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Background:Alum and stress agents induce inflammasomes. The hypothesis was examined whether HSP70, a hallmark of
cell stress, is involved both in alum and stress-mediated adjuvanticity.
Results: Alum induced HSP70-dependent adjuvanticity as did the three stress agents.
Conclusion: Inducible HSP70 is involved both in stress and alum-mediated adjuvant functions.
Significance: Stress agents may provide an alternative strategy in developing novel adjuvants enhancing immunity.

The efficacy of a vaccine is generally dependent on an adju-
vant, which enhances the immune functions and alum has been
widely used in human immunization. Alum activates the intra-
cellular stress sensors inflammasomes, but whether these are
responsible for the adjuvanticity is controversial. The objectives
of this investigation were to examine the hypothesis that alum-
mediated adjuvanticity is a functionof stress and conversely that
stress agents will elicit adjuvanticity. The investigation was car-
ried out in BALB/c mice by SC immunization with ovalbumin
(OVA)mixed with alum. This elicited inflammasomes, with sig-
nificant activation of caspase 1, production of IL-1�, and adju-
vanticity, demonstrated by enhancing OVA-specific serum IgG
antibodies, CD4� T cells, and proliferation. The novel finding
that alum induced HSP70 suggests that stress is involved in the
mechanism of adjuvanticity. This was confirmed by inhibition
studies with PES (phenylethynesulfonamide), which disrupts
inducible HSP70 function, and inhibited both inflammasomes
and the adjuvant function. Parallel studieswere pursuedwith an
oxidative agent (sodium arsenite), K-releasing agent (Grami-
cidin) and a metal ionophore (dithiocarbamate). All 3 stress
agents induced HSP70, inflammasomes, and the adjuvant func-
tions. Furthermore, up-regulation of membrane associated
IL-15 on DC and CD40L on T cells in the animals treated with
alumor the stress agentsmediate the interactions between sple-
nic CD11c DC and CD4� or CD8� T cells. The results suggest
that the three stress agents elicit HSP70, a hallmark of stress, as
well as inflammasomes and adjuvanticity, commensurate with
those of alum, which may provide an alternative strategy in
developing novel adjuvants.

Adjuvants are agents that enhance immune functions and
they have long been recognized as critical components of vac-
cines. Alum (aluminumhydroxide)2 has been the only clinically

approved adjuvant and only recently has it been subjected to
critical investigation. There is a consensus that alum activates
the intracellular stress sensors inflammasomes, producing
caspase-1 and IL-1� in DC and monocytes (1–6). Although
some immunization studies in mice deficient in inflam-
masomes have demonstrated that they are critical for adjuvan-
ticity, other studies failed to confirm this (5–7). It is of interest
that theMF59 oil-inwater emulsion (squalene), which has been
approved in Europe for clinical use in vaccination and the clas-
sical Freund’s complete adjuvant used in animals, both activate
Nlrp3 inflammasomes, yet their adjuvanticity is inflammasome
independent (6).
Inflammasomes are also elicited by stress agents such as ther-

mal or oxidative stress (8), which induce cell-surface and intra-
cellular HSP70. HSP70 expression is the hallmark of a stress
response, which functions as an endogenous danger signal to
the immune system (9, 10). A variety of biological, physical,
chemical, and metabolic agents induce extracellular and intra-
cellular stress affecting the immune system. Oxidative stress is
induced by free radicals of ROS (reactive oxygen species), that
leads to a state of redox disequilibrium in cellular glutathione
and its disulfide ratio (11). It serves as a regulator of redox
balance and functions as a sensor that triggers the stress
response (12), which may elicit IL-1�, Il-8, TNF-�, and nitric
oxide, and cause tissue damage (13). ROS stimulates the P13K
(phosphatidylinositol 3-kinase) pathway, induce downstream
ERK 1/2 activation (14), and up-regulates CD40, CD86, and
other maturation markers of DC (15).
Homeostatic DC-CD4� T cell interactive memory circuit in

human cells can be stimulated by heat or oxidative stress
agents, whichmay elicit K� efflux, Ca2� influx, and ROS inDC,
leading to NF�B and maIL-15 expression (8, 16). Membrane-
associated (ma)IL-15 ligates IL-15R complex on CD4� T cells
and induces CD40L expression, T-cell proliferation, and IFN-�
production (8). Intracellular stress sensors activate inflam-
masomes and the production of IL-1� (17). Metabolic stress is
also associated with NLRP3 inflammasomes in type 2 diabetes
(18) but can be independent of inflammasomes (19). Intracel-
lular sensors involve NLR (nucleotide-binding oligomerization
domain-like receptors), which sense endogenous danger sig-
nals (20).
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These observations led to the hypothesis that Alum may
function as a stress agent, which induces HSP70.We examined
this paradigm in vivo and tested the requirement of inducible
HSP70 for expression of inflammasome and adjuvanticity by
inhibition with PES (phenylethynesulfonamide), specific for
inducible HSP70 (21). This in turn led us to investigate in vivo 3
diverse stress agents to ascertain if they function as adjuvants
and express the immune functions demonstrated with alum.
We selected an oxidative agent (sodium arsenite), K releasing
(Gramicidin), and a heavy metal ionophore (dithiocarbamate)
for their potential adjuvanticity in comparison with alum.
These differ in their properties, they act as stress agents that
reactivate quiescent HSV-1 viral genomes (22) and they have
been used in clinical practice. Gramicidine is an antibiotic,
which functions as an ionophore, penetrating cell membranes,
causing K� efflux (23) and is effective against Gram-positive
bacteria, fungi, protozoa, and viruses (24). It has been used clin-
ically as an ophthalmic antimicrobial (Neoporin) and for genital
ulcers (25). Dithiocarbamate is a fungicide, widely used in agri-
culture against a broad-spectrum of fungal plant diseases (26).
It is a metal ionophore, which interferes in vitro with vesicular
transport of glutamate (27). Sodium arsenite is an oxidative
stress agent (28, 29), and although it is a toxin that inhibits
many enzymes it is commonly used in the treatment of acute
promyelocytic leukemia (30).
The investigation was carried out in vivo in 4 groups of

BALB/c mice by SC immunization with ovalbumin mixed with
each of the 3 stress agents and alum. Two additional control
groups consisted of untreated and OVA-treated mice. The
results suggest remarkable consistency in most of the stress
responses, inducing HSP70 and maIL-15 in DC and CD40L
with CD44 memory in CD4� T cells. The stress agents and
alum activate caspase-1, production of IL-1�, and function as
adjuvants by enhancing OVA-specific IgG antibodies, genera-
tion of OVA-specific CD4� T cells and proliferation. Alto-
gether, the 3 stress agents elicit inflammasomes and adjuvan-
ticity commensurate with that of alum.

EXPERIMENTAL PROCEDURES

Reagents—Goat anti-mouse IL-15 antibodies were obtained
from R&D (Abingdon, UK), anti-HSP70 antibodies from
Stressgen (US) and antibodies to mouse CD11c, CD4, CD8,
CD44, CD40L and CD62L were purchased from BD Biosci-
ences (Oxford, UK). Sodium arsenite, dithiocarbamate, and
Gramicidin were obtained from Sigma-Aldwich. Alum-Gel-S
which contains 2% AL(OH)3 was obtained from Serva (Serva
Electrophoresis GmbH). 2-phenylethynesulfonamide (PES) was
obtained from Calbiochem (Merck, UK). APC-conjugated OVA-
tetramer I-A(g7) (141–160 CARELINSWVESQTNGIIRN) and
a negative human CLIP-tetramer I-A (g7) was kindly provided
by NIH Tetramer Core Facility at Emory University Atlanta,
GA.
Animals and Immunization—8-week-old BALB/cmicewere

divided into 7 groups of 6–10mice per group. Except for group
1 which was unimmunized all the other groups were injected
s.c. with 100 �l saline containing 10 �g OVA as in group 2 and
with added 5 �g of arsenite in group 3, 10 �g of Gramicidin in
group 4, 20 �g of dithiocarbamate in group 5, and 10% alum

gel-S in group 6. The optimum concentration of each stress
agentwas determined by prior assay of different concentrations
of these agents. An additional group 7 was immunized with
alum and 10 �g of PES per mouse. Immunization was carried
out s.c at the base of tail 3 times at 2-week intervals. One week
after final injection, sera were collected. Mononuclear cells
from the spleens were isolated and counted, and the viability of
the cells was determined by the trypan blue exclusion.
Assay of HSP70 andmaIL-15 inMurine CD11c� and CD40L

in Splenic T Cells—HSP70 expression in murine splenic
CD11chigh cells are predominatly DC (�90%) (31). These cells
were identified with PE-labeled anti-CD11c mAb. The cells
(3 � 105) were incubated with 10 �l (10 �g/ml) of anti-HSP70
mAb for 30 min, followed by FITC labeled secondary antibody.
Intracellular HSP70 staining was carried out following treat-
ment of cells with fixation and permeabilization buffer (eBio-
sciences, London). maIL-15 was assayed by incubating splenic
cells with 5 �l (10 �g/ml) of APC-conjugated anti-mouse IL-15
mAb. To detect CD40L expression 3 � 105 splenic cells were
incubated with 4 �l of PE-conjugated anti-murine CD40L and
the isotype control antibody (BD Biosciences) for 4 h at 37 °C.
After washing, cells were labeled with CD4 or CD8mAb. IL-15
andCD40Lwere analyzedwithin the gatedCD11c� andCD4�,
CD8� cells, respectively. The cells were analyzed by the BD
FACSCanto II flow cytometer, using Diva software. The pro-
files were presented using the Winmdi software.
Assays for Murine Caspase-1 and IL-1�—Caspase-1 activa-

tion inmouse splenic cells was identified by using FAM-FLICA
caspase-1 kit (ABD serotec). Murine splenic cells were incu-
bated with 20 �l of 1:300 diluted FAM-YVAD-FMK for 1 h in
96-well round bottom plates at 37 °C. After washing, the cells
were treated with PE-labeled anti-murine CD11c mAb and
analyzed by flow cytometry. For IL-1� production mouse sple-
nic cells (100�l of 3� 106 cells) were plated onto 96-well plates,
and 10 ng/ml of LPS was added. After 18 h of incubation, the
supernatants were collected, and IL-1� was assayed using
mouse IL-1� ELISA set (BD OptEIATM)
Serum IgGAntibodyAssay—Murine serum IgG antibodies to

OVA were assayed by ELISA. Briefly, plates were coated with a
predetermined optimal concentration of OVA (1 �g/ml) and
incubated with double dilution of serum (starting dilution of
1:100). Bound antibody was detected by incubation with rabbit
IgG anti-mouse IgG (2 �g/ml; Sigma-Aldrich) antibodies, fol-
lowed by affinity-purified goat anti-rabbit IgG-alkaline phos-
phatase conjugate (Sigma-Aldwich). OD values were deter-
mined by an ELISA reader.
Statistical Analysis—Antibody production was expressed as

the total OD of the serially double diluted sera (up to 1:64,000)
by calculating the titration area-under curve (32). The statisti-
cal analyses were determined at the planning stage of the design
of the investigations. The significance between groups was ana-
lyzed by ANOVA, followed by comparison with selected
groups, using the GraphPad Prism 5 Software.

RESULTS

Cell Surface and Intracellular HSP70 Induced by Alum—Heat
and oxidative stress up-regulates in vitro cell-surface and intra-
cellular HSP70 in humanDC (8). In this investigation we exam-
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ined HSP70 expression in vivo, following co-administration of
OVA with alum in 4 groups of 6–10 BALB/c mice per group,
with an untreated and OVA-treated control group. Flow
cytometry examination of splenic CD11chigh cells, which are
predominantly DC, excluding the CD11clow plasmablasts, but
not monoctyes (�10%), showed significant increase in the cell-
surface HSP70, both in the proportion (p � 0.0001) and MFI
(p � 0.0001) of the 4 groups, as well as separately the alum-
treated animals (p � 0.01; Fig. 1A). With the intracellular
HSP70, however the proportion of cells showed no change, and
the MFI showed a near significant increase (p � 0.07; Fig. 1B).
These findings demonstrate that alum up-regulates HSP70 in
splenic CD11c� cells, suggesting a stress response.
Because inducible HSP70 has not been reported to be

involved in themechanism of alum-induced functions, we used
PES (phenylethynesulfonamide), which interacts with the
inducible HSP70 peptide-binding domain and leads to disrup-
tion of HSP70 co-chaperones and substrate proteins (21). To
this end we co-administered PES with alum in a further group
of mice and compared the results with those treated with alum
alone. As expected PES had no significant effect on HSP70
expression because it affects only the function ofHSP70 (Fig. 1).
MaIL-15 onDCandCD40LExpression inCD4� andCD8�T

Cells—Stressmay upregulatemaIL-15 in vitro in humanDC (8)
and we have evaluated murine splenic CD11c� DC following
immunization with OVA and alum. OVA alone had no signifi-
cant effect onmaIL-15, from 8.2� 0.9% to 10.4� 1.4% butwith
alummaIL-15 was up-regulated to 17.8 � 0.9% (p � 0.001; Fig.
2, A and D). PES significantly inhibited maIL-15 from 17.8 �
0.9% with alum � OVA to 13.7 � 0.7% with added PES (p �
0.01, Fig. 2D).
Expression of CD40L was evaluated in CD4� T cells as

maIL-15 of DC interacts with IL-15 receptor complex onCD4�

T cells and stimulates the CD40L activationmarker (8). Indeed,
CD40L was significantly up-regulated in mice immunized with
alum (23.1 � 1.0), compared with the OVA-immunized mice
(14.7 � 1.2; Fig. 2, B and E). CD40L in CD4� T cells was signif-
icantly inhibitedwith PES from23.1� 1.0% to 18.9� 0.8% (p�
0.01, Fig. 2E and illustration, Fig. 2B). Similarly, CD40L expres-
sion was increased significantly in CD8� T cells by treatment
with alum (p� 0.001; Fig. 2,C and F) and inhibited by PES (p�
0.022). Thus, alum significantly up-regulated maIL-15 in
CD11c�DCandCD40L inCD4� andCD8�T cells, whichmay
re-engage CD40 on DC and B cells and stimulate their func-
tions. Both maIL-15 and CD40L expression were at least partly
dependent on HSP70, as demonstrated by the significant inhi-
bition with PES.
Activation of Inflammasomes Demonstrated by Caspase-1

and IL-1�—Caspase-1 is an integral part of the multiprotein
NLRP3 inflammasome complex andwas activated by alum (p�
0.05; Fig. 2G). Production of IL-1� was also significantly up-
regulated (p � 0.0001; Fig. 2H). PES significantly decreased
caspase-1 activity from 11.1 � 0.8% to 8.0 � 0.3% (p � 0.004;
Fig. 2G) and IL-1� expression (from 26.8� 3.7 pg/ml to 17.0�
2.2 pg/ml (p � 0.05; Fig. 2H). Thus, alum activates caspase-1,
which converts pro-IL-1� to the active form involved in stim-
ulating adaptive immune responses. Both functions were partly
inhibited with PES, consistent with HSP70 involvement in
inflammasomes.
Alum Induces Adjuvanticity—Adjuvant function of alum has

been amply demonstrated but here we use it as a baseline to
compare with the stress agents. OVA administered with alum
elicited a very significant increase in serum IgG OVA specific
antibody production from 1.37 � 0.13 in the OVA immunized
to 3.49 � 0.27 (p � 0.0001) in the OVA � alum immunized
mice, assayed 1 week after the 3rd and last immunization (Fig.

FIGURE 1. In vivo effect of alum on stimulation of cell surface and intracellular HSP70 in CD11c� splenic DC in 4 groups of mice. In vivo effect of alum on
the expression of (A) cell surface and (B) intracellular HSP70 in mouse CD11c� splenic cells, following subcutaneous immunization with 20 �g/ml OVA and
alum, and the effect of 10 �g of PES, with representative illustrations. *, p � 0.05; **, p � 0.01; and ***, p � 0.001.
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3A). IgG antibodies elicited with OVA and alum were signifi-
cantly inhibited from 3.49 � 0.27 with alum alone to 2.16 � 0.2
(p � 0.01) with PES and alum immunized mice (Fig. 3A). Sur-
prisingly, analysis of the effect of PES on the 3 IgG subtypes
showed that only IgG2a was significantly inhibited, which is
associated with Th1 response (data not presented). The anti-
bodies are expressed as total absorbance (OD) of the serially
diluted sera, calculated by the area under the curve.
CD4� T cell responses to OVA were determined first by the

OVA-I-A tetramer based assay of CD4� T cell, which showed
significant increase in OVA-specific CD4� T cells in the alum
immunized groups (0.55 � 0.06%, Fig. 3B), compared with
OVA alone immunized mice (0.22 � 0.02%, p � 0.001). The
corresponding flow cytometry illustrations are presented (Fig.
3C). Proliferative responses ofOVA-specific CD4�T cells were
assayed after restimulation in vitrowith 20�gOVA. Significant
increase in proliferation was found in OVA-immunized mice
treated with alum (from 3.0� 1.0 to 10.8� 1.5%, p� 0.05), but
not with OVA alone (Fig. 3D).

Inhibition with PES again demonstrated significant decrease
inOVA-specific CD4� T cells (p� 0.01; Fig. 3,B andC), as well
as in the proliferation of splenic cells (p � 0.05, Fig. 3E). These
inhibition studies argue in favor of the adjuvanticity of alum in
murine OVA-specific B and T cell responses being at least
partly dependent on inducible HSP70. It is important to note
that these effects were observed in vivo, in the absence of any
changes in the proportion of viable CD4� and CD8� T cells,
CD19� B cells and total splenic cell population after adminis-
tration of PES (Fig. 3F), ruling out PES induced cytotoxicity.
Altogether, the mechanism of CD11c� DC-CD4� T cell inter-

action, manifested in the serial expression of maIL-15, CD40L
respectively, activation of caspase-1, IL-1�, inflammasome, and
adjuvant functions appears to be partly dependent on alum
stimulated inducible HSP70.
Cell Surface and Intracellular HSP70 Induced by the Stress

Agents—We examined HSP70 expression in vivo, following co-
administration of OVA with sodium arsenite, Gramicidin, or
dithiocarbamate in 3 groups of 6–10 BALB/c mice per group,
with an untreated and OVA-treated control groups as
described above for alum. Flow cytometry examination of sple-
nic CD11chigh cells, showed significant difference in the cell-
surface HSP70, both in the proportion (ANOVA, p � 0.0001)
andMFI (ANOVA, p� 0.0001) among all groups of mice. Each
of the stress agent treated group of animals showed significant
up-regulation of cell-surface HSP70 (p � 0.01 or �0.001; Fig.
4A).With the intracellularHSP70, however onlyMFI increased
(ANOVA, p � 0.0001) and all but dithiocarbamate were signif-
icantly up-regulated (p � 0.001; Fig. 4B). These findings dem-
onstrate that cell-surface and intracellular HSP70 in the splenic
CD11c� cells are up-regulated by the 3 diverse stress agents
consistent with that of alum.
Membrane-associated (ma) IL-15 on DC and CD40L Expres-

sion in CD4� and CD8� T Cells—All 3 stress agents signifi-
cantly up-regulated maIL-15 (ANOVA, p � 0.0001). OVA
alone had no significant effect, (from 8.2� 0.9% to 10.4� 1.4%)
but a significant increase was found after immunization with
sodium arsenite 13.2 � 0.3% (p � 0.01), Gramicidin 16.1 � 1%
(p� 0.01), or dithiocarbamate 18� 0.6% (p� 0.001; Fig. 5A), as
was shown above with alum 17.8 � 0.9%. The corresponding
flow cytometry illustrations are also presented (Fig. 5D).

FIGURE 2. Alum induced up-regulation of mIL-15 in DC and CD40L in CD4� T cells, activation of caspase-1, and production of IL-1� is dependent on
HSP70. In vivo effect of alum and the effect of PES on the expression of ma IL-15 in mouse CD11c� splenic cells (A, D), CD40L in CD4� T cells (B, E), and CD8�

T cells (C, F), following immunization with OVA and alum. Also, the effect on caspase activation (G) and IL-1� production (H) are presented.
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FIGURE 4. In vivo effect of stress inducing agents on the expression of (A) cell surface and (B) intracellular HSP70 in mouse CD11c� splenic cells,
following subcutaneous immunization with 20 �g/ml OVA and sodium arsenite (As), Gramicidin (Gr), or dithiocarbamate (Dith) with representative
illustrations.

FIGURE 3. HSP70-dependent adjuvant function of alum eliciting OVA-specific antibody production and CD4� T cells responses. Serum IgG antibodies
to OVA (A), induction of OVA-specific CD4� T cells (B) and representative flow cytometry (C), and CD4� T cell proliferative responses after in vitro restimulation
with 20 �g/ml OVA (D), in mice following immunization with OVA and alum without and with PES (E). The viability of CD4�, CD8�, and CD19� cells are
presented in F; *, p � 0.05.
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Significant differences of CD40L expression in CD4� T cells
were found in the entire cohort of mice (ANOVA, p � 0.01).
CD40L in CD4� T cells was up-regulated in mice immunized
with Gramicidin (18.4 � 1.5%, p � 0.01), dithiocarbamate
(18.8� 1.3,p� 0.05) and sodiumarsenite (15.1� 1.5%), but the
latter failed to reach significant value as compared with the
OVA-immunized mice (14.7 � 1.2; Fig. 5, B and E). CD40L
expression was also increased significantly in CD8� T cells
(ANOVA, p � 0.0001), with up-regulation by each stress agent
(p � 0.05; p � 0.001; Fig. 5, C and F). Thus, all stress agents
significantly up-regulated CD40L of CD4� and CD8� T cells
(with one exception), as was found with alum.
Activation of Inflammasomes Demonstrated by Caspase-1

and IL-1�—Activation of caspase 1 and production of IL-1�
were demonstrated with each test agent (p � 0.05–0.01, Fig. 5,

G and H), except sodium arsenite, though IL-1� was up-regu-
lated from 0.4 � 0.3pg/ml to 6.9 � 1.6 pg/ml. Thus, both alum
and the stress agents activate caspase-1, which converts pro-
IL-1� to the active form involved in stimulating adaptive
immune responses.
Stress-induced Adjuvanticity—Adjuvant function of stress-

inducing agents has received limited attention in the past. Here
we have examined the effect of administering the stress agents
with OVA on antibody and CD4� T cell responses, as was done
with alum. Serum IgG OVA specific antibody production
assayed 1 week after the 3rd immunization showed significant
difference in the 5 groups of mice (ANOVA, p � 0.0001; Fig.
6A). Significant increase in OVA IgG antibodies were recorded
in mice immunized with OVA and sodium arsenite (2.39 �
0.26, p� 0.05), Gramicidin (3.68� 0.33, p� 0.001) and dithio-

FIGURE 5. In vivo effect of stress-inducing agents on the expression of ma IL-15 in mouse CD11c� splenic cells (A), CD40L in CD4� T cells (B), and in
CD8� T cells (C), following immunization with OVA and the 3 stress-inducing agents. The corresponding flow cytometry profiles are shown in D, E, and
F. Caspase-1 activation (G) and IL-1� production (H) with OVA and the same stress agents are also presented. *, p � 0.05; **, p � 0.01; and ***, p � 0.001,
compared with naïve mice.

Adjuvanticity of Alum Compared with Stress Agents

MAY 18, 2012 • VOLUME 287 • NUMBER 21 JOURNAL OF BIOLOGICAL CHEMISTRY 17157



carbamate (2.55� 0.2, p� 0.001), comparedwithOVA-immu-
nized controls (1.37 � 0.13, Fig. 6A). Mice immunized with
OVA alone showed no significant increase. The antibodies are
expressed as total absorbance of the serially diluted sera, calcu-
lated by the area under the curve.
The OVA-I-A tetramer-based assay of CD4� T cell

responses to OVA, showed significant difference in OVA spe-
cific CD4� T cells in the 5 groups (ANOVA p � 0.01). Signifi-
cant increases were also found separately with sodium arsenite
(0.46 � 0.12%, p � 0.05), Gramicidin (0.4 � 0.11%, p � 0.05)
and dithiocarbamate (0.53 � 0.08%, p � 0.01) immunized,
compared with OVA-immunized mice (0.22 � 0.01%, Fig. 6B)
and the corresponding flow cytometry illustrations (Fig. 6D).
Proliferative responses ofOVA specific CD4�T cells were then
assayed after restimulation in vitro with 20 �g/ml OVA (Fig.
6C). Significant increases in proliferation were found in OVA
immunized mice treated with Na arsenite (from 2.4 � 0.8 to
10.7 � 2.8%, p � 0.05), Gramicidin (from 4.5 � 1.3% to 36.8 �
3.8%,p� 0.01), anddithiocarbamate (from4.1� 1.2% to 29.9�
2.8%, p� 0.01) (Fig. 6C). Thus, adjuvanticity of 3 separate stress
agents were comparable with those recorded above for alum.

DISCUSSION

Alum has been extensively investigated recently and there is
a consensus that it induces inflammasomes (1–4, 6, 33). How-
ever, the critical role of inflammasomes in the adjuvanticity of
alum has been disputed (5, 6, 33), as mice deficient in inflam-
masomes can manifest adjuvanticity when treated by alum.
This view has been strengthened by recent studies showing that
MF59 adjuvant and Freund’s complete adjuvant are inflam-
masome independent (6). The disputed involvement of inflam-
masomes in the adjuvanticity of alumwas examined in the pres-

ent work by its potential dependence on stimulation of
inducible HSP70. Indeed, PES a functional inhibitor of HSP70
(21), when co-administered with alum to BALB/c mice signifi-
cantly inhibited maIL-15 in DC, CD40L in CD4� T cells, and
the inflammasome-mediated caspase-1 conversion to func-
tional IL-1�. Importantly, OVA-specific IgG antibodies, CD4�

tetramer binding and proliferation were also significantly
inhibited by PES. These data are consistent with alum induced
adjuvanticity being at least partly dependent on inducible
HSP70, which has not been reported previously.
Because up-regulation of HSP70 is the hallmark of a stress

response (9, 10), these data suggest that alum acts as a stress
agent. Although it does not resolve the question whether
inflammasomes are required for the adjuvant function, both in
vitro and in vivo evidence points to the importance of inducible
HSP70 in IL-1� expression stimulated by the stress agents and
alum. This is supported by a previous report that inhibition of
another HSP (HSP90) abrogated inflammasome formation
(34). It is noteworthy that there is a great deal of evidence that
exogenous HSP70 acts as an adjuvant (35–38), which has been
marred by criticism that the HSP70 used may have been con-
taminated with LPS, flaggelin, or nucleotides (39). This critique
cannot be applied to the present work as exogenous HSP70 has
not been used, but endogenous, inducible HSP70 was up-regu-
lated by alum.
Previous in vitro investigations of the homeostatic stress-

activated memory circuit (8) has now been advanced to in vivo
studies. In addition to an oxidative agent (sodium arsenite), we
have now studied in BALB/c mice OVA-stimulated stress
agents, functioning by inducing K� efflux (Gramicidin) and a
metal ionophore (dithiocarbamate). The immunological and

FIGURE 6. Serum IgG antibodies to OVA (A), induction of OVA-specific CD4� T cells (B), representative flow cytometry (D), and CD4� T cell proliferative
responses (C), in mice following immunization with OVA and the stress-inducing agents; the responses before and after in vitro restimulation with 20
�g/ml OVA are presented. In A and C Nil group (n � 4). *, p � 0.05; **, p � 0.01; and ***, p � 0.001.
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adjuvant properties of these stress agents were compared with
those elicited by alum. We have confirmed that cell surface
HSP70 were up-regulated by all three stress agents as well as by
alum and intracellular by all except dithiocarbamate. In vitro
studies using human DC (8), HSP70 activates transcription by
NFkB of maIL-15, which was also significantly up-regulated in
splenic CD11c� cells. This in turn activated CD40L expression
in CD4� and CD8� T cells by the stress agents (except sodium
arsenite in CD4� T cells).

Endogenous stress stimulates the development of inflam-
masomes (reviewed in (17)). Potassium efflux (danger signal) is
essential for Nlrp3 activation (40), caspase-1, IL-1�, and IL-18
production (17). SC immunization in BALB/c mice reported in
the present work elicited caspase-1 stimulated with all 3 stress
agents and IL-1� with all except sodium arsenite. The discrep-
ancy with arsenite might be accounted for by a failure of pro-
teolytic processing of IL-1� by the caspase as reported by others
(17). The effects of 3 stress inducing agents in vivowere remark-
ably similar to that observed with alum, which suggest that the
stress response may be involved in adjuvant function. This par-
adigmwas confirmed by demonstrating that stress can enhance
antigen specific T and B cell immune responses. Immunization
of mice with the three stress-inducing agents elicited OVA-
specific CD4� T cells responses and antibody production.
These findings are consistent with stress exerting adjuvanticity,
as has also been reported recently with an antibiotic (Oligomy-
cin), which elicits metabolic stress and adjuvanticity (19).
The investigation raises the question whether the stress

agents exert only enhancing (positive) signals or also inhibitory
(negative) signals elicited by GCN2, a stress responding protein
kinase, which may interfere with the T cell cycle (41). Indeed,
indoleamine 2, 3-dioxygenase (IDO), which is expressed in
some DC and macrophages and play an important role in pro-
moting the formation of T regulatory cells. IDO induces tryp-
tophan depletion and cell stress, which activates the general
control nonrepressed 2 (GCN2) protein kinase-dependent
pathway and has direct regulatory effect on cell survival and
function of immune responses (41–43). Preliminary studies
suggest that human monocyte derived DC treated with the
stress inducing agents used in this study inhibit Treg formation.
Further work will be pursued to find out if the stress inducing
agents can also inhibit IDO activity in DC and GCN2 protein
kinase pathway in T cells and thereby enhance immune
responses.
The proposed mechanism of stress activated DC based on

the present data suggests that they up-regulate inducible
HSP70, activating the NF-�B signaling pathway (8, 44) that
leads to maIL-15 expression. This binds the IL-15 receptor
complex on CD4� T cells activating JAK3, STAT5 phosphoryl-
ation to induceCD40L expression inCD4�memoryT cells and
IFN� production, as we have demonstrated previously (8).
CD40L also activates CD40molecules on B cells to boost adapt-
ive immune responses by phosphorylation of I�B kinase com-
plex and nuclear translocation of NF-�B, which initiates class-
switch recombination (CSR) by binding to �B site on IH
promoters (45, 46). Stress-activated DC also stimulate intracel-
lular stress sensors, which activate Nlrp3 inflammasomes and
caspase 1 and converts the IL-1� precursor to its active form.

This in turn binds IL-1� receptors on CD4� T cells and elicits
IFN-� and IL-17 expression (17, 40). The dual stress-induced
and inflammasome pathwaysmay contribute to the adjuvantic-
ity of these stress agents. However, Th1 responses can be elic-
ited by TLR4-mediated HSP70-like protein activating DC as
reported recently (47).
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