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Immunomodulatory properties of the vaccine adjuvant alum
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Alum, the most common adjuvant in non-living vaccines, has a
record of successful use in human vaccination where it
promotes antibody-mediated protective immunity. However,
alum is a poor inducer of cellular immune responses. The
mechanism underlying the selective enhancement of humoral
immunity is still not well understood. Here, to provide an insight
into its mode of action, recent findings regarding innate
immune responses induced by alum and their impact on
adaptive immunity are described, with a particular emphasis on
early recognition of alum, including NLRP3 and PI3 kinase
activation, adjuvant-induced cell death and the release of
endogenous danger signals. Expanding our knowledge of
alum-induced immunomodulation will greatly enhance our
capacity to rationally develop novel adjuvants with specific
properties.
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Introduction

While many licensed vaccines consist of whole or inacti-
vated pathogens, there has been a recent shift towards
using subunit vaccines containing purified antigens which
although safer are generally less immunogenic and there-
fore require adjuvants to trigger protective immunity.
Adjuvants can enhance and/or direct immune responses
against antigens [1] and have previously been referred to
by the late Charles Janeway as ‘the dirty little secret of
immunologists’ [2]. However, despite their pivotal role in
priming the immune system, there are only a few adju-
vants currently in clinical use. Aluminium adjuvants
(referred as alum in this review) elicit strong humoral
immune responses which are mediated primarily by
secreted antigen-specific antibodies, particularly IgGl
[3,4]. Therefore, alum is incorporated into a range of
vaccines against diseases where neutralising antibodies

to bacterial and viral antigens are required for protection,
including diphtheria, tetanus and hepatitis B [5]. In
contrast, alum is a relatively poor inducer of cell-mediated
immune responses and is therefore unsuitable for use in
vaccines against HIV, malaria or tuberculosis, where
strong cellular immunity is essential [6]. Currently, there
is great interest in the mechanism of alum-induced
immunity as it is not fully understood how this adjuvant
provides protection and why it is relatively ineffective in
promoting cellular responses. Particular interest has been
shown in alum-induced innate immunity as this system is
crucial for modulating the onset and effector functions of
the adaptive immune response. Here, we provide an
update on how alum, the gold standard of adjuvants,
can induce and direct innate immunity. This view will
improve our current understanding of the mechanisms
underlying the ability of adjuvants, especially particu-
lates, to modulate immune responses.

Depot theory

In 1926 Alexander Glenny and colleagues showed that
injection of diphtheria toxoid precipitated with potassium
aluminium sulphate into guinea pigs induced stronger
antibody responses than toxoid alone [7]. It was also
reported that alum forms nodules at the site of injection
[7] and when ground up and injected into a naive animal,
this material enhanced immune responses to the
adsorbed antigen [8]. Based on these observations, it
was proposed that alum functioned as an antigen
“depot”, retaining the antigen at the injection site and
facilitating its slow release. The kinetics relating to the
development and composition of the alum “‘depot’ were
only described in detail recently. Alum nodules are
formed within four hours after injection due to an inter-
action between the clotting agent fibrinogen and alum [9].
However, the current consensus is that nodule formation
is dispensable for alum adjuvanticity. Fibrinogen-
deficient mice, which do not form an alum depot after
vaccination, were found to have similar antigen-specific
IgG1 titres compared to wild-type mice [9]. Furthermore,
it has been demonstrated that surgical removal of the
alum ““‘depot’ as early as two hours post injection did not
affect the magnitude of the antigen-specific IgGl
response up to 35 days post vaccination [10°]. While these
studies prove that the antigen “‘depot’ is dispensable for
induction of short term adaptive immunity, it is unclear
whether its absence might impact on memory immune
responses. Furthermore, it is possible that alum particles
can form an antigen “depot’” or drive local immune
responses in the draining lymph nodes (dLLNs) following
transport from the injection site. It has been reported that
nanoparticles (20-200 nm) can traffic into the dLNs,
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while larger particles (500-2000 nm) require phagocytosis
and transport by dendritic cells (DCs) [11]. Alhydrogel
(aluminium hydroxide), the most common adjuvant in
human vaccination, contains fibre-like microparticles (2—
12 pm in size), although the primary components are
nanoparticles [12]. It is therefore possible that these alum
particles may be transported to the dLLNs. Indeed, it has
been demonstrated that alum-adsorbed antigen can be
carried by inflammatory monocytes to the dLLNs [13].
However, it remains to be established whether alum itself
can also be found there and how important this is for its
adjuvanticity and polarisation of immune responses.

NLRP3 recognition

One of the key discoveries relating to alum and other
particulate adjuvants is their ability to activate the
NLRP3 inflammasome [14-16]. Upon activation, NLRP3
along with ASC and caspase-1 form an inflammasome
which leads to caspase-1 activation and subsequent pro-
cessing of IL.-1B and IL-18 into their biologically active
mature forms (Figure 1). It was reported in 2008 that
alum-induced innate and adaptive immune responses
were abrogated in NLRP3-deficient mice. Specifically,
NLRP3-deficient mice had impaired cell recruitment to

Figure 1

the site of alum injection and local secretion of IL.-1B was
reduced, which was proposed to explain the reduced
numbers of infiltrating neutrophils, eosinophils, mono-
cytes and DCs [17]. Moreover, there was a decreased
number of inflammatory monocytes carrying antigen into
the dLLNs in NLRP3-deficient mice and their activation
was also impaired, as shown by reduced expression of
MHC class IT and the co-stimulatory molecule CD86 [17].
Furthermore, it has been proposed that NLRP3 is required
for alum-induced adaptive immunity as two studies
reported that NLRP3-deficient mice exhibit reduced
alum-driven antigen-specific IgG1 [14,18]. While these
reports appeared to have solved the mystery of alum
adjuvanticity, shortly thereafter many studies contradicted
these findings. For example, altered innate immune
responses observed in NLRP3-deficient mice were not
reproducible in caspase-1 deficient mice [19]. Moreover,
several studies have challenged the role of NLRP3 in
alum-induced humoral immunity [15,17,19,20]. It was
shown that NLRP3 ™/~ and wild-type mice immunised
with alum in combination with OVA have similar anti-
gen-specific IgG1 titres [15]. Furthermore, NLRP3/~,
caspase-1~'~ and wild-type mice displayed comparable
numbers of antigen-specific T cells in draining lymph
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Activation of the NLRP3 inflammasome. IL-183 and IL-18 requires a two
promote expression of pro-IL-18 and pro-IL-18 in the cytoplasm, which
(NLR) family, pyrin domain-containing 3 (NLRP3) can form a multiprotein

-step activation process to become fully active. A first signal is required to

can be provided by Toll-like receptor (TLR) ligands. Then, Nod-like receptor
complex (inflammasome) which is able to process proforms of IL-13 and IL-

18. In brief, various stimuli, including aluminium adjuvants, other particles, chitosan and uric acid crystals, promote a conformational change in NLRP3
which allows NLRP3 to oligomerise and thus facilitate recruitment of ASC and caspase-1. Caspase-1 becomes activated and can then process pro-IL-
1B and pro-IL-18 into their active forms. LRR: leucine-rich repeat; NAD: NACHT-associated domain, NACHT: NLR family, apoptosis inhibitory protein

(NAIP), class Il, major histocompatibility complex, transactivator (CIITA),

incompatibility locus protein from Podospora anserinea (HET-E) and

telomerase-associated protein (TP1); PYD: pyrin domain; CARD: caspase activation and recruitment domains.
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nodes and spleens, following injection with alum and OVA
[19]. To date, the reason for these discrepancies remains
unclear, although several factors have been postulated to
be responsible, including different immunisation proto-
cols, routes of delivery and the dose of adjuvant or assays
used to determine immune responses [21].

There is lack of data regarding the role of the NLRP3
inflammasome in alum-induced memory responses.
While alum promotes similar antibody responses in
wild-type and NLRP3™/~ mice shortly after immunis-
ation, the possibility that NLRP3 might play a role in
promoting memory responses cannot be discounted. It
will be important to determine whether another clinically
approved adjuvant, Adjuvant System 04 (AS04), which is
composed of alum and the TLR4 ligand, monopho-
sphoryl A, requires inflammasomes for its adjuvanticity
as it is possible that additional components incorporated
into alum might change its mode of action. Interestingly,
in the case of MF59, an oil-in-water emulsion which was
licensed for an influenza vaccine in Europe in 1997,
inflammasome activation is not required for its adjuvan-
ticity [20,22]. MF59 promotes antigen-specific antibodies
whose production is NLRP3-independent and caspase-1-
independent, but is ASC-dependent. However, it has
been suggested that ASC also has inflammasome-inde-
pendent roles and is required for germinal centre B-cell
formation [22].

Alum promotes PI3-Syk kinase signalling

The means by which alum is initially recognised by the
innate immune system has not been fully elucidated. It
was recently suggested that alum is not recognised by
protein receptors as DCs treated with pronase, an enzyme
which cleaves surface proteins, can still interact with
alum. In contrast, it was proposed that alum is sensed
by plasma membrane lipids [23°°]. Furthermore, it has
been shown that the interaction of alum with membrane
lipids on the DC surface induces receptor-independent
cell activation that is dependent on the Syk-PI3 kinase
pathway [23°°] (Figure 2).

Activation of PI3 kinase signalling has been implicated in
the poor induction of cellular immunity by alum. IL-
12p70 is a key cytokine produced by antigen-presenting
cells which drives the polarisation of naive T cells towards
a Thl phenotype. Importantly, it has been demonstrated
that PI3 kinase activation by aluminium adjuvants inhi-
bits the secretion of I1.-12p70 by DCs. Specifically, alum
selectively inhibited DC expression of the IL-12p35
subunit of bioactive 1L-12p70 [24°°]. Moreover, it has
been observed that alum promotes prostaglandin E2
(PGE,) production iz vitro in a Syk and p38-MAPK-
dependent, but NLRP3-independent manner [25]. Pros-
taglandins are lipid mediators involved in the induction of
inflammatory responses and PGE; is involved in shaping
immunity by suppressing Th1 responses. Mice deficient

Immunomodulatory properties of alum Oleszycka and Lavelle 3

Figure 2

Uric acid crystals

Inhibition of IL-12p70
Inibition of Th1 responses?v

PGE2
Promotes IgE production

DC activation
Th2 responses

Current Opinion in Immunology

Alum and uric acid crystals induce Syk-PI3 kinase signalling. Interaction
of alum and uric acid crystals with membrane lipids on the cell surface
may lead to activation of the Syk and PI3 kinase pathway. Alternatively, it
is possible that this signalling pathway is activated following
phagocytosis of particles. Syk and/or PI3 kinase activation by alum has
been implicated in promoting PGE, secretion in macrophages and
inhibition of IL-12p70 in dendritic cells (DCs). Uric acid crystals also
activate DCs in a Syk-PI3 kinase-dependent manner which promotes
Th2 responses. However, the crosstalk between these different effects
of alum and uric acid crystals is still unknown. Overall, activation of the
Syk and PI3 kinase pathways leads to induction of Th2 responses, while
Th1 responses are inhibited.

in PGE synthase exhibit reduced levels of alum-induced
antigen-specific IgE production 7z vive, although antigen-
specific IgG1 responses remain intact, thus suggesting a
limited role for PGE,; in alum adjuvanticity [25]. Overall,
recent studies point to a significant role for Syk-PI3
kinase signalling in mediating the immunostimulatory
effects of alum but additional research is required to
elucidate the nature of alum-induced cell signalling
and its implications for adaptive immunity.

Release of endogenous danger signals after
alum injection

While it has been proposed that alum is not recognised by
a specific receptor but instead promotes lipid raft for-
mation and receptor-independent cell activation [23°°],
the adjuvant may also modulate immunity via cytotoxic
effects. The ““danger theory’ was first proposed by Polly
Matzinger [26] and postulates that the immune system
responds principally to ““dangerous’ situations including
stress, injury and cell death. These events are associated
with endogenous danger signals, otherwise known as
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damage-associated molecular patterns (DAMPs), which
are released by necrotic cells following loss of plasma
membrane integrity and can subsequently trigger alarm
and inflammation [27].

Alum promotes local necrosis in vaccinated muscle tissue
[28] and in the peritoneum of mice following injection
[29°°]. The nature of alum-induced cell death is not fully
characterised but it has been reported that alum-induced
macrophage death is cathepsin B/S-dependent iz vitro
[30°]. Furthermore, a role for endogenous danger signals
released during alum-induced cell death in driving
immune responses has been demonstrated. In particular,
uric acid and host DNA have been shown to be released
following alum injection [13,29°°].

Uric acid is released into the peritoneal cavity as early as
two hours after injection and is believed to play an
important role in alum-induced immune responses. For
instance, pre-treatment of mice with uricase decreases
alum-induced antigen-specific T cell and humoral
responses [13]. Moreover, uric acid crystals, similarly to
alum, can induce Syk kinase signalling in DCs following
interactions between the crystals and the membrane
lipids [31]. Furthermore, /# vivo experiments with a
Syk inhibitor and also with mice deficient in PI3 kinase
8 demonstrated that this pathway is important for early
recruitment of inflammatory DCs to the site of uric acid
crystal injection and the subsequent onset of Th2
responses [32°] (Figure 2). However, it remains unknown
whether alum-induced Th2 responses are similarly
affected by PI3-Syk kinase signalling.

Another DAMP, host DNA, is released as early as three
hours after alum injection [29°°] and it has been reported
that the alum depot contains DNA [9] in structures which
resemble extracellular traps, comprising DNA nets where
bacteria can be entrapped and killed [33]. DNase pre-
treatment of mice immunised with alum and antigen
decreased antigen-specific IgG1 and IgE responses and
immunisation with dsDNA mimics alum-induced adap-
tive immune responses [29°°]. Interestingly, another
report showed that alum-induced DNA release is critical
for DC-T cell interactions which can be abrogated by
DNase leading to a decrease in antigen-specific CD4 T’
cell expansion and a partial reduction in antigen-specific
IgG1 production [34°°]. However, mice deficient in key
mediators of DNA signalling, STING or IRF3, did not
exhibit reduced antigen-specific IgG1 titres. Only anti-
gen-specific IgE was reduced in the absence of IRF3 or
STING while antigen-specific CD4 T cell expansion was
partially dependent on STING [29°°,34°°]. Therefore, it
remains unknown how DNA released during immunis-
ation mediates alum adjuvanticity and the identity of the
key DNA sensing receptor remains elusive. Cytoplasmic
DNA sensing is a very dynamic field of research with a
number of novel receptors recently described, so pursuing

the role of these pathways in alum adjuvanticity may
prove to be an important avenue of investigation [35].

Conclusions

There has been substantial progress in understanding the
mode of action of aluminium adjuvants in recent years.
New signalling pathways, cytokines and endogenous
danger signals have been implicated, however, it will
be crucial to understand how these diverse, but simul-
taneously triggered signals are integrated to drive
immune responses. Importantly, none of these different
events fully explain how the adjuvant promotes selective
protective antibody responses. Therefore, there remains a
need to further pursue research in this field in order to
address the remaining immunomodulatory mechanisms
associated with alum adjuvanticity. However, it will be
crucial to standardise the dose, route of immunisation and
type of aluminium adjuvant used in order to obtain
consistent results among different laboratories. While
many aluminium adjuvants are available for animal stu-
dies, including Imject alum, aluminium hydroxide and
aluminium phosphate, they possess different chemical
and physical properties and so it will be important to
adsorb antigens onto the standardised commercially avail-
able preparations, Alhydrogel or Adju-Phos, which are
used for human vaccination [36]. Overall, improved un-
derstanding of alum-induced innate and adaptive
immune responses will provide valuable information on
how novel particulate adjuvants should be designed in
order to overcome the deficiencies associated with alum.

Acknowledgements

The vaccine research described from the Lavelle lab was supported by the
Health Research Board in Ireland under Grant number PhIDD/20007/9,
Science Foundation Ireland (SFI) under Grant number 12/IA/1421 and the
SFI Research Centre, Advanced Materials and BioEngineering Research
(AMBER) under Grant number SFI/12/RC/2278.

We would like to thank Dr Graham Tynan for critical reading of this
manuscript.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Aguilar JC, Rodriguez EG: Vaccine adjuvants revisited. Vaccine
2007, 256:3752-3762.

2. Janeway CA: Approaching the asymptote? Evolution and
revolution in immunology. Cold Spring Harb Symp Quant Biol
1989, 54(Pt 1):1-13.

3. Beck L, Spiegelberg HL: The polyclonal and antigen-specific
IgE and IgG subclass response of mice injected with
ovalbumin in alum or complete Freund’s adjuvant. Cell
Immunol 1989, 123:1-8.

4. Rubin RL, Tang FL, Lucas AH, Spiegelberg HL, Tan EM: IgG
subclasses of anti-tetanus toxoid antibodies in adult and
newborn normal subjects and in patients with systemic lupus
erythematosus, Sjogren’s syndrome, and drug-induced
autoimmunity. J Immunol 1986, 137:2522-2527.

Current Opinion in Immunology 2014, 28:1-5

www.sciencedirect.com


http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0005
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0005
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0010
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0010
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0010
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0015
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0015
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0015
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0015
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0020
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0020
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0020
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0020
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0020

5. Clements CJ, Griffiths E: The global impact of vaccines
containing aluminium adjuvants. Vaccine 2002, 20(Suppl.
3):S24-S33.

6. Letvin NL, Bloom BR, Hoffman SL: Prospects for vaccines to
protect against AIDS, tuberculosis, and malaria. J Am Med
Assoc 2001, 285:606-611.

7. Glenny ATCGP, Waddington H, Wallace U: Immunological notes.
XVII-XXIV. J Pathol Bacteriol 1926, 29:31-40.

8. Harrison WT: Some observations on the use of alum
precipitated diphtheria toxoid. Am J Public Health Nations
Health 1935, 25:298-300.

9.  Munks MW, McKee AS, MacLeod MK, Powell RL, Degen JL,
Reisdorph NA, Kappler JW, Marrack P: Aluminum adjuvants
elicit fibrin-dependent extracellular traps in vivo. Blood 2010,
116:5191-5199.

10. Hutchison S, Benson RA, Gibson VB, Pollock AH, Garside P,

. Brewer JM: Antigen depot is not required for alum
adjuvanticity. FASEB J 2011, 26:1272-1279.

Demonstrates for the first time that surgical removal of the antigen depot

does not abrogate adaptive immunity following immunisation.

11. 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,
38:1404-1413.

12. Harris JR, S%Iiakov 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.

13. Kool M, Soullie T, van Nimwegen M, Willart MAM, Muskens F,
Jung S, Hoogsteden HC, Hammad H, Lambrecht BN: Alum
adjuvant boosts adaptive immunity by inducing uric acid and
activating inflammatory dendritic cells. J Exp Med 2008,
205:869-882.

14. 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-U1113.

15. Franchi L, Nunez G: The NIrp3 inflammasome is critical for
aluminium hydroxide-mediated IL-1 beta secretion but
dispensable for adjuvant activity. Eur J Immunol 2008, 38:2085-
2089.

16. Sharp FA, Ruane D, Claass B, Creagh E, Harris J, Malyala P,
Singh M, O’Hagan DT, Petrilli V, Tschopp J et al.: Uptake of
particulate vaccine adjuvants by dendritic cells activates the
NALP3 inflammasome. Proc Natl Acad Sci U S A 2009, 106:870-
875.

17. Kool M, Pétrilli V, De Smedt T, Rolaz A, Hammad H, van
Nimwegen M, Bergen IM, Castillo R, Lambrecht BN, Tschopp J:
Cutting edge: alum adjuvant stimulates inflammatory
dendritic cells through activation of the NALP3
inflammasome. J Immunol 2008, 181:3755-3759.

18. LiH, Willingham SB, Ting JP, Re F: Cutting edge: inflammasome
activation by alum and alum’s adjuvant effect are mediated by
NLRP3. J Immunol 2008, 181:17-21.

19. McKee AS, Munks MW, MacLeod MKL, Fleenor CJ, Van
Rooijen N, Kappler JW, Marrack P: 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, 183:4403-4414.

20. Seubert A, Calabro S, Santini L, Galli B, Genovese A, Valentini S,
Aprea S, Colaprico A, D’Oro U, Giuliani MM et al.: Adjuvanticity of
the oil-in-water emulsion MF59 is independent of Nirp3
inflammasome but requires the adaptor protein MyD88. Proc
Natl Acad Sci U S A 2011, 108:11169-11174.

21. De Gregorio E, Tritto E, Rappuoli R: Alum adjuvanticity:
unraveling a century old mystery. Eur J Immunol 2008, 38:2068-
2071.

22. Ellebedy AH, Lupfer C, Ghoneim HE, DeBeauchamp J,
Kanneganti TD, Webby RJ: Inflammasome-independent role of
the apoptosis-associated speck-like protein containing CARD

Immunomodulatory properties of alum Oleszycka and Lavelle 5

(ASC) in the adjuvant effect of MF59. Proc Nat/ Acad Sci U S A
2011, 108:2927-2932.

23. Flach TL, Ng G, Hari A, Desrosiers MD, Zhang P, Ward SM,

ee Seamone ME, Vilaysane A, Mucsi AD, Fong Y et al.: Alum
interaction with dendritic cell membrane lipids is essential for
its adjuvanticity. Nat Med 2011, 17:479-487.

The first report showing that alum can be recognised in a protein-

independent manner, engaging membrane lipids, which drive PI3-Syk

kinase signalling.

24. Mori A, Oleszycka E, Sharp FA, Coleman M, Ozasa Y, Singh M,
ee (O’Hagan DT, Tajber L, Corrigan OIl, McNeela EA 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, 42:2709-2719.
Shows that alum can inhibit IL-12 production by dendritic cells which may
explain why alum is a poor inducer of Th1 responses.

25. Kuroda E, Ishii KJ, Uematsu S, Ohata K, Coban C, Akira S,
Aritake K, Urade Y, Morimoto Y: Silica crystals and aluminum
salts regulate the production of prostaglandin in
macrophages via NALP3 inflammasome-independent
mechanisms. Immunity 2011, 34:514-526.

26. Matzinger P: Tolerance, danger, and the extended family. Annu
Rev Immunol 1994, 12:991-1045.

27. Bianchi ME: DAMPs, PAMPs and alarmins: all we need to know
about danger. J Leukoc Biol 2007, 81:1-5.

28. Goto N, Kato H, Maeyama J, Shibano M, Saito T, Yamaguchi J,
Yoshihara S: Local tissue irritating effects and adjuvant
activities of calcium phosphate and aluminium hydroxide with
different physical properties. Vaccine 1997, 15:1364-1371.

29. Marichal T, Ohata K, Bedoret D, Mesnil C, Sabatel C, Kobiyama K,

ee Lekeux P, Coban C, Akira S, Ishii KJ et al.: DNA released from
dying host cells mediates aluminum adjuvant activity. Nat Med
2011, 17:996-1002.

Demonstrates that alum promotes DNA release at the site of injection

which plays an important role in alum adjuvanticity via unknown DNA

sensing receptors.

30. Jacobson LS, Lima H, Goldberg MF, Gocheva V, Tsiperson V,

e  Sutterwala FS, Joyce JA, Gapp BV, Blomen VA, Chandran K et al.:
Cathepsin-mediated necrosis controls the adaptive immune
response by Th2 (T helper type 2)-associated adjuvants. J Bio/
Chem 2013, 288:7481-7491.

Demonstrates that alum induces macrophage cell death in a cathepsin B/

S-dependent manner.

31. Ng G, Sharma K, Ward SM, Desrosiers MD, Stephens LA,
Schoel WM, Li T, Lowell CA, Ling CC, Amrein MW et al.: Receptor-
independent, direct membrane binding leads to cell-surface
lipid sorting and Syk kinase activation in dendritic cells.
Immunity 2008, 29:807-818.

32. Kool M, Willart MA, van Nimwegen M, Bergen |, Pouliot P,

. Virchow JC, Rogers N, Osorio F, Reis E, Sousa C, Hammad H<ET-
AL>: An unexpected role for uric acid as an inducer of T helper
2 cellimmunity to inhaled antigens and inflammatory mediator
of allergic asthma. Immunity 2011, 34:527-540.

Demonstrates that uric acid crystals can induce Th2 responses which are

dependent on PI3 kinase signalling, but are NLRP3-independent.

33. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y,
Weiss DS, Weinrauch Y, Zychlinsky A: Neutrophil extracellular
traps kill bacteria. Science 2004, 303:1532-1535.

34. McKee AS, Burchill MA, Munks MW, Jin L, Kappler JW,

ee Friedman RS, Jacobelli J, Marrack P: Host DNA released in
response to aluminum adjuvant enhances MHC class II-
mediated antigen presentation and prolongs CD4 T-cell
interactions with dendritic cells. Proc Nat/ Acad Sci U S A 2013,
110:E1122-E1131.

Shows that host DNA release at the site of injection is important for DC-T

cell interaction in draining lymph nodes, however the DNA sensing

receptor remains unidentified.

35. Gurtler C, Bowie AG: Innate immune detection of microbial
nucleic acids. Trends Microbiol 2013, 21:413-420.

36. Hem SL, Johnston CT, HogenEsch H: Imject alum is not
aluminum hydroxide adjuvant or aluminum phosphate
adjuvant. Vaccine 2007, 25:4985-4986.

www.sciencedirect.com

Current Opinion in Immunology 2014, 28:1-5


http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0025
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0025
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0025
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0030
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0030
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0030
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0035
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0035
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0040
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0040
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0040
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0045
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0045
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0045
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0045
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0050
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0050
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0050
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0055
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0055
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0055
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0055
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0060
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0060
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0060
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0060
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0060
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0065
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0065
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0065
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0065
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0065
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0070
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0070
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0070
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0070
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0075
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0075
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0075
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0075
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0080
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0080
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0080
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0080
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0080
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0085
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0085
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0085
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0085
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0085
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0090
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0090
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0090
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0095
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0095
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0095
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0095
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0095
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0100
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0100
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0100
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0100
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0100
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0105
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0105
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0105
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0110
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0110
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0110
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0110
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0110
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0115
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0115
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0115
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0115
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0120
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0120
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0120
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0120
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0120
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0125
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0125
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0125
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0125
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0125
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0130
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0130
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0135
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0135
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0140
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0140
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0140
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0140
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0145
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0145
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0145
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0145
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0150
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0150
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0150
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0150
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0150
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0155
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0155
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0155
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0155
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0155
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0160
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0160
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0160
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0160
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0160
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0160
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0160
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0165
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0165
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0165
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0170
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0170
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0170
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0170
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0170
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0170
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0175
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0175
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0180
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0180
http://refhub.elsevier.com/S0952-7915(13)00225-2/sbref0180

	Immunomodulatory properties of the vaccine adjuvant alum
	Introduction
	Depot theory
	NLRP3 recognition
	Alum promotes PI3-Syk kinase signalling
	Release of endogenous danger signals after alum injection
	Conclusions
	Acknowledgements
	References and recommended reading


