a role in 
the uptake of the free protein antigen in a vaccine [6], 
of which an adsorbed ABA would only be internalised 
if its size was less than that of clathrin-coated vesicles 
of approximately 100  nm [142, 143]. Caveolin-driven 
endocytosis results in the formation of caveolin protein-
coated cytoplasmic hairpin-like depressions, up to 80 nm 
in diameter. While both Clathrin and caveolin-endocytic 
cellular mechanisms of particulate uptake are able to 
occur through receptor-mediated and independent 
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mechanisms, their contributory role to the uptake of 
particulate ABAs is likely to be minimal. Finally, small 
sub-nanometre particles may enter the cell via simple 
diffusion across the cellular phospholipid membrane 
bilayer [143], as with lower molecular weight species of 
aluminium [144].

Intracellular tracing of protein antigens 
via fluorescent‑labelling methodologies
Owing to the difficulties encountered in controlling the 
particle size of amorphous preparations of aluminium 
adjuvants, polystyrene particles have previously been 
used to assess the effects of particle size upon their 
ability to potentiate the immune response. As with 
the use of nanometre-sized ABA particles, greater 
immunopotentiation was noted for particles of 230  nm 
versus larger particles, following their intradermal 
injection in mice [150]. As with previous studies of this 
nature, however, the method relied upon the adsorption 
of OVA to adjuvant particles. OVA is frequently used as 
an antigen in vaccine research to study the effects that 
ABA elicit upon the immune response [73, 150]. The 
predominant reason for the use of this so-called ‘model 
antigen’ is the ease in which it may be conjugated to 
the fluorescent tag fluorescein isothiocyanate (FITC), 
subsequently allowing for its cellular internalisation to 
be conferred via flow cytometry, fluorescence and or 
confocal microscopy [73].

Green fluorescent protein (GFP) has also been used to 
allow for the cellular uptake of labelled protein antigens 
to be determined [151]. As these large fluorescent 
molecules may dissociate from their adsorbed antigen 
in both in  vitro cell culture and in  vivo animal models, 
the identification of these probes within cells cannot 
be used to infer the intracellular presence of the ABA. 
While intrinsic fluorescence of the protein antigen only 
in the ultraviolet range of the electromagnetic spectrum 
has allowed for its concentration to be determined when 
associated to its ABA, labelling of the vaccine would 
likely be necessitated to allow for its intracellular tracing 
[152]. Building upon these approaches, new methods 
have been devised to unequivocally identify ABAs, 
allowing their cellular fate to be determined in cellular 
models of vaccination [7, 153].

Non‑phagocytic mechanisms of immunopotentiation 
for aluminium adjuvants
The Nalp3 (or NLRP3) inflammasome is an intracellular 
multi-protein complex containing a pattern recognition 
receptor (PRR) composed of leucine-rich repeats (LLRs) 
that belong to the nucleotide-binding oligomerisation 
domain (NOD)-like receptor family [37]. Upon assembly, 
this large intracellular protein machinery forms a 

complex with apoptosis-associated speck-like protein 
containing a caspase recruitment domain and caspase-1 
(ASC) [37]. The activation of the inflammasome by 
particulate and or crystalline ABAs has been shown to 
promote the secretion of mature IL-1β and IL-18 that are 
cleaved from the pro-interleukins by activated caspase-1 
that subsequently enhance the immune response [37]. 
Antibody production has however been noted, without 
activation of the Nalp3 inflammasome [154, 155].

A non-phagocytic pathway has been suggested for 
ABAs in their ability to enhance the delivery and cellular 
uptake of protein antigens by professional APCs, while 
evading cellular internalisation of the adjuvant [113]. 
Therein, the interaction of ABAs adsorbed to OVA 
protein antigens at the cell surface of activated DCs was 
found to trigger lipid sorting and in turn, the activated DC 
surface was found to initiate a non-phagocytic delivery 
mechanism of the antigen only [113]. Although such a 
process of abortive phagocytosis has been proposed for 
ABAs, in the same study the semi-quantitative analysis 
of DCs exposed to ABAs via transmission electron 
microscopy (TEM), occasionally revealed apparent 
electron-dense particulates internalised within the cell 
cytoplasm [113, 156]. Therefore, DCs are suggested to 
retain their phagocytosing capacity at the injection site 
and hence a role for the cellular uptake of ABAs upon 
the potentiation of an immune response cannot be 
overlooked. Furthermore, as crystalline ABAs have been 
suggested to act as damage-associated molecular patterns 
(DAMPs) and activators of the Nalp3 inflammasome, 
their cellular uptake may be contributory if not essential 
for the adjuvanticity of ABAs [37, 154].

A recognised cellular pathway of immunopotentiation 
by aluminium adjuvants
ABAs have been suggested to potentiate the immune 
response by providing an enhanced delivery mechanism 
of the co-adsorbed antigen to DCs [138]. ABAs are also 
thought to be able to increase the antigen uptake and 
antigen presentation on the cell surface of activated DCs 
via major histocompatibility complex class II molecules 
(MHCII) [151]. Therefore, the enhanced number of 
MHCII-presented antigen sites upon DCs are thought to 
be able to engage naïve CD4+ T cells that upon binding 
differentiate, dependent on the cytokines released by 
DCs, initiated by the transcriptional nuclear factor-κB 
(NF-κB) entering the nucleus of the DC [113, 138]. The 
subsequent activation of the Nalp3 inflammasome by 
particulate ABAs via the activation of the SyK and PI3K 
pathway produces IL-18 and IL-1β that are released into 
the extracellular matrix along with the pro-inflammatory 
IL-17 cytokine (Fig.  1) [37, 113]. The differentiated T 
lymphocytes then activate B cells that in turn produce an 
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increased number of antibodies and predominantly that 
of IgG, thereby driving humoral-mediated immunity and 
a TH2 response [10, 156].

Cell recruitment
ABAs have been found to recruit a host of innate 
immune cells to the injection site including neutrophils, 
eosinophils, immature DCs, monocytes, macrophages 
and natural killer cells [34, 109, 142, 143]. The effects 
that ABAs elicit upon the relative abundance of each 
aforementioned cell type, their migration from the 
injection site and their capacity to promote the cellular 
uptake and presentation of the antigen to adaptive 
immune cells, directly impacts upon their ability to 
potentiate the immune response [10, 37, 80, 109].

Immunofluorescence of excised injection sites from 
immunised mice using fluorescently-labelled antibodies 
has been used to identify infiltrating cell types [8]. It 
has been found that regardless of whether the ABA 
is administered via intraperitoneal or intramuscular 
injection [109, 142], neutrophils are found to dominate 
the injection site only a few hours following vaccination 
[34]. As a phagocytic cell line, the arrival of neutrophils 
at the injection site would likely result in the engulfment 
of  particulates in the size range of 0.5–5  μm [142], 
although phagocytosis of the ABAs would be more 
pronounced following the arrival of monocytes after 
24 h and the vast recruitment of macrophages following 
7 days [109].

A marked increase in the presence of eosinophils are 
typically observed at day 7 following immunisation, 
concomitant with increased numbers of infiltrating 
MHCII-positive (+) DCs at the injection site [35, 109]. 
In spite of their non-phagocytic nature, eosinophils 
have been found to be contributory to the promotion of 
humoral-mediated immunity and hence the production 
of antibodies in the presence of ABAs [109]. Monocytes 
are able to differentiate into both macrophagic and 
dendritic cell types and increased numbers of MHCII+ 
DCs at the injection site at day 7, have been linked to 
their presence [34, 109]. Overall, the rapid infiltration 
of innate immune cells is thought to be critical for the 
initiation of an adaptive immune response and the 
production of antibodies of which MHCII+ DCs have 
been found imperative for the adjuvanticity of ABAs and 
the activation of the Nalp3 inflammasome [37, 113, 156].

Research methods for the identification of intracellular 
aluminium adjuvants
Lumogallion [4-chloro-3-(2,4-dihydroxyphenylazo)-
2-hydroxybenzene-1-sulphonic acid] is a fluorescent 
stain for aluminium and has been used successfully for 
both the quantitative and qualitative determination 

of aluminium in natural waters [157] and biota [158], 
respectively. Lumogallion was originally used for the 
fluorimetric detection of aluminium in sea and river 
water owing to its extremely low limit of detection 
of 2  nM comparable to inductively coupled plasma 
mass spectroscopy (ICP-MS) [159]. The proposed 
1:1 coordination of aluminium to the fluorophore is 
suggested to occur via the two phenolic oxygen ions and 
the azo group binding to the metal ion, forming complex 
rings in aromatic linkages. In this manner, lumogallion 
has been proposed to act as a planar tridentate ligand for 
aluminium [159].

To date, the fluorescent stain morin 
[2′,3,4′,5,7-Pentahydroxyflavone] has remained the 
most frequently used fluorophore for the detection of 
aluminium in plant and animal tissues producing a green 
fluorescence emission at 420  nm, through coordinating 
3:1 with the metal ion [160]. Unlike morin, lumogallion 
produces no detectable fluorescence in the presence of 
divalent metal cations including physiologically relevant 
concentrations of calcium and magnesium [159, 161]. 
Furthermore, while lumogallion is known to bind to iron, 
this results in the formation of a non-fluorescent complex 
that upon excitation at 500  nm achieves no detectable 
fluorescence maxima at ca 590 nm (orange), unlike that 
observed in the presence of aluminium [161]. Therefore, 
lumogallion has high specificity and selectivity for the 
binding and detection of aluminium, respectively. Such 
properties have rendered the fluorophore invaluable for 
the unequivocal identification of aluminium in both cells 
[7, 65, 144, 153, 162, 163] and tissues [164–166].

With regards to ABAs, lumogallion has allowed for 
the unequivocal identification of AH-based adjuvant 
formulations, including Alhydrogel® within monocytic 
THP-1 cells [7]. As an immunologically relevant 
cell line [64] monocytes are known to be one of the 
first phagocytosing cell lines recruited to the site of 
vaccination and hence act as a significant carrier or 
vehicle of particulate ABAs, away from the injection site 
[109]. Using fluorescence microscopy complemented 
with TEM, vesicle or endosome-like structures were 
identified in cell cytosol of approximately 0.5–1  μm 
in diameter [7]. While it might be expected for a 
phagocytosing cell line to internalise micron-sized 
adjuvant particles into lysosomal compartments, all 
such published data prior to this study provided little or 
equivocal data of such. Therefore, this study highlighted 
lumogallion as an excellent fluorescent molecular probe 
for the identification of particulate ABAs [7, 153].

The use of lumogallion as a sensitive fluorescent 
molecular probe for aluminium [7] has revealed the 
unequivocal identification of particulates of Alhydrogel® 
and Adju-Phos® in vesicle-like structures in the 
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cytoplasm of a relevant monocytic THP-1 cell line [64]. 
For both adjuvant formulations those particulates 
internalised were of approximately 1 μm in size and were 
found exclusively in the cell cytoplasm. As Alhydrogel® 
was found internalised at every concentration of the 
adjuvant, this demonstrated its greater cytoplasmic 
loading versus Adju-Phos® whereby uptake was 
diminished at 50 and 100  μg/mL of the ABA. As such, 
this may infer that AH based adjuvants are more prone 
to migrate from the injection site [64]. The release of 
extracellular DNA from dying cells has been found to 
enhance the adjuvanticity of ABAs, as DAMPs that 
activate the Nalp3 inflammasome [138, 167]. Therefore, 
the reduced cellular uptake of Adju-Phos® and its 
enhanced cytotoxicity at the injection site in comparison 
to Alhydrogel® may act to mediate its adjuvanticity by an 
alternative cellular pathway of immunopotentiation [64].

Direct fluorescent labelling of vaccine antigens
Attempts to monitor the cellular uptake of antigens 
in vaccine formulations have frequently made use of 
commercially available fluorochromes or conjugated 
immunolabels for detection via fluorescence [168] 
and electron microscopy [169], respectively. While 
such labels are readily detectable under the respective 
imaging modalities [170], whether or not they remain 
co-localised to their target antigen is less well-
established. Such limitations are further compounded 
when tracing vaccine antigens in complex physiological 
environments, mimicking those conditions encountered 
in  vivo. Furthermore, the inevitable alterations to 
the physiochemical properties of the antigen and its 
co-adsorbed antigen would likely affect the mechanisms 
by which their cellular uptake subsequently ensues [7, 64, 
89].

Recently, the use of direct-fluorescent labelling has 
allowed for the conformation and intracellular fate 
of a model amyloid-β42 (Aβ42) peptide antigen to be 
followed in a cellular-based model of vaccination 
[163]. Therein, simulated vaccines were prepared 
adjuvanted with lumogallion-labelled ABAs that were 
subsequently co-cultured with THP-1 cells. The longer 
amino acid variant of amyloid, Aβ42, has frequently 
been implemented in the aetiology of Alzheimer’s 
disease, depositing in brain tissue as extracellular senile 
plaques, in a β-sheet rich conformation [171–173]. These 
aberrant misfolded deposits are suggested to break 
down into neurotoxic oligomeric Aβ species, triggering 
a progressive cascade of deleterious effects [171]. 
Thioflavin T (ThT) binds to mature amyloid fibrils in a 
β-pleated sheet conformation that thereby allowed for 
the detection and intracellular fate of the antigen to be 
assessed [163].

This new approach to directly label the moiety of 
interest suggests that Aβ42 is endocytosed by THP-1 
cells through micropinocytosis [174] of which its 
co-formulated ABA (Alhydrogel®, Adju-Phos® or 
Imject® Alum) is processed via the alternative pathway 
of autophagy into late-stage autolysosomes [163]. The 
ability of Aβ to evade or disrupt lysosomal capture has 
recently been implicated in separate studies in both 
monocytic [175] and neuronal cell lines [168, 174]. The 
amyloidogenic protein alpha (α)-synuclein that forms 
intraneuronal inclusion or Lewy bodies in Parkinson’s 
disease have also been found to disrupt the formation 
of autolysosomes [176]. Therefore, the ability of 
amyloidogenic proteins to evade lysosomal capture may 
explain their intracellular persistence in  vivo [163, 168, 
174–176]. Furthermore, controlled lysosomal rupture has 
been shown to activate the NALP-3 inflammasome and 
hence such mechanistic modes of action may underlie 
the immunogenicity of vaccine components [177, 178]. 
Taken collectively, these studies highlight the importance 
of monitoring the cellular fate of both the antigen and 
adjuvant constituents of a vaccine in understanding the 
resultant immune response in vivo [163]. In conclusion, 
these approaches may greatly benefit current and future 
clinical trials utilising immunotherapy for the eradication 
of neurodegenerative diseases and other complex disease 
states [179].

Conclusion
Human exposure to aluminium is burgeoning [180] 
with significant implications for human health [166, 
181]. ABAs are effective and cheap but are they safe? 
Confirmation of their safety remains to be addressed 
and will only come from further research on their 
biological activities at injection sites and beyond. All 
ABAs currently in use in vaccination and sub-cutaneous 
immunotherapy require further validation of their 
safety, which means that the manufacturer of AAHS 
should release this ABA so that its safety can be verified 
independently. Burgeoning knowledge regarding the 
biological activities of ABAs now dictates that their safety 
should be evaluated independently of their presence in 
vaccine formulations.

Abbreviations
AAHS: amorphous aluminium hydroxyphosphate sulphate; Aβ: amyloid-β; 
ABA: aluminium based adjuvant; AH: aluminium oxyhydroxide; AP: aluminium 
hydroxyphosphate; APC: antigen presenting cell; ASC: apoptosis-associated 
speck-like protein; ATP: adenosine triphosphate; BBB: blood brain barrier; 
BSA: bovine serum albumin; CD4+: cluster of differentiation-4 positive; 
CD8+: cluster of differentiation-8 positive; DAMPs: damage associated 
molecular patterns; DAPI: 4′,6-diamidino-2-phenylindole, dihydrochloride; 
DC: dendritic cell; DLS: dynamic light scattering; Fc: fragment crystallisable 
(antibody) region; FITC: fluorescein isothiocyanate; GFP: green fluorescent 
protein; HBsAg: hepatitis B surface antigen; HLA: human leukocyte antigen; 



Page 15 of 19Shardlow et al. Allergy Asthma Clin Immunol           (2018) 14:80 

HPV: human papilloma virus; ICP-MS: inductively coupled plasma mass 
spectroscopy; IgE: immunoglobulin E; IgG: immunoglobulin G; IL: interleukin; 
IR: infrared spectroscopy; ITAM: immunoreceptor tyrosine activation motif; 
LC3: light chain protein 3; LRR: leucine rich repeat; Lumogallion: 4-chloro-
3-(2,4-dihydroxyphenylazo)-2-hydroxybenzene-1-sulphonic acid; MHCII: 
major histocompatibility complex class II; MIF: muscle interstitial fluid; Morin: 
2′,3,4′,5,7-pentahydroxyflavone; Nalp3: neuronal apoptosis inhibitory protein, 
leucine rich repeat and pyrin domains-containing protein 3; NF-κB: nuclear 
factor-κB; NOD: nucleotide-binding oligomerisation domain; OVA: ovalbumin; 
PBMC: peripheral blood mononuclear cells; PBS: phosphate buffered saline; 
PCB: poorly crystalline boehmite; PI3K: phosphoinositide-3-kinase; PLA: 
polylactide; PRR: pattern recognition receptor; PSD: particle size distribution; 
PZC: point of zero charge; SyK: spleen tyrosine kinase; TEM: transmission 
electron microscopy; THP-1: T helper 1; TH2: T helper 2; ThT: Thioflavin T; UPW: 
ultrapure water; XRD: X-ray diffraction.

Authors’ contributions
CE, ES and MM conceived the idea for the paper and wrote the manuscript. All 
authors read and approved the final manuscript.

Authors’ information
CE is Professor of Bioinorganic Chemistry and Leader of the Research Group 
on Aluminium and Silicon. MM and ES are CMSRI-funded research fellows in 
the Research Group on Aluminium and Silicon.

Acknowledgements
CE, ES and MM acknowledge the support of the Children’s Medical Safety 
Research Institute (CMSRI).

Competing interests
CE is in receipt of a grant for 70K Euros from Bencard Allergie to study the 
physical and chemical properties of microcrystalline tyrosine (MCT) an 
adjuvant used in allergy immunotherapy.

Availability of data and materials
All data and material are previously published and cited in this review.

Consent for publication
The authors have consent to publish this review.

Ethics approval and consent to participate
Not applicable to this review.

Funding
MM and ES are CMSRI-funded research fellows in the Research Group on 
Aluminium and Silicon.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Received: 16 March 2018   Accepted: 26 October 2018

References
	 1.	 Lindblad EB. Aluminium compounds for use in vaccines. Immunol 

Cell Biol. 2004;82:497–505.
	 2.	 Lee HS. Detection of papillomavirus (HPV) L1 gene DNA possibly 

bound to particulate aluminium adjuvant in the HPV vaccine 
Gardasil®. J Inorg Biochem. 2012;117:85–92.

	 3.	 Lambrecht NB, Kool M, Willart MA, Hammad H. Mechanism of action 
of clinically approved adjuvants. Curr Opin Immunol. 2009;21:23–9.

	 4.	 Whitaker JA, Ovsyannikova IG, Poland GA. Adversomics: a 
new paradigm for vaccine safety and design. Exp Rev Vaccine. 
2015;14:935–47.

	 5.	 Exley C. Aluminium-based adjuvants should not be used as placebos 
in clinical trials. Vaccine. 2011;29:9289.

	 6.	 Exley C, Siesjö P, Eriksson H. The immunobiology of aluminium 
adjuvants: how do they really work? Trends Immunol. 2010;31:103–9.

	 7.	 Mold M, Eriksson H, Siesjö P, Darabi A, Shardlow E, Exley C. 
Unequivocal identification of intracellular aluminium adjuvant in a 
monocytic THP-1 cell line. Sci Rep. 2014;4:6287.

	 8.	 Khan Z, Combadière C, Authier FJ, Itier V, Lux F, Exley C, et al. Slow 
CCL2-dependent translocation of biopersistent particles from muscle 
to brain. BMC Med. 2013;11:99–117.

	 9.	 Hem SL, Hogenesch H. Relationship between physical and 
chemical properties of aluminum-containing adjuvants and 
immunopotentiation. Expert Rev Vaccines. 2007;6(5):685–98.

	 10.	 HogenEsch H. Mechanism of immunopotentiation and safety of 
aluminum adjuvants. Front Immunol. 2013;3:406.

	 11.	 Souza Santos P, Vallejo-Friere A, Parsons J, Watson JHL. The structure of 
Schmidt’s aluminum hydroxide gel. Experientia. 1958;14:318–20.

	 12.	 Shirodkar S, Hutchinson RL, Perry DL, White JL, Hem SL. Aluminium 
compounds used as adjuvants in vaccines. Pharm Res. 1990;7:1282–8.

	 13.	 Wang SL, Johnston CT, Bish DL, White JL, Hem SL. Water-vapor 
adsorption and surface area measurement of poorly crystalline 
boehmite. J Colloid Interf Sci. 2003;260:26–35.

	 14.	 Tettenhorst R, Hofmann DA. Crystal chemistry of boehmite. Clay Miner. 
1980;28:373–80.

	 15.	 Buining PA, Pathmamanoharan C, Bosboom M, Jansen JBH, 
Lekkerkerker HNW. Effect of hydrothermal conditions on the 
morphology of colloidal boehmite particles: implications for fibril 
formation and monodispersity. J Am Ceram Soc. 1990;73:2385–90.

	 16.	 Campaniello J, Berthet P, d’Yvoire P, Revcolevschi A. Preparation 
of textured alumina films by the sol-gel route. J Mater Res. 
1995;10:297–301.

	 17.	 Mange F, Fauchadour D, Barre L, Normand L, Rouleau L. A 
microstructural investigation of nanostructured boehmite films 
prepared by the sol-gel route. Colloid Surf A. 1999;155:199–210.

	 18.	 Johnston CT, Wang SL, Hem SL. Measuring the surface area of 
aluminum hydroxide adjuvant. J Pharm Sci. 2002;91:1702–6.

	 19.	 Vieira Coelho AC, de Souza Santos H, Kiyohara PK, Marcos KNP, de 
Souza Santos P. Surface area, crystal morphology and characterization 
of transition alumina powders from a new gibbsite precursor. Mat Res. 
2007;10(2):183–9.

	 20.	 Art JF, Vander Straeten A, Dupont-Gillain CC. NaCl strongly modifies the 
physicochemical properties of aluminum hydroxide vaccine adjuvants. 
Int J Pharm. 2017;517(1–2):226–33.

	 21.	 Jully V, Mathot F, Moniotte N, Préat V, Lemoine D. Mechanisms of 
antigen adsorption onto an aluminum-hydroxide adjuvant evaluated 
by high-throughput screening. J Pharm Sci. 2016;105(6):1829–36.

	 22.	 Jones LS, Peek LJ, Power J, Markham A, Yazzie B, Middaugh CR. Effects of 
adsorption to aluminum salt adjuvants on the structure and stability of 
model protein antigens. J Biol Chem. 2005;280(14):13406–14.

	 23.	 Levesque PM, Foster K, de Alwis U. Association between 
immunogenicity and adsorption of a recombinant Streptococcus 
pneumoniae vaccine antigen by an aluminum adjuvant. Hum Vaccine. 
2006;2(2):74–7.

	 24.	 Clapp T, Siebert P, Chen D, Braun LJ. Vaccines with aluminum-
containing adjuvants: optimizing vaccine efficacy and thermal stability. 
J Pharm Sci. 2011;100(2):388–401.

	 25.	 Sun B, Ji Z, Liao YP, Wang M, Wang X, Dong J, et al. Engineering 
an effective immune adjuvant by designed control of shape and 
crystallinity of aluminum oxyhydroxide nanoparticles. ACS Nano. 
2013;7:10834–49.

	 26.	 Grun JL, Maurer PH. Different T helper cell subsets elicited in mice 
utilizing two different adjuvant vehicles: the role of endogenous 
interlukin-1 in proliferative responses. Cell Immunol. 1989;121:134–45.

	 27.	 Jordan MB, Mills DM, Kappler J, Marrack P, Cambier JC. Promotion of B 
cell immune responses via an alum-induced myeloid cell population. 
Science. 2004;304:1808–10.

	 28.	 Brewer JM, Conacher M, Satoskar A, Bluethmann H, Alexander J. In 
interleukin-4-deficient mice, alum not only generates T helper 1 
responses equivalent to freund’s complete adjuvant, but continues to 
induce T helper 2 cytokine production. Eur J Immunol. 1996;26:2062–6.

	 29.	 Li X, Hufnagel S, Xu H, Valdes SA, Thakkar SG, Cui Z, et al. Aluminum 
(oxy)hydroxide nanosticks synthesized in bicontinuous reverse 



Page 16 of 19Shardlow et al. Allergy Asthma Clin Immunol           (2018) 14:80 

microemulsion have potent vaccine adjuvant activity. ACS Appl Mater 
Interfaces. 2017;9(27):22893–901.

	 30.	 Brewer JM, Conacher M, Gaffney M, Douglas M, Bluethmann H, 
Alexander J. Neither interleukin-6 nor signalling via tumour necrosis 
factor receptor-1 contribute to the adjuvant activity of Alum and 
Freund’s adjuvant. Immunology. 1998;93:41–8.

	 31.	 Brewer JM, Conacher M, Hunter CA, Mohrs M, Brombacher F, Alexander 
J. Aluminium hydroxide adjuvant initiates strong antigen-specific 
Th2 responses in the absence of IL-4- or IL-13-mediated signaling. J 
Immunol. 1999;163:6448–54.

	 32.	 McKee AS, MacLeod M, White J, Crawford F, Kappler JW, Marrack P. 
Gr1+IL-4-producing innate cells are induced in response to Th2 stimuli 
and suppress Th1-dependent antibody responses. Int Immunol. 
2008;20:659–69.

	 33.	 Kool M, Pétrilli V, De Smedt T, Rolaz A, Hammad H, van Nimwegen M, 
et al. Cutting edge: alum adjuvant stimulates inflammatory dendritic 
cells through activation of the NALP3 inflammasome. J Immunol. 
2008;181:3755–9.

	 34.	 McKee AS, Munks MW, MacLeod MKL, Fleenor CJ, Van Rooijen N, 
Kappler JW, et al. Alum induces innate immune responses through 
macrophage and mast cell sensors, but these sensors are not required 
for alum to act as an adjuvant for specific immunity. J Immunol. 
2009;183:4403–14.

	 35.	 Quandt D, Rothe K, Baerwald C, Rossol M. GPRC6A mediates alum-
induced Nlrp3 inflammasome activation but limits Th2 type antibody 
responses. Sci Rep. 2015;5:16719.

	 36.	 Oleszycka E, Moran HB, Tynan GA, Hearnden CH, Coutts G, Campbell M, 
et al. IL-1α and inflammasome-independent IL-1β promote neutrophil 
infiltration following alum vaccination. FEBS J. 2016;283:9–24.

	 37.	 Eisenbarth SC, Colegio OR, O’Connor W, Sutterwala FS, Flavell RA. 
Crucial role for the Nalp3 inflammasome in the immunostimulatory 
properties of aluminium adjuvants. Nature. 2008;453:1122–6.

	 38.	 Li H, Willingham SB, Ting JP, Re F. Cutting edge: inflammasome 
activation by alum and alum’s adjuvant effect are mediated by NLRP3. J 
Immunol. 2008;181(1):17–21.

	 39.	 Li H, Nookala S, Re F. Aluminum hydroxide adjuvants activate caspase-1 
and induce IL-1beta and IL-18 release. J Immunol. 2007;178(8):5271–6.

	 40.	 Conforti-Andreoni C, Spreafico R, Qian HL, Riteau N, Ryffel B, Ricciardi-
Castagnoli P, et al. Uric acid-driven Th17 differentiation requires 
inflammasome-derived IL-1 and IL-18. J. Immunol. 2011;187:5842–50.

	 41.	 HogenEsch H, Dunham A, Hansen B, Anderson K, Maisonneuve JF, Hem 
SL. Formulation of a killed whole cell pneumococcus vaccine—effect 
of aluminum adjuvants on the antibody and IL-17 response. J Immune 
Based Ther Vaccines. 2011;9:5–15.

	 42.	 Puren AJ, Fantuzzi G, Gu Y, Su MS, Dinarello CA. Interleukin-18 (IFN 
gamma-inducing factor) induces IL-8 and IL-1beta via TNF alpha 
production from non-CD14+ human blood mononuclear cells. J Clin 
Invest. 1998;101(3):711–21.

	 43.	 Bergfors E, Trollfors B, Inerot A, Gente Lidholm A. Contact allergy to 
aluminium induced by commonly used pediatric vaccines. Clin Trans 
Med. 2017;6:4.

	 44.	 Iglesias E, Franch O, Carrazana Y, Lobaina Y, García D, Sanchez J, et al. 
Influence of aluminum-based adjuvant on the immune response to 
multiantigenic formulation. Viral Immunol. 2006;19(4):712–21.

	 45.	 Hjorth M, Axelsson S, Rydén A, Faresjö M, Ludvigsson J, Casas R. GAD-
alum treatment induces GAD65-specific CD4+CD25highFOXP3+ cells 
in type 1 diabetic patients. Clin Immunol. 2011;138(1):117–26.

	 46.	 MacLeod MK, McKee AS, David A, Wang J, Mason R, Kappler JW, et al. 
Vaccine adjuvants aluminum and monophosphoryl lipid A provide 
distinct signals to generate protective cytotoxic memory CD8 T cells. P 
Natl Acad Sci USA. 2011;108(19):7914–9.

	 47.	 Brum AA, Rezende AFS, Brilhante FS, Collares T, Begnine K, Seixas FK, 
et al. Recombinant esterase from Corynebacterium pseudotuberculosis in 
DNA and subunit recombinant vaccines partially protects mice against 
challenge. J Med Microbiol. 2017;66(5):635–42.

	 48.	 Kooijman S, Brummelman J, van Els CACM, Marino F, Heck AJR, 
Mommen GPM, et al. Novel identified aluminum hydroxide-induced 
pathways prove monocyte activation and pro-inflammatory 
preparedness. J Proteomics. 2018;175:144–55.

	 49.	 Serre K, Mohr E, Gaspal F, Lane PJ, Bird R, Cunningham AF, et al. IL-4 
directs both CD4 and CD8 T cells to produce Th2 cytokines in vitro, 

but only CD4 T cells produce these cytokines in response to alum-
precipitated protein in vivo. Mol Immunol. 2010;47:1914–22.

	 50.	 Pearce EL, Shen H. Generation of CD8 T cell memory is regulated by 
IL-12. J Immunol. 2007;179(4):2074–81.

	 51.	 Mori A, Oleszycka E, Sharp FA, Coleman M, Ozasa Y, Singh M, et al. The 
vaccine adjuvant alum inhibits IL-12 by promoting PI3 kinase signaling 
while chitosan does not inhibit IL-12 and enhances Th1 and Th17 
responses. Eur J Immunol. 2012;42(10):2709–19.

	 52.	 Heufler C, Koch F, Stanzl U, Topar G, Wysocka M, Trinchieri G, et al. 
Interleukin-12 is produced by dendritic cells and mediates T helper 1 
development as well as interferon-gamma production by T helper 1 
cells. Eur J Immunol. 1996;26(3):659–68.

	 53.	 Skok J, Poudrier J, Gray D. Dendritic cell-derived IL-12 promotes B 
cell induction of Th2 differentiation: a feedback regulation of Th1 
development. J Immunol. 1999;163:4284–91.

	 54.	 La Flamme AC, MacDonald AS, Pearce EJ. Role of IL-6 in directing 
the initial immune response to schistosome eggs. J Immunol. 
2000;164:2419–26.

	 55.	 Metzger DW, McNutt RM, Collins JT, Buchanan JM, Van Cleave 
VH, Dunnick WA. Interleukin-12 acts as an adjuvant for humoral 
immunity through interferon-gamma-dependent and -independent 
mechanisms. Eur J Immunol. 1997;27(8):1958–65.

	 56.	 Hem SL, Johnston CT, HogenEsch H. Imject Alum is not aluminum 
hydroxide adjuvant or aluminum phosphate adjuvant. Vaccine. 
2007;25(27):4985–6.

	 57.	 Cain DW, Sanders SE, Cunningham MM, Kelsoe G. Disparate 
adjuvant properties among three formulations of “alum”. Vaccine. 
2013;31(4):653–60.

	 58.	 Burrell LS, Johnston CT, Schulze D, Klein J, White JL, Hem SL. Aluminium 
phosphate adjuvants prepared by precipitation at constant pH. Part II: 
physicochemical properties. Vaccine. 2000;19:282–7.

	 59.	 Burrell LS, Johnston CT, Schulze D, Klein J, White JL, Hem SL. Aluminium 
phosphate adjuvants prepared by precipitation at constant pH. Part I: 
composition and structure. Vaccine. 2000;19:275–81.

	 60.	 Hansen B, Sokolovska A, HogenEsch H, Hem SL. Relationship between 
the strength of antigen adsorption to an aluminum-containing 
adjuvant and the immune response. Vaccine. 2007;25:6618–24.

	 61.	 Hansen B, Belfast M, Soung G, Song L, Egan PM, Capen R, et al. Effect of 
the strength of adsorption of hepatitis B surface antigen to aluminum 
hydroxide adjuvant on the immune response. Vaccine. 2009;27:888–92.

	 62.	 Kwissa M, Lindblad EB, Schirmbeck R, Reimann J. Codelivery of a DNA 
vaccine and a protein vaccine with aluminum phosphate stimulates 
a potent and multivalent immune response. J Mol Med (Berl.). 
2003;81:502–10.

	 63.	 Lin L, Ibrahim AS, Avanesian V, Edwards JE Jr, Fu Y, Baquir B, et al. 
Considerable differences in vaccine immunogenicities and efficacies 
related to the diluent used for aluminum hydroxide adjuvant. Clin 
Vaccine Immunol. 2008;15:582–4.

	 64.	 Mold M, Shardlow E, Exley C. Insight into the cellular fate and toxicity of 
aluminium adjuvants used in clinically approved human vaccinations. 
Sci Rep. 2016;6:31578.

	 65.	 Vassilev TL. Aluminium phosphate but not calcium phosphate 
stimulates the specific IgE response in guinea pigs to tetanus toxoid. 
Allergy. 1978;33(3):155–9.

	 66.	 Caulfield MJ, Shi L, Wang S, Wang B, Tobery TW, Mach H, et al. 
Effect of alternative aluminum adjuvants on the absorption 
and immunogenicity of HPV16 L1 VLPs in mice. Hum Vaccine. 
2007;3(4):139–45.

	 67.	 Zhao Q, Potter CS, Carragher B, Lander G, Sworen J, Towne V, 
et al. Characterization of virus-like particles in GARDASIL® by cryo 
transmission electron microscopy. Hum Vaccine Immunother. 
2014;10(3):734–9.

	 68.	 Oyewumi MO, Kumar A, Cui Z. Nano-microparticles as immune 
adjuvants: correlating particle sizes and the resultant immune 
responses. Expert Rev Vaccines. 2010;9:1095–107.

	 69.	 Mumper RJ, Cui Z, Oyewumi MO. Nanotemplate engineering of cell 
specific nanoparticles. J Disper Sci Technol. 2003;24:569–88.

	 70.	 Kanchan V, Panda AK. Interactions of antigen-loaded polylactide 
particles with macrophages and their correlation with the immune 
response. Biomaterials. 2007;28:5344–57.



Page 17 of 19Shardlow et al. Allergy Asthma Clin Immunol           (2018) 14:80 

	 71.	 Johansen P, Estevez F, Zurbriggen R, Merkle HP, Glück R, Corradi G, et al. 
Towards clinical testing of a single-administration tetanus vaccine 
based on PLA/PLGA microspheres. Vaccine. 2000;19:1047–54.

	 72.	 Katare YK, Muthukumaran T, Panda AK. Influence of particle size, 
antigen load, dose and additional adjuvant on the immune response 
from antigen loaded PLA microparticles. Int J Pharm. 2005;301:149–60.

	 73.	 Li X, Aldayel AM, Cui Z. Aluminum hydroxide nanoparticles show a 
stronger vaccine adjuvant activity than traditional aluminium hydroxide 
microparticles. J Control Release. 2014;173:148–57.

	 74.	 Rimaniol AC, Gras G, Verdier F, Capel F, Grigoriev VB, Porcheray F, et al. 
Aluminum hydroxide adjuvant induces macrophage differentiation 
towards a specialized antigen-presenting cell type. Vaccine. 
2004;22:3127–35.

	 75.	 Morefield GL, Sokolovska A, Jiang D, HogenEsch H, Robinson JP, Hem 
SL. Role of aluminum-containing adjuvants in antigen internalization 
by dendritic cells in vitro. Vaccine. 2005;23:1588–95.

	 76.	 Eidi H, David MO, Crépeaux G, Henry L, Joshi V, Berger MH, et al. 
Fluorescent nanodiamonds as a relevant tag for the assessment of 
alum adjuvant particle biodisposition. BMC Med. 2015;13:144–57.

	 77.	 Thakkar SG, Xu H, Li X, Cui Z. Uric acid and the vaccine adjuvant 
activity of aluminium (oxy)hydroxide nanoparticles. J Drug Target. 
2018;26:474–80.

	 78.	 Amini Y, Moradi B, Fasihi-Ramandi M. Aluminum hydroxide 
nanoparticles show strong activity to stimulate Th-1 immune 
response against tuberculosis. Artif Cells Nanomed Biotechnol. 
2017;45(7):1331–5.

	 79.	 Jiang H, Wang Q, Li L, Zeng Q, Li H, Gong T, et al. Turning the Old 
adjuvant from gel to nanoparticles to amplify CD8+ T cell responses. 
Adv Sci. 2018;5:1700426.

	 80.	 Liang F, Lindgren G, Sandgren KJ, Thompson EA, Francica JR, Seubert 
A, et al. Vaccine priming is restricted to draining lymph nodes and 
controlled by adjuvant-mediated antigen uptake. Sci Transl Med. 
2017;9(393):eaal2094.

	 81.	 Harris JR, Soliakov A, Lewis RJ, Depoix F, Watkinson A, Lakey JH. 
Alhydrogel® adjuvant, ultrasonic dispersion and protein binding: a TEM 
and analytical study. Micron. 2012;43:192–200.

	 82.	 Gupta RK, Rost BE, Relyveld E, Siber GR. Adjuvant properties of 
aluminium and calcium compounds. In: Powell MF, Newman MJ, 
editors. Vaccine design: the subunit and adjuvant approach. New York: 
Plenum; 1995.

	 83.	 Maa YF, Zhao L, Payne LG, Chen D. Stabilization of alum-adjuvanted 
vaccine dry powder formulations: mechanism and application. J Pharm 
Sci. 2003;92:319–32.

	 84.	 Clausi A, Cummiskey J, Merkley S, Carpenter JF, Braun LJ, Randolph 
TW. Influence of particle size and antigen binding on effectiveness of 
aluminum salt adjuvants in a model lysozyme vaccine. J Pharm Sci. 
2008;97:5252–62.

	 85.	 Clausi AL, Merkley SA, Carpenter JF, Randolph TW. Inhibition of 
aggregation of aluminum hydroxide adjuvant during freezing and 
drying. J Pharm Sci. 2008;97:2049–61.

	 86.	 Braun LJ, Tyagi A, Perkins S, Carpenter J, Sylvester D, Guy M, et al. 
Development of a freeze-stable formulation for vaccines containing 
aluminum salt adjuvants. Vaccine. 2009;27:72–9.

	 87.	 Chen D, Tyagi A, Carpenter J, Perkins S, Sylvester D, Guy M, et al. 
Characterization of the freeze sensitivity of a hepatitis B vaccine. Hum 
Vaccines. 2009;5:26–32.

	 88.	 Zapata MI, Feldkamp JR, Peck GE, White JL, Hem SL. Mechanism of 
freeze-thaw instability of aluminum hydroxycarbonate and magnesium 
hydroxide gels. J Pharm Sci. 1984;73:3–8.

	 89.	 Shardlow E, Mold M, Exley C. From stock bottle to vaccine: elucidating 
the particle size distributions of aluminum adjuvants using dynamic 
light scattering. Front Chem. 2017;4:48.

	 90.	 Kolade OO, Jin W, Tengroth C, Green KD, Bracewell DG. Shear effects 
on aluminum phosphate adjuvant particle properties in vaccine drug 
products. J Pharm Sci. 2015;104:378–87.

	 91.	 Chawla A, Das C, Sngh P, Tiwari M, Chaudhary S. Evaluation of 
physicochemical properties of aluminium phosphate gel to improve 
adjuvanticity. J Curr Res Sci. 2016;4(3):104–10.

	 92.	 Wolff L, Flemming J, Schmitz R, Gröger K, Müller-Goymann C. Protection 
of aluminum hydroxide during lyophilisation as an adjuvant for 

freeze-dried vaccines. Colloids Surf A Physicochem Eng Aspects. 
2008;330:116–26.

	 93.	 Verwey EJW, Overbeek JThG. Theory of the stability of lyophobic 
colloids: The interaction of sols particles having an electric double layer. 
Amersterdam: Elsevier Inc; 1948.

	 94.	 Huang M, Wang W. Factors affecting alum-protein interactions. Int J 
Pharm. 2014;466(1–2):139–46.

	 95.	 Crépeaux G, Eidi H, David MO, Baba-Amer Y, Tzavara E, Giros B, et al. 
Non-linear dose-response of aluminium hydroxide adjuvant particles: 
selective low dose neurotoxicity. Toxicology. 2017;375:48–57.

	 96.	 Capelle MAH, Brügger P, Arvinte T. Spectroscopic characterization of 
antibodies adsorbed to aluminium adjuvants: correlation with antibody 
vaccine immunogenicity. Vaccine. 2005;23:1686–94.

	 97.	 Tang WP, Shima O, Ookubo A, Ooi K. A kinetic study of phosphate 
adsorption by boehmite. J Pharm Sci. 1997;86:230–5.

	 98.	 Lookman R, Grobet P, Merckx R, Vlassak K. Phosphate sorption by 
synthetic amorphous aluminium hydroxides: a 27Al and 31P solid-state 
MAS NMR spectroscopy study. Eur J Soil Sci. 2006;45:37–44.

	 99.	 Morris JH, Perkins PG, Rose AEA, Smith WE. The chemistry and binding 
properties of aluminium phosphates. Chem Soc Rev. 1977;6:173–94.

	100.	 Fogh-Andersen N, Altura BM, Altura BT, Siggaard-Andersen O. 
Composition of interstitial fluid. Clin Chem. 1995;41:1522–5.

	101.	 Seeber S, White J, Hem S. Solubilization of aluminium-containing 
adjuvants by constituents of interstitial fluid. J Parenter Sci Technol. 
1991;45:156–9.

	102.	 Shi Y, HogenEsch H, Regnier FE, Hem SL. Detoxification of endotoxin by 
aluminum hydroxide adjuvant. Vaccine. 2001;19:1747–52.

	103.	 Iyer S, HogenEsch H, Hem SL. Relationship between the degree of 
antigen adsorption to aluminum hydroxide adjuvant in interstitial fluid 
and antibody production. Vaccine. 2003;21:1219–23.

	104.	 Rinella JV, White JL, Hem SL. Effect of anions on model aluminum-
adjuvant-containing vaccines. J Colloid Interface Sci. 1995;172:121–30.

	105.	 Heimlich JM, Regnier FE, White JL, Hem SL. The in vitro displacement 
of adsorbed model antigens from aluminium-containing adjuvants by 
interstitial proteins. Vaccine. 1999;17:2873–81.

	106.	 Kjellmer I. The effect of exercise on the vascular bed of skeletal muscle. 
Acta Physiol Scand. 1964;62:18–30.

	107.	 Flarend RE, Hem SL, White JL, Elmore D, Suckow MA, Rudy AC, et al. 
In vivo absorption of aluminium-containing vaccine adjuvants using 
26Al. Vaccine. 1997;15:1314–8.

	108.	 Hem SL. Elimination of aluminum adjuvants. Vaccine. 2002;20(Suppl 
3):S40–3.

	109.	 Lu F, HogenEsch H. Kinetics of the inflammatory response 
following intramuscular injection of aluminum adjuvant. Vaccine. 
2013;31:3979–86.

	110.	 Manolova V, Flace A, Bauer M, Schwarz K, Saudan P, Bachmann MF. 
Nanoparticles target distinct dendritic cell populations according to 
their size. Eur J Immunol. 2008;38:1404–13.

	111.	 Xiang SD, Scholzen A, Minigo G, David C, Apostolopoulos V, Mottram 
PL, et al. Pathogen recognition and development of particulate 
vaccines: does size matter? Methods. 2006;40:1–9.

	112.	 Granot E, Schwiegelshohn B, Tabas I, Gorecki M, Vogel T, Carpentier 
YA, et al. Effects of particle size on cell uptake of model triglyceride-
rich particles with and without apoprotein E. Biochemistry. 
1994;33:15190–7.

	113.	 Flach TL, Ng G, Hari A, Desrosiers MD, Zhang P, Ward SM, et al. Alum 
interaction with dendritic cell membrane lipids is essential for its 
adjuvanticity. Nat Med. 2011;17:479–88.

	114.	 Janeway CA, Travers P, Walport M, Shlomchik MJ. Immunobiology. 5th 
ed. New York: Garland Science; 2001.

	115.	 Kowalski WJ, Bahnfleth WP, Whittam TS. Filtration of airborne 
microorganisms: modeling and prediction. ASHRAE Tran. 
1999;105:4–17.

	116.	 Carr I. The macrophage: a review of ultrastructure and function. 
London: Academic Press; 1973.

	117.	 Champion JA, Walker A, Mitragotri S. Role of particle size in 
phagocytosis of polymeric microspheres. Pharm Res. 2008;8:1815–21.

	118.	 Cox D, Tseng CC, Bjekic G, Greenberg S. A requirement for 
phosphatidylinositol 3-kinase in pseudopod extension. J Biol Chem. 
1999;274:1240–7.



Page 18 of 19Shardlow et al. Allergy Asthma Clin Immunol           (2018) 14:80 

	119.	 Seeber SJ, White JL, Hem SL. Predicting the adsorption of proteins by 
aluminium-containing adjuvants. Vaccine. 1991;9:201–3.

	120.	 Al-Shakhshir RH, Regnier FE, White JL, Hem SL. Effect of protein 
adsorption on the surface charge characteristics of aluminium-
containing adjuvants. Vaccine. 1994;12:472–4.

	121.	 Al-Shakhshir RH, Regnier FE, White JL, Hem SL. Contribution of 
electrostatic and hydrophobic interactions to the adsorption of 
proteins by aluminium-containing adjuvants. Vaccine. 1995;13:41–4.

	122.	 Art JF, Vander Straeten A, Dupont-Gillain CC. Immobilization of 
aluminum hydroxide particles on quartz crystal microbalance sensors 
to elucidate antigen-adjuvant interaction mechanisms in vaccines. Anal 
Chem. 2018;90(2):1168–76.

	123.	 Dagouassat N, Robillard V, Haeuw JF, Plotnicky-Gilquin H, Power UF, 
Corvaia N, et al. A novel bipolar mode of attachment to aluminium-
containing adjuvants by BBG2Na, a recombinant subunit hRSVvaccine. 
Vaccine. 2001;19:4143–52.

	124.	 Manning MC, Chou DK, Murphy BM, Payne RW, Katayama DS. Stability 
of protein pharmaceuticals: an update. Pharm Res. 2010;27:544–75.

	125.	 Wittayanukulluk A, Jiang D, Regnier FE, Hem SL. Effect of 
microenvironment pH of aluminum hydroxide adjuvant on the 
chemical stability of adsorbed antigen. Vaccine. 2004;22:1172–6.

	126.	 Vessely C, Estey T, Randolph TW, Henderson I, Cooper J, Nayar R, et al. 
Stability of a trivalent recombinant protein vaccine formulation against 
botulinum neurotoxin during storage in aqueous solution. J Pharm Sci. 
2009;98:2970–93.

	127.	 Wagner L, Verma A, Meade BD, Reiter K, Narum DL, Brady RA, et al. 
Structural and immunological analysis of anthrax recombinant 
protective antigen adsorbed to aluminum hydroxide adjuvant. Clin 
Vaccine Immunol. 2012;19:1465–73.

	128.	 Iyer V, Hu L, Liyanage MR, Esfandiary R, Reinisch C, Meinke A, et al. 
Preformulation characterization of an aluminum salt-adjuvanted 
trivalent recombinant protein-based vaccine candidate against 
Streptococcus pneumoniae. J Pharm Sci. 2012;101(9):3078–90.

	129.	 Iyer S, Robinett RS, HogenEsch H, Hem SL. Mechanism of adsorption of 
hepatitis B surface antigen by aluminum hydroxide adjuvant. Vaccine. 
2004;22:1475–9.

	130.	 Gupta RK. Aluminum compounds as vaccine adjuvants. Adv Drug Deliv 
Rev. 1998;32:155–72.

	131.	 Mannhalter JW, Neychev HO, Zlabinger GJ, Ahmad R, Eibl MM. 
Modulation of the human immune response by the non-toxic and non-
pyrogenic adjuvant aluminium hydroxide: effect on antigen uptake and 
antigen presentation. Clin Exp Immunol. 1985;61:143–51.

	132.	 Noe SM, Green MA, HogenEsch H, Hem SL. Mechanism of 
immunopotentiation by aluminum-containing adjuvants elucidated by 
the relationship between antigen retention at the inoculation site and 
the immune response. Vaccine. 2010;28:3588–94.

	133.	 Berthold I, Pombo ML, Wagner L, Arciniega JL. Immunogenicity in 
mice of anthrax recombinant protective antigen in the presence of 
aluminum adjuvants. Vaccine. 2005;23:1993–9.

	134.	 Romero Mendez IZ, Shi Y, HogenEsch H, Hem SL. Potentiation of the 
immune response to non-adsorbed antigens by aluminum-containing 
adjuvants. Vaccine. 2007;25:825–33.

	135.	 Sun B, Ji Z, Liao YP, Chang CH, Wang X, Ku J, et al. Enhanced Immune 
adjuvant activity of aluminum oxyhydroxide nanorods through 
cationic surface functionalization. ACS Appl Mater Interfaces. 
2017;9(26):21697–705.

	136.	 Lundqvist M, Stigler J, Elia G, Lynch I, Cedervall T, Dawson KA. 
Nanoparticle size and surface properties determine the protein corona 
with possible implications for biological impacts. P Natl Acad Sci USA. 
2011;105:14265–70.

	137.	 Pacheco P, White D, Sulchek T. Effects of microparticle size and Fc 
density on macrophage phagocytosis. PLoS ONE. 2013;8:e60989.

	138.	 Reed SG, Orr MT, Fox CB. Key roles of adjuvants in modern vaccines. Nat 
Med. 2013;19:1597–608.

	139.	 Glenny AT, Pape CG, Waddington H, Wallace W. The antigenic value 
of the toxin-antitoxin precipitate of Ramon. J Pathol Bacteriol. 
1926;29:31–40.

	140.	 Shi Y, HogenEsch H, Hem SL. Change in the degree of adsorption of 
proteins by aluminum-containing adjuvants following exposure to 
interstitial fluid: freshly prepared and aged model vaccines. Vaccine. 
2001;20:80–5.

	141.	 Holt LB. Quantitative studies in diphtheria prophylaxis: the second 
response. Brit J Exp Pathol. 1950;31:233–41.

	142.	 Akinc A, Battaglia G. Exploiting endocytosis for nanomedicines. Cold 
Spring Harb Perspect Biol. 2013;5:a016980.

	143.	 Zhang S, Gao H, Bao G. Physical principles of nanoparticle cellular 
endocytosis. ACS Nano. 2015;9:8655–71.

	144.	 Exley C, Mold M. The binding, transport and fate of aluminium in 
biological cells. J Trace Elem Med Bio. 2015;30:90–5.

	145.	 Lodish H, Berk A, Zipursky SL, Matsudaira P, Baltimore D, Darnell J. 
Molecular cell biology. 4th ed. New York: W. H. Freeman; 2000.

	146.	 Ohlsson L, Exley C, Darabi A, Sandén E, Siesjö P, Eriksson H. 
Aluminium based adjuvants and their effects on mitochondria and 
lysosomes of phagocytosing cells. J Inorg Biochem. 2013;128:229–36.

	147.	 Mizushima N. Methods for monitoring autophagy. Int J Biochem Cell 
B. 2004;36:2491–502.

	148.	 Hornung V, Bauernfeind F, Halle A, Samstad EO, Kono H, Rock KL, et al. 
Silica crystals and aluminium salts activate the NALP3 inflammasome 
through phagosomal destabilization. Nat Immunol. 2008;9:847–56.

	149.	 Dart AE, Donnelly SK, Holden DW, Way M, Caron E. NcK and 
Cdc42 co-operate to recruit N-WASP to promote FcγR-mediated 
phagocytosis. J Cell Sci. 2012;125:2825–30.

	150.	 Fifis T, Gamvrellis A, Crimeen-Irwin B, Pietersz GA, Li J, Mottram 
PL, et al. Size-dependent immunogenicity: therapeutic and 
protective properties of nano-vaccines against tumors. J Immunol. 
2004;173:3148–54.

	151.	 Ghimire TR, Benson RA, Garside P, Brewer JM. Alum increases 
antigen uptake, reduces antigen degradation and sustains antigen 
presentation by DCs in vitro. Immunol Lett. 2012;147:55–62.

	152.	 Nouchikian L, Roque C, Song JY, Rahman N, Ausar SF. An intrinsic 
fluorescence method for the determination of protein concentration 
in vaccines containing aluminium salt adjuvants. Vaccine. 
2018;36:5738–46.

	153.	 Mile I, Svensson A, Darabi A, Mold M, Siesjö P, Eriksson H. Al adjuvants 
can be tracked in viable cells by lumogallion staining. J Immunol 
Methods. 2015;422:87–94.

	154.	 Franchi L, Nunez G. The Nlrp3 inflammasome is critical for aluminium 
hydroxide-mediated IL-1 beta secretion but is dispensable for 
adjuvant activity. Eur J Immunol. 2008;38:2085–9.

	155.	 Oleszycka E, McCluskey S, Sharp FA, Muñoz-Wolf N, Hams E, Gorman 
AL, et al. The vaccine adjuvant alum promotes IL-10 production that 
suppresses Th1 responses. Eur J Immunol. 2018;48:705–15.

	156.	 Ghimire TR. The mechanisms of action of vaccines containing 
aluminum adjuvants: an in vitro vs in vivo paradigm. SpringerPlus. 
2015;4:181.

	157.	 Hydes DJ, Liss PS. Fluorimetric method for the determination of low 
concentrations of dissolved aluminium in natural waters. Analyst. 
1976;101:922–31.

	158.	 Silva IR, Smyth J, Moxley DF, Carter TE, Allen NS, Rufty TW. Aluminum 
accumulation at nuclei of cells in the root tip. Fluorescent detection 
using lumogallion and confocal laser scanning microscopy. Plant 
Physiol. 2000;123:543–52.

	159.	 Wu J, Zhou CY, Chi H, Wong MK, Lee HK, Ong HY, et al. Determination 
of serum aluminium using an ion-pair reversed phase high-
performance liquid-chromatographic-fluorometric system with 
lumogallion. J Chromatogr B. 1995;663:247–53.

	160.	 Browne BA, McColl JG, Driscoll CT. Aluminum speciation using 
morin. I. morin and its complexes with aluminum. J Environ Qual. 
1990;19:65–72.

	161.	 Ren JL, Zhang J, Luo JQ, Pei XK, Jiang ZX. Improved fluorimetric 
determination of dissolved aluminium by micelle-enhanced 
lumogallion complex in natural waters. Analyst. 2001;126:698–702.

	162.	 Klein JP, Mold M, Mery L, Cottier M, Exley C. Aluminum content 
of human semen: implications for semen quality. Reprod Toxicol. 
2014;50:43–8.

	163.	 Mold M, Kumar M, Mirza A, Shardlow E, Exley C. Intracellular tracing 
of amyloid vaccines through direct fluorescent labelling. Sci Rep. 
2018;8:2437.

	164.	 Mirza A, King A, Troakes C, Exley C. The identification of aluminium in 
human brain tissue using lumogallion and fluorescence microscopy. 
J Alzheimers Dis. 2016;54:1333–8.



Page 19 of 19Shardlow et al. Allergy Asthma Clin Immunol           (2018) 14:80 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

	165.	 Mirza A, King A, Troakes C, Exley C. Aluminium in brain tissue in 
familial Alzheimer’s disease. J Trace Elem Med Biol. 2017;40:30–6.

	166.	 Mold M, Umar D, King A, Exley C. Aluminium in brain tissue in autism. 
J Trace Elem Med Biol. 2018;46:76–82.

	167.	 Marichal T, Ohata K, Bedoret D, Mesnil C, Sabatel C, Kobiyama K, et al. 
DNA released from dying cells mediates aluminium adjuvant activity. 
Nat Med. 2011;17:996–1002.

	168.	 Jin S, Kedia N, Illes-Toth E, Haralampiev I, Prisner S, Herrmann A, 
et al. Amyloid-β(1-42) aggregation initiates its cellular uptake and 
cytotoxicity. J Biol Chem. 2016;291:19590–606.

	169.	 Friedrich RP, Tepper K, Rönicke R, Soom M, Westermann M, Reymann K, 
et al. Mechanism of amyloid plaque formation suggests an intracellular 
basis of Aβ pathogenicity. P Natl Acad Sci USA. 2010;107:1942–7.

	170.	 Jungbauer LM, Yu C, Laxton KJ, LaDu MJ. Preparation of fluorescently-
labeled amyloid-beta peptide assemblies: the effect of fluorophore 
conjugation on structure and function. J Mol Recognit. 2009;22:403–13.

	171.	 Pimplikar SW. Reassessing the amyloid cascade hypothesis of 
Alzheimer’s disease. Int J Biochem Cell B. 2009;41:1261–8.

	172.	 Shoji M, Golde TE, Ghiso J, Cheung TT, Estus S, Shaffer LM, et al. 
Production of the Alzheimer amyloid beta protein by normal 
proteolytic processing. Science. 1992;258:126–9.

	173.	 Eisele YS, Monteiro C, Fearns C, Encalada SE, Wiseman RL, Powers ET, 
et al. Targeting protein aggregation for the treatment of degenerative 
diseases. Nat Rev Drug Discov. 2015;14:759–80.

	174.	 Wesén E, Jeffries GDM, Dzebo MM, Esbjörner EK. Endocytic uptake of 
monomeric amyloid-β peptides is clathrin- and dynamin-independent 
and results in selective accumulation of Aβ(1-42) compared to Aβ(1-
40). Sci Rep. 2017;7:2021.

	175.	 Han S, Kollmer M, Markx D, Claus S, Walther P, Fändrich M. Amyloid 
plaque structure and cell surface interactions of β-amyloid fibrils 
revealed by electron tomography. Sci Rep. 2017;7:43577.

	176.	 Flavin WP, Bousset L, Green ZC, Chu Y, Skarpathiotis S, Chaney MJ, et al. 
Endocytic vesicle rupture is a conserved mechanism of cellular invasion 
by amyloid proteins. Acta Neuropathol. 2017;134:629–53.

	177.	 Manna S, Howitz WJ, Oldenhuis NJ, Eldredge AC, Shen J, Nihesh FN, 
et al. Immunomodulation of the NLRP3 inflammasome through 
structure-based activator design and functional regulation via 
lysosomal rupture. ACS Cent. Sci. 2018;4:982–95.

	178.	 Fong D, Grégoire-Gélinas P, Cheng AP, Mezheritsky T, Lavertu M, Sato 
S, et al. Lysosomal rupture induced by structurally distinct chitosans 
either promotes a type 1 IFN response or activates the inflammasome 
in macrophages. Biomaterials. 2017;129:127–38.

	179.	 Schwartz M. Can immunotherapy treat neurodegeneration? Science. 
2017;357:254–5.

	180.	 Exley C. Human exposure to aluminium. Environ Sci Process Impacts. 
2013;15:1807–16.

	181.	 Exley C. Aluminium should now be considered a primary aetiological 
factor in Alzheimer’s disease. J Alzheimer’s Dis Reports. 2017;1:23–5.


	Unraveling the enigma: elucidating the relationship between the physicochemical properties of aluminium-based adjuvants and their immunological mechanisms of action
	Abstract 
	Review
	The physicochemical properties of ABAs and their respective contributions to the immunological potency of vaccines
	The structural characteristics of ABAs and their role in the immunological response towards ABAs
	Aluminium hydroxide gels
	Aluminium phosphate

	The role of particle size in the immunological response towards ABAs
	The particle size of ABA stock suspensions
	The particle size of ABAs within vaccine preparations
	The particle size of ABAs at the site of intramuscular injection post administration

	The role of zeta potential in the immunological response towards ABAs

	Cellular uptake of aluminium adjuvants in human vaccinations
	Cellular mechanisms of aluminium adjuvant uptake
	Non-specific endocytic mechanisms of cellular uptake
	Endocytic mechanisms governing the cellular uptake of particulate aluminium adjuvants
	Intracellular tracing of protein antigens via fluorescent-labelling methodologies
	Non-phagocytic mechanisms of immunopotentiation for aluminium adjuvants
	A recognised cellular pathway of immunopotentiation by aluminium adjuvants

	Cell recruitment
	Research methods for the identification of intracellular aluminium adjuvants
	Direct fluorescent labelling of vaccine antigens

	Conclusion
	Authors’ contributions
	References




