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cell death pathway prevented adjuvant-mediated immunity.

powerful but safe adjuvants.
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(Bacl(ground: Recent evidence suggests that adjuvant-mediated cell death contributes to adjuvant activities.
Results: We found that the prototypical adjuvant, alum, triggers a novel form of cathepsin-mediated necrosis. We found that
agents that trigger this cell death pathway trigger, like alum, a Th2-biased immune response. We also found that inhibiting this

Conclusion: Selective induction of necrosis is a powerful inducer of adaptive immunity.
Significance: Understanding how adjuvant-mediated necrotic cell death controls immunity should improve the design of more
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Immunologic adjuvants are critical components of vaccines, but
it remains unclear how prototypical adjuvants enhance the adapt-
iveimmune response. Recent studies have shown that necrotic cells
could trigger an immune response. Although most adjuvants have
been shown to be cytotoxic, this activity has traditionally been con-
sidered a side effect. We set out to test the role of adjuvant-medi-
ated cell death in immunity and found that alum, the most com-
monly used adjuvant worldwide, triggers a novel form of cell death
in myeloid leukocytes characterized by cathepsin-dependent lyso-
some-disruption. We demonstrated that direct lysosome-permea-
bilization with a soluble peptide, Leu-Leu-OMe, mimics the alum-
like form of necrotic cell death in terms of cathepsin dependence
and cell-type specificity. Using a combination of a haploid genetic
screen and cathepsin-deficient cells, we identified specific cathep-
sins that control lysosome-mediated necrosis. We identified
cathepsin C as critical for Leu-Leu-OMe-induced cell death,
whereas cathepsins B and S were required for alum-mediated
necrosis. Consistent with a role of necrotic cell death in adjuvant
effects, Leu-Leu-OMe replicated an alum-like immune response in
vivo, characterized by dendritic cell activation, granulocyte recruit-
ment, and production of Th2-associated antibodies. Strikingly,
cathepsin C deficiency not only blocked Leu-Leu-OMe-mediated
necrosis but also impaired Leu-Leu-OMe-enhanced immunity.
Together our findings suggest that necrotic cell death is a powerful
mediator of a Th2-associated immune response.
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Immunologic adjuvants are essential components of modern
vaccines that generally determine the strength and type of
immune response directed at specific antigens (1). Despite their
importance, very few immunologic adjuvants have been devel-
oped that are effective and safe enough for human use. Alumi-
num salts (collectively known as alum) were the first applied
adjuvants and remain the most widely used adjuvants world-
wide (2). Alum is a component of all adjuvant-containing vac-
cines approved in the United States either by itself or mixed
with lipid A (AS-04). Alum skews the immune response toward
a T helper type 2 (Th2) response associated with strong produc-
tion of IL-4 and the IgG1 antibody subtype (3, 4). Despite near-
ubiquitous use of adjuvants, it remains unclear how they acti-
vate and direct the adaptive immune response. Nlrp3 signaling
pathways have been implicated in alum adjuvant activities (5,
6). However, the contribution of the Nlrp3 signaling pathway in
alum-mediated immune responses has been challenged by
recent studies (7—10).

More recently, alum-mediated immunity has been linked to
the release of non-cytokine biomolecules, including uric acid
and double-stranded DNA, suggesting an alternate model for
alum-mediated immunity (10, 11). Current studies suggest that
upon necrotic release these biomolecules act as endogenous
“danger” signals and stimulate the adaptive immune response
(12-15). Necrotic cell death has been implicated in immune
responses against multiple microbial pathogens and in tumor
immunity (16 -18). As nearly all immunologic adjuvants have
cytotoxic activities, it is conceivable that cytotoxic adjuvants,
such as alum, enhance the adaptive immune response through
induction of necrosis (9, 19, 20). Specifically, alum has been
associated with necrosis, myofascitis, and granuloma formation
at the site of injection. Supporting this model, recent studies
have shown that the local release of uric acid and double-
stranded DNA from the site of alum injection drives T cell
responses (9—11). However, the mechanism of adjuvant-medi-
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ated cell death and its contribution to adaptive immunity
remains poorly understood.

Here we describe a mechanism for alum-mediated necrosis
and examined its contribution to the adaptive immune
response. We found that alum specifically kills myeloid leuko-
cytes by inducing cathepsin-mediated lysosome rupture. We
found that the lysosome-permeabilizing dipeptide methyl-es-
ter Leu-Leu-OMe (LLOMe)® mimics this phenotype. Using a
combination of a haploid screen and cathepsin-deficient
macrophages, we identified specific cathepsins that control cell
death mediated by these lysosome-disrupting agents. We found
that in addition to mimicking alum-mediated necrosis, LLOMe
also recapitulated alum-mediated immune responses with a
Th2 bias. Finally, cathepsin C deficiency impaired both
LLOMe-mediated necrosis and immune potentiation.
Together, these data suggest that adjuvant-mediated necrotic
cell death is a powerful inducer of a Th2-associated adaptive
immune response.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Imject alum and silica crystals
(MIN-U-SIL-15) were purchased from Thermo Scientific and
US Silica, respectively. CA-074-Me and E64d were from Pep-
tides International. The caspase-1 inhibitor aspartic acid-OBzl-
chloromethylketone (Boc-D-CMK) and the lysosome-destabi-
lizing agent LLOMe were purchased from Bachem. The
activity-based cathepsin probe GB123 was a generous gift of Dr.
L. Santambrogio (Albert Einstein College of Medicine). Pro-
pidium iodide was from Sigma, LysoTracker was from Invitro-
gen, DMEM and RPMI were from Cellgro, and fetal bovine
serum was from Atlanta Biologicals. Antibodies for analysis of
cell type specificity were: anti-mouse CD45/B220-allophyco-
cyanin-Cy7 (clone RA3-6B2), CD3e-PE (clone 145-2Cl11),
CD8a-PerCP (clone 53-6.7), CD11c-PE-Cy7 (clone HL3),
CD11b-allophycocyanin (clone M1/70), Ly6G-V450 (clone
1A8:B&D), F4/80-FITC (clone BM8). All antibodies were from
eBioscience, except for CD4-Pacific Orange (clone RM4-5),
which was from Invitrogen. Secondary antibodies and IgG2c
standards were from Southern Biotech, and IgG, IgG1, and
IgG2a standards were from Santa Cruz.

Mice—Wild type BALB/c and C57BL/6 mice were purchased
from The Jackson Laboratory in Ben Harbor. Nlrp3-, Ipaf-,
ASC-, and caspase-1-deficient mice have been previously
described (21). Cathepsin-deficient mice were generously pro-
vided by Drs. Johanna Joyce and Thomas Reinheckel (22, 23).
All animal experiments were performed in compliance with the
institutional guidelines of the Institute for Animal Studies and
approved by the Animal Institute Committee of the Albert Ein-
stein College of Medicine (protocol 20090601).

Generation of Primary Cell Lines—For the generation of pri-
mary macrophages, bone marrow was isolated from femurs and
tibias of mice as described previously (24). For the preparation
of primary dendritic cells, cells were conditioned in RPMI with
20 ng/ml granulocyte-macrophage colony-stimulating factor as
described previously (25). Primary B and T cells were purified

3 The abbreviations used are: LLOMe, L-leucyl-L-leucine methyl ester; OVA,
ovalbumin; Pl, propidium iodide; DC, dendritic cell.
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by positive selection from splenic homogenates using magnet-
ically labeled antibodies against CD45/B220 and CD90.2
(Miltenyi Biotec), respectively.

Generation of Splenic Cell Suspensions—Splenic cell suspen-
sions generated from spleens of age-matched C57BL/6 and
cathepsin-deficient mice were incubated in RPMI medium
containing 2 mg/ml collagenase and 30 ug/ml DNase. After
LLOMe exposure, cells were stained with the Blue LIVE/DEAD
viability dye (BluVID; Invitrogen) and incubated with PBS con-
taining 2% FCS, 0.05% NaNj; (w/v) and monoclonal antibodies
against cell type-specific markers. B cells were identified as
CD45/B220P°* CD11b"°8 CD3e"¢, and CD4 and CD8 T cells
were identified as CD45/B220"°¢ CD11b"“¢ CD3eP** CD4P°*
or CD8P°%, respectively. Macrophages, monocytes, neutro-
phils, and dendritic cells (DCs) were CD45/B220"°® CD3e"8,
macrophages were CD11c¢"*® F4/807°° and divided further
into CD11bP°* and CD11b"*® subsets. Neutrophils were
CD11b"#" and Ly6GP%, dendritic cells were identified as
CD11cP°® and F4/80"°%, and monocytes were identified as
CD11bhigh/intermediate Oy 1 cnee 1,y6G"°8 and F4/80"°¢. Cells
were fixed in 1% paraformaldehyde and analyzed by using a
BD LSRII flow cytometer.

Haploid-genetic Screen for LLOMe Resistance—A positive
enrichment screen for cells resistant to (3 mm) LLOMe-in-
duced cell death was performed using quasi-haploid KBM7
cells (26, 27). KBM7 cells were mutagenized using a gene trap
retrovirus and exposed to LLOMe. Surviving cells were selected
and expanded to 30 million cells for genomic DNA isolation.
Inverse PCR was used to amplify genomic regions flanking the
insertion sites. Insertion sites were sequenced on an Illumina
HiSeq2000 and 50-bp single-reads were aligned to the human
genome (hgl8). Genes significantly enriched for mutations
were identified by comparing the number of retrieved sense
insertions to an unselected control dataset using a one-sided
Fisher exact test as described previously (26, 27).

Cell Death Assays—Lymphocytes and splenic cells suspen-
sions were exposed to lysosome-disrupting agents, and cell
death was determined by measuring PI uptake or lactate dehy-
drogenase (LDH) activity as described previously (28). For ex
vivo cytotoxicity measurements, splenic cell suspensions were
treated with CA-074-Me for 2 h followed by LLOMe challenge.
Cells were then stained and fixed for flow cytometry.

Histopathology— 8-Week-old female C57BL/6 mice were
anesthetized with isoflurane. Mice were then injected subcuta-
neously with 2 mg of alum or 1 mg of LLOMe diluted in PBS.
The skin was excised over a 1.5-cm area around the injection
site and fixed in 10% formalin for 72 h and embedded into
paraffin. Five-um sections were stained by hematoxylin and
eosin and evaluated by a board-certified veterinary pathologist.

In Vivo Spleen Depletion—For in vivo spleen depletion assays
8-week-old female C57BL/6 mice were injected with alum (750
pg) and LLOMe (1 mg) by tail vein injection. After 24 h, splenic
cells were then stained and fixed for flow cytometry as
described above.

Flow Cytometry and ELISA—Macrophages were labeled with
CD11b-PE, lysosome membrane potential was measured with
LysoTracker Green, and membrane impairment was determined
by using PI. IL-1f3 levels were measured using the Ready-Set-Go
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FIGURE 1. Cathepsin inhibitors block lysosome disruption and macrophage death mediated by alum, silica, and LLOMe. A-f, LPS-primed C57BL/6-
derived macrophages were exposed to 150 pg/ml alum (A and D), 200 wg/ml silica (B and E), or 2.5 mm LLOMe (C and F) in the presence of 100 um CA-074-Me
(CAMe). Cell death (A-C) was determined by Pl exclusion assays. D-F, the lysosome membrane potential was measured by using the fluorescent dye Lyso-
Tracker using flow cytometry at 5, 3, and 1 h for alum, silica, and LLOMe, respectively. G and H, macrophages were treated with 150 ng/ml alum (G) or 1.5 mm
LLOMe (H) for 6 and 2 h, respectively, in the presence of increasing concentrations of CA-074-Me or E64d. Cell death was measured by Pl exclusion. /,
macrophages were pretreated with increasing concentrations of CA-074-Me for 2 h and labeled with the activity-based probe GB123 (1 um). cat, cathepsin.

ELISA kit from eBioscience. Anti-OVA titers were determined by
using Costar ELISA plates coated with 10 ug/ml ovalbumin.

Immunization and Antibody Production—Eight-week-old
C57BL/6 and cathepsin-deficient mice were immunized twice
(after 2 weeks) with PBS, adjuvant alone, or 50 ug of ovalbumin
with varying doses of alum and LLOMe. 21 days after injection,
serum was retrieved by retro-orbital bleeding to determine
serum antibody titers using isotype-specific sandwich ELISA.

Statistical Analysis—Leukocyte depletion data were ana-
lyzed by a two-way analysis of variance with a Bonferroni post-
test to assess statistically relevant differences. Antibody titers
were analyzed with a one-way analysis of variance with an indi-
vidual column post-test comparison to PBS-immunized mice.
Normality was confirmed for all analyses by using a D’Agastino
and Pearson omnibus normality test before analysis. Nonpara-
metric data were put through a log 10 transformation, and nor-
mality was confirmed. Immunization titers were determined by
a two-tailed ¢ test. IgG titers were determined by taking the
average of wild type titers divided by individual titers.

RESULTS

Lysosome-disrupting Agents Trigger a Novel Form of Pro-
grammed Necrosis—The molecular mechanism by which adju-
vants and, specifically, alum stimulate the immune system
remains poorly understood. Recent studies have linked the
necrotic release of intracellular components to stimulation of
the adaptive immune response and adjuvant activities (13—15).
Accordingly, nearly all adjuvants, including alum, trigger cyto-
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toxic effects (19). Based on these findings, we hypothesized that
adjuvant-mediated cell death could drive the adaptive immune
response. To test our hypothesis, we set out to identify genes
that control adjuvant-induced cell death and the adaptive
immune response.

Consistent with previous studies, we found that alum crystals
induced necrosis of murine macrophages. Alum has previously
been reported to activate IL-1 release through the activation
of caspase-1, a protein strongly associated with necrotic cell
death. As cathepsin inhibitors had been reported to block alum-
induced IL-18 release and cell death (29-32), we tested
whether these inhibitors also blocked alum-mediated necrosis.
We found that the cathepsin inhibitors CA-074-Me and E64d
prevented alum-induced necrosis (Fig. 1, A, D, and G). Previous
studies have suggested that crystal compounds, such as alum,
trigger lysosome rupture (30, 33). Consistent with these studies,
we found that alum-challenged macrophages showed lysosome
impairment that correlated with cell death induction (Fig. 1, A
and D). Intriguingly, CA-074-Me impaired both alum-induced
lysosome impairment and cell death (Fig. 1, A and D). We then
examined whether this was a general phenomena associated
with lysosome-disrupting crystals. We found that CA-074-Me
also blocked lysosome rupture and necrosis mediated by silica
crystals in murine macrophages, which has been reported to
destabilize lysosomes similarly to alum (Fig. 1, B and E).

Lysosomes are lytic organelles that contain constituently
active hydrolytic enzymes whose activity is primarily con-
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strained by containment within lysosomes (34). Previous stud-
ies have shown that many hydrolases remain biologically active
upon lysosomal rupture and release into the cytosol (30). Given
the broad lytic activity of lysosomal hydrolases, we hypothe-
sized that release of these constituently active enzymes into the
cytosol may be sufficient to induce necrotic cell death. To test
this hypothesis, we treated cells with the lysosome-destabiliz-
ing dipeptide, LLOMe (35). LLOMe has been shown to trigger
an apoptotic pathway at low and necrotic cell death at high
concentrations (36, 37). We found that 2 mm LLOMe induced
rapid lysosome rupture and necrotic cell death, which was also
blocked by CA-074-Me (Fig. 1, C, F, and H). Taken together our
findings suggested that alum, silica, and LLOMe trigger cathe-
psin-dependent lysosome rupture and necrotic cell death.

The cathepsin dependence we observed suggested that the
alum-, silica-, and LLOMe-mediated necrotic cell death follows
a program with specific checkpoints. Lysosomal function has
been implicated in two mechanisms of programmed necrotic
cell death: pyroptosis (caspase-1-mediated necrosis) and
necroptosis (RIP-1-mediated necrosis) (32, 38 —40). Recently,
lysosome-destabilizing agents have been reported to activate
caspase-1 (the critical effector for pyroptotic cell death)
through stimulation of the Nod-like receptor Nlrp3 (5, 30). To
test whether caspase-1 activation was involved in alum and
LLOMe-mediated necrosis, we challenged LPS-primed macro-
phages with alum and LLOMe. Consistent with inflammasome
activation (5, 30), we found that the caspase-1 inhibitor ¢-bu-
toxycarbonyl-d-chloromethyl ketone and the cathepsin inhib-
itor CA-074-Me blocked IL-1B release (as a readout of
caspase-1 activation) by alum, LLOMe, ATP, and nigericin
(supplemental Fig. 1A). Although all inducers activated
caspase-1, we found that t-butoxycarbonyl-d-chloromethyl
ketone and Nlrp3 or Asc deficiency did not block cell death
mediated by alum, LLOMe, and silica crystals (Fig. 24 and sup-
plemental Fig. 1, B-D). As expected, ¢-butoxycarbonyl-d-chlo-
romethyl ketone and NIrp3 and Asc deficiency blocked
necrotic cell death induced by ATP and nigericin (Fig. 24 and
supplemental Fig. 1B), which were used as positive controls for
pyroptotic cell death (21, 41). Deficiency of the irrelevant NLR
(nucleotide binding domain and leucine-rich repeat-con-
taining) Ipaf, however, did not prevent ATP and nigericin-
induced necrosis, demonstrating the Nlrp3 specificity of this
process (Fig. 2A4). Together, our findings suggested that the
lysosome-destabilizing agents, alum, LLOMe, and silica,
trigger caspase-1- and Nlrp3-independent necrosis.

As alum and LLOMe failed to trigger pyroptosis, we investi-
gated whether they induced necroptosis, the other recognized
form of programmed necrosis (32). We found that the RIP-1
inhibitor necrostatin-1 failed to block alum or LLOMe-induced
cell death (Fig. 2B), whereas it efficiently blocked necrosis
mediated by the necroptosis inducers TNFa and benzyloxycar-
bonyl-VAD-fluoromethyl ketone (32). Likewise, CA074-Me
blocked alum- and LLOME-mediated necrosis, whereas it
did not prevent TNFa and benzyloxycarbonyl-VAD-fluo-
romethyl ketone-mediated cell death (Fig. 2B). Together
these data suggested that alum and LLOMe initiate a mech-
anism of programmed necrosis that is distinct from pyrop-
tosis and necroptosis.
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FIGURE 2. Alum and LLOMe induce inflammasome- and RIP-1-indepen-
dent cell death. A, wild type, and Ipaf-, Asc-, and Nlrp3-deficient macro-
phages were primed with 250 ng/ml LPS in the presence or absence of 100 um
CA-074-Me (CA, wild type cells only) for 2 h. Macrophages were then exposed
to 150 wg/mlalum, 1.5 mm LLOMe, 5 mm ATP, or 10 um nigericin for 2 h (6 h for
alum), or left untreated. Cell death was determined by PI exclusion. B, alum-
and LLOMe-mediated cell death is independent of necroptosis. C57BL/6
macrophages were primed with LPS for 2 h and treated with 2.5 mm LLOMe
for 2 h or 150 pg/ml of alum for 6 h. Cells were challenged in the presence or
absence of the necroptosis inhibitor necrostatin-1 (Necrost, 100 um) or the
cathepsin inhibitor CA-074-Me (100 um). CAMe, CA-074-Me; zZVAD, benzyloxy-
carbonyl-VAD-fluoromethyl ketone.

Specific Cathepsins Control Cell Death by Alum and LLOMe—
Our studies indicated that alum and LLOMe trigger a novel
form of programmed cell death. To identify genes that control
this form of programmed necrosis and possibly also the
immune response, we performed a genetic screen. Toward this
we employed a mutagenesis-based genetic approach with
human KBM?7 cells that have a single copy of all human chro-
mosomes except for chromosome 8. The near-haploid pheno-
type of KBM7 cells allows generation of null alleles for nearly all
nonessential human genes by a single mutation event. To iden-
tify critical genes required for induction of necrotic cell death,
we performed random insertional mutagenesis using a gene-
trap vector (26, 27). This procedure is based on the idea that
cells lacking critical genes for cell death induction survive expo-
sure to the lysosome-disrupting agents. As alum generated a
substantial background of surviving KBM7 cells, we relied on
LLOMe for the haploid screen, as it triggers an alum-like
necrotic cell death but kills macrophages with much higher
efficiency. We subjected mutagenized KBM?7 cells to LLOMe and
expanded surviving cells. After sequencing of gene-trap insertion
sites, we found that only one gene, CTSC (cathepsin C), was sig-
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FIGURE 3. Specific cathepsins control macrophage death by alum and LLOMe. A, a haploid genetic screen identified cathepsin C as critical for LLOMe-
mediated cell death. Genes statistically enriched for gene-trap insertions in the LLOMe-treated KBM7 cells are compared with unselected cells. Circles represent
genes, and the size of these circles corresponds to the number of independent gene-trap mutations detected in the gene of interest in the LLOMe-resistant cell
population. Genes are sorted on the x axis based on the chromosomal position. B, macrophages lacking cathepsin B, C, H, S, or X were challenged with
increasing concentrations of alum (ug/ml) or LLOMe (mm), and membrane impairment was determined 6 h (alum) or 3 h (LLOMe) post challenge by Pl exclusion

assays. Cat, cathepsin.

nificantly (p < 10~ ') enriched for mutations as compared with
the control dataset (Fig. 3A). This result suggested that cathep-
sin Cis required for LLOMe-induced cell death consistent with
previous pharmacological studies (35). To confirm that cathep-
sin Cis critical for LLOMe-mediated cell death, we used a panel
of murine macrophages deficient in predominant macrophage-
associated cathepsins (B, C, H, S, and X). Consistent with the
haploid screen, we found that cathepsin C deficiency com-
pletely prevented LLOMe-mediated necrosis, whereas cathep-
sins B, H, S, and X deficiency had no impact on this process (Fig.
3B, left panel). Together, this genetic evidence indicated that a
single gene, cathepsin C, controls LLOMe-mediated cell death.
We next tested the specificity of this process by challenging
cathepsin-deficient macrophages with alum. Intriguingly,
cathepsin C was not required for alum-mediated necrosis, but
the process was instead jointly dependent on cathepsins Band S
(Fig. 3B, right panel). These results were consistent with the
cathepsin B dependence of alum-induced IL-1 release and the
fact that alum-mediated cell death was blocked by CA-074-Me
at concentrations that also blocked cathepsin B activity (Fig. 1,
G and ]) (30).

Consistent with previous studies, we found that these pre-
dominant cysteine cathepsins are constituently active in
murine macrophages (Fig. 1/). Here we tested whether lyso-
some-disrupting agents further stimulate cathepsin activation
as assessed by cathepsin cleavage. We found that LLOMe did
not further activate cathepsin C (Fig. 44). In fact, levels of acti-
vated cathepsins C, B, and S decreased in LLOMe-treated
macrophages concurrent with necrotic cell death, presumably
due a release of these cathepsins after lysosome rupture (Fig.
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4A). Accordingly, cathepsin levels recovered after CA-074-Me
exposure at concentrations that block LLOMe-induced cell
death (Figs. 17/and 4A). Together we demonstrated that specific
cathepsins control necrosis mediated by the lysosome-destabi-
lizing agents, LLOMe and alum.

Alum and LLOMe Specifically Kill Myeloid Leukocytes in a
Cathepsin-dependent Fashion—Our hypothesis that adjuvant-
mediated cytotoxicity could trigger an adaptive immune
response seems counterintuitive, as it entails killing of cells that
are required for induction of an immune response. To identify
cells that are actually killed by cytotoxic agents, we challenged
an array of primary immune cells isolated from C57BL/6 mice
with alum and LLOMe. In addition to being toxic in primary
macrophages (Fig. 1), we found that alum and LLOMe also
killed primary dendritic cells in a cathepsin-dependent manner
while sparing primary B and T lymphocytes (supplemental Fig.
2, Band C).

To determine toxicity under more physiological conditions
in a multicellular milieu, we challenged splenic cell suspensions
with LLOMe. Consistent with our findings with primary cells,
we found that LLOMe specifically killed macrophages and DCs
while sparing CD4 and CD8 T cells (Fig. 4B). We also found that
alum and LLOMe killed neutrophils (data not shown). In agree-
ment with our inhibitor and knock-out studies, CA074-Me and
cathepsin C deficiency prevented LLOMe killing of antigen-pre-
senting cells, whereas cathepsin B deficiency had no impact on this
process (Fig. 4B). Consistent with our ex vivo data, we found that
intravenous injection of alum and LLOMe significantly depleted
macrophages and DCs, whereas the lymphocyte populations
remained largely unchanged (supplemental Fig. 24). In keeping

JOURNAL OF BIOLOGICAL CHEMISTRY 7485



Necrosis Controls Adaptive Inmunity

A Alum

Proform »
Mature »

Proform »
Mature »

Proform »
Mature »

LLOMe

ﬁ Gathepsin®
— Gethepsin @
_ catepsin®

Actin

0 2 46 6 6

Alum - + + + +
LLOMe - - - - - -
CA-074-Me - - - - + +

Macrophages Dendritic cells

Live cells (%)

CD8+ T cells

- WT

-O- WT +CAMe
-4 CatB-/-
-¥ CatC-/-

20+

T »*
1.0 1.5 0.0

T 0
0.5 1.0 1.5 0.0 0.5 1.0 1.5

LLOMe (mM)

FIGURE 4. Alum and LLOMe kill specificimmune cells in a cathepsin-dependent fashion. A, alum and LLOMe do not activate cathepsins B, C, and S. Cells
were exposed to 100 um CA-074-Me for 2 h and subsequently treated with 150 ng/ml alum or 2.5 mm LLOMe. Lysates were probed for cathepsins B, C, and S
levels by immunoblotting at different time points post alum/LLOMe exposure. B, cytopathic effects were analyzed in wild type and cathepsin (Cat) B- and
C-deficient splenocytes by live/dead stain and flow cytometry 2 h post-LLOMe exposure. Wild type macrophages treated with 100 um CA-074-Me served as a
control. Immune cell specificity was determined using cell type-specific antibodies and flow cytometry.

with LLOMe-induced cytopathic effects in vivo, we found a
significant increase in lactate dehydrogenase levels after intra-
peritoneal injection of LLOMe (supplemental Fig. 3A).
Although CA-074-Me is highly efficient in blocking LLOMe-
mediated cytopathic effects in vitro, CA-074-Me only partially
blocked the lactate dehydrogenase signal in vivo (supplemental
Fig. 3A). As many agents such as CA-074-Me are rapidly
removed from the blood stream and accumulate in the liver
(42), we assessed LLOMe toxicity within the liver. Although
many chemical agents are rapidly removed from the blood and
accumulated in the liver, we found only minimal cytopathic
effects and CA-074-Me recovery in liver macrophages (Kupffer
cells) (supplemental Fig. 3, B and C). Together, our findings
indicate that LLOMe and alum trigger a similar form of
necrotic cell death with similar host cell specificity.

LLOMe Generates Alum-like Inflammatory Responses in
Vivo—We found that LLOMe mimics alum-induced necrosis
on multiple levels, as both agents trigger necrotic cell death by
inducing lysosome rupture, specifically kill myeloid leukocytes,
and induce cathepsin-dependent cell death. Based on these
findings we postulated that if LLOMe replicates the alum-in-
duced necrotic cell death, then the chemically unrelated
LLOMe might also trigger an alum-like immune response.
Within 1 day of injection, alum is known to recruit of inflam-
matory leukocytes to the site of injection and to induce DC
maturation (3, 10). To measure the acute immune response to
alum or LLOMe, we subcutaneously injected C57BL/6 mice
with these agents and assessed the localized inflammatory
response by H&E staining 24 h post challenge. As a control, we
used the adjuvant LPS, which has been shown to trigger Thl
responses (43).

Each adjuvant generated a distinct pattern of inflammation
and swelling at the injection site (Fig. 54). We found that alum
injection generated a nodular infiltrate (typical of insoluble
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agents) consisting of macrophages surrounding degenerating
neutrophils and eosinophils (Fig. 54), which have been specif-
ically associated with Th2 responses (44). Consistent with being
a soluble agent, LLOMe generated a diffuse infiltrate scattered
throughout the subcutis comprised primarily of macrophages,
neutrophils, and eosinophils (Fig. 54). In contrast to alum and
LLOMe, LPS recruited primarily monocytes, without any
recruitment of eosinophils and only few granulocytes (Fig. 54),
characteristic of a Thl immune response (45). In addition,
exposure of alum, LLOMe, and LPS triggered the up-regulation
of specific T-cell interacting molecules (Fig. 5B). DCs isolated
from lymph nodes of alum-, LLOME-, and LPS-treated mice
showed enhanced surface staining for MHC class II as well as
the co-stimulatory molecules CD40, CD80, CD86, and PD-L2
(Fig. 5B). The potent Toll-like receptor activator, LPS, pro-
duced the strongest up-regulation of surface markers, whereas
alum- and LL-treated DCs showed similar but more moderate
phenotypes (Fig. 5B). Despite being cytopathic to dendritic cells
(Fig. 4B), no signs of DC depletion were observed in distal
lymph nodes and spleen after alum and LLOMe exposure.
Taken together, these data suggested that alum and LLOMe
induce similar acute inflammatory responses.
Cathepsin-mediated Necrosis Enhances the Adaptive
Immune Response—Our initial hypothesis was that alum-me-
diated necrosis triggers an adaptive immune response, and
agents that mimic alum, such as LLOMe, should have adjuvant
activities. To determine if LLOMe triggers, like alum, an adapt-
ive immune response, we subcutaneously immunized C57BL/6
mice with 50 ug of ovalbumin in the presence of increasing
amounts of alum and LLOMe. Mice immunized with PBS only
or ovalbumin in PBS served as controls. As expected, alum
induced a robust increase in total OVA-specific IgG in a dose-
dependent fashion, showing a maximum response at 1.75 mg of
alum per injection (Fig. 6A). Alum triggered a significant
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FIGURE 5. Alum and LLOMe trigger similar immune responses in vivo. A, histopathologic skin sections were taken from the site of subcutaneous injection
and stained with H&E from mice injected with a 200-ul solution containing PBS, 1.75 mg/ml alum, 2 mm LLOMe, or 100 g of LPS. Representative images are
shown at 10X and 40X. Images are representative of 2 separate experiments (n = 3 each experiment, n = 6 total). Close-up images focus on adipose sections
of tissue. B, dendritic cells isolated from draining (axillary) lymph nodes from alum, LLOME (LL), and LPS-treated mice were assessed for maturation markers by
flow cytometry. The data are shown by representative histograms of activation markers.

increase in OVA-specific IgG1 antibodies with only minimal
induction of IgG2c consistent with a polarized Th2 immune
response (Fig. 6, B and C). Like alum, LLOMe enhanced anti-
body production in a dose-dependent manner (Fig. 6, A and B).
LLOMe also mimicked the alum-associated polarized produc-
tion of Th2-associated IgG1 antibodies while failing to trigger
Th1l-associated IgG2c antibodies (Fig. 6, B and C). At the high-
est concentration tested, LLOMe induced ~10-fold higher
OVA-specific IgG levels than saturating concentrations of
alum, suggesting that LLOMe is a more powerful adjuvant than
alum (Fig. 6, A and B). Although LLOMe is a soluble peptide
with a very limited biological half-life, it also generated, like
alum, a long-lasting Th2-associated immune response that
retained its strength 7 months from the initial immunization
(supplemental Fig. 4, A and B). Although LLOMe generated
stronger IgG titers than alum, it generated notably less IgE (Fig.
6, A and D), an antibody isotype strongly linked to allergic
hypersensitivity reactions and potential adverse reactions to
immunizations (46). Together these data indicate that LLOMe
induced a strong long-lasting production of Th2-associated
antibodies.

Our findings suggested a correlation between cell death and
adaptive immunity in alum- and LLOMe-treated mice. To con-
clusively link lysosome-mediated necrosis with adjuvant func-
tion, we tested whether cathepsin C deficiency blocked not only
LLOMe-mediated necrosis but also an LLOMe-induced adapt-
ive immune response. Consistent with our hypothesis, cathep-
sin C deficiency strongly reduced the production of total OVA-
specific IgG in LLOMe-treated mice (Fig. 6E). Compared with
mice receiving OVA alone, LLOMe triggered a 95-fold increase
of total OVA-specific antibodies in wild type mice but only a
4.5-fold increase in cathepsin C~/~ mice (Fig. 6E). As expected,
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cathepsin C deficiency had no significant impact on OVA-spe-
cific antibody production in alum-treated mice (Fig. 6E).
Intriguingly, cathepsin C™/~ mice generated higher OVA-spe-
cific antibody titers than wild type mice in response to OVA
alone (supplemental Fig. 4C). These results indicate that
cathepsin C~/~ mice are not immuno-compromised but are in
fact hyper-responsive to immunological stimuli (supplemental
Fig. 4C).

Taken together, our data demonstrate that LLOMe is a pow-
erful mimetic of alum-mediated necrosis in vitro and that
LLOMe-induced cell death triggers a significant adjuvant effect
that are impaired by cathepsin C deficiency. Our findings sug-
gest that necrotic cell death is both necessary and sufficient for
induction of the adaptive immune response by LLOMe and that
adjuvant-induced necrosis is a powerful inducer of a Th2-asso-
ciated immune response.

DISCUSSION

Specific Cathepsins Are Critical for Necrosis Mediated by the
Lysosome-destabilizing Agents, Alum and LLOMe—Alum, like
most adjuvants tested to date, is a cytotoxic compound (20, 47).
Because necrosis has generally been considered an unwanted
epiphenomenon in adjuvant effects (20, 47), adjuvant-mediated
necrosis has been poorly studied. In light of recent evidence
demonstrating the immunogenicity of necrotic cells (13-15),
we examined adjuvant-mediated cytotoxicity in detail. We
found that alum triggers a novel form of necrotic cell death that
is cell type-specific and dependent on specific cathepsins and
lysosome rupture. We further demonstrated that lysosome-de-
stabilizing agents, such as the dipeptide LLOMe, mimic alum-
induced cell death. Using a combination of a haploid genetic
screen and cathepsin-deficient mice, we found that cathepsin
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FIGURE 6. LLOMe triggers Th2-associated antibody production in a cathepsin C-dependent fashion. A, C57BL/6 mice were injected with a 200-ul mixture
containing 50 ug of OVA and increasing doses of alum (mg/ml) or LLOMe (mm). Mice were boosted with identical doses on day 15, and total IgG production was
assessed on day 21. Data were normalized by log transformation and assessed for variance analyzed by one-way analysis of variance showing significance with
subsequent post-test assessing for significant difference against PBS-only mice. Statistical significance is represented as follows: ns, not significant; *, p < 0.05;
** p <0.01;*** p <0.001.B-D, C57BL/6 mice were injected twice with 50 ug of OVA and increasing doses of alum (mg/ml) or LLOMe (mm). IgG1 (B), IgG2c (C),
and IgE (D) production was assessed on day 21 post immunization. E, wild type mice (n = 6 each) and cathepsin C”/~ mice were immunized against OVA and
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PBS-OVA is shown in WT and cathepsin C~/~ mice. Significance was determined by two-way analysis of variance.

activity is critical for adjuvant-induced necrosis. Here we pro-  duced cell death, whereas cathepsins B and S were required for

vide genetic evidence that cathepsin activity is not only critical
for adjuvant induced-induced cell death but also for the
immune response mediated by these agents.

We found cathepsin specificity of necrotic cell death was
highly inducer-specific, as cathepsin C controlled LLOMe-in-
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cytotoxicity associated with alum. It has been demonstrated
that lysosomal accumulation of particulate compounds, such as
alum, leads to lysosome rupture and cytopathic effects (30). We
found that alum and LLOMe do not promote activation of their
corresponding cathepsins but that the constituent activity of
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these cathepsins is crucial for lysosome rupture mediated by
these agents. Pharmacological studies have suggested that the
carboxypeptidase activity of cathepsin C converts the LLOMe
dipeptide-methyl ester into a membranolytic polymer respon-
sible for its lysosome-disrupting effect (35). Here we provide
evidence that cathepsin C is, in fact, critical for LLOMe-in-
duced cell death. It remains to be shown how cathepsins B and
S promote alum-induced lysosome rupture and cytotoxic
effects. It is conceivable that a measured cathepsin release from
lysosomes triggers a forward loop promoting lysosome rupture
and cell death in alum-treated cells. However, the precise role
of cathepsins in particulate-mediated lysosome rupture and cell
death awaits further investigations.

Alum and LLOMe Induce a Novel Form of Programmed
Necrosis—Here we demonstrate that alum and LLOMe induce
a form of cell death that is distinct from pyroptosis and necrop-
tosis yet also cathepsin-dependent (32, 38, 48, 49). Our findings
suggest that specific cathepsins control alum and LLOMe-in-
duced lysosomal rupture and necrotic cell death. Lysosomes
contain hydrolytic highly promiscuous enzymes that include
proteases, lipases, amylases, and nucleases, whose enzymatic
activity is primarily controlled by subcellular compartmental-
ization. It is reasonable to assume that release of these consti-
tutively active hydrolases from lysosomes drives plasma mem-
brane impairment and cell death. The lysosome-mediated
necrosis (LMN) caused by alum and LLOMe may be relevant to
a broad array of cytotoxic compounds. It has been shown that
many insoluble particles, including silica crystals, monosodium
urate crystals, asbestos, cholesterol plaques, and ultra-high
molecular weight polyethylene (a component of many orthope-
dic implants), have been shown to be phagocytosed by macro-
phages and induce lysosomal impairment (30, 33). As many of
these compounds have been reported to trigger tissue necrosis
and granuloma formation (50, 51), it remains to be shown
whether necrotic cell death contributes to the inflammatory
diseases associated with these agents (47).

LLOMe Is a Potent Immunologic Adjuvant—We postulated
that alum-mediated necrosis is responsible for its immunos-
timulatory properties and agents inducing necrotic cell death
exhibit adjuvant activities. Consistent with this hypothesis, we
found that, like alum, the lysosome-disrupting agent LLOMe
triggered a novel form of necrotic cell death and granulocytosis
and eosinophilia at the injection site and potentiation of adapt-
ive immune responses when used as an adjuvant. Just as
LLOMe induced more robust necrosis than alum in vitro,
LLOMe also triggered a stronger antibody response than alum
in vivo. The high efficiency of the LLOMe-induced immune
response was surprising, as LLOMe is soluble and has an
extremely short biological half-life in vivo. Our findings suggest
that the transient cell death signal induced by LLOMe is suffi-
cient to potentiate a strong and long-lasting immune response
as would be necessary for a pharmacologically relevant immu-
nologic adjuvant. In contrast to LLOMe, alum forms a depot
and might trigger cell death over an extended period of time.
However, within a month, a granuloma has been shown to form
around alum depots, which presumably prevents further necro-
sis and immunogenic signaling (52, 53). Furthermore, removal
of the alum depot does not reduce alum immunogenicity (52,
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53), indicating that transient cell death might also be sufficient
in the case of alum.

The immunostimulatory effect of necrotic myeloid cell death
by adjuvants might initially seem counterintuitive, as it involves
killing the very cells that are crucial for induction of a protective
immune response. Although alum and LLOMe efficiently kill
myeloid cells in vitro, our studies suggest that killing of these
cells appears to be limited to a local burst at the injection site
when used as adjuvants in vivo. We demonstrated that subcu-
taneous challenge did not interfere with general immune func-
tions, such as DC activation in distal lymph nodes and spleen.
These results suggest that adjuvant-induced killing of immune
cells is local and does not interfere with immune functions at
distal sites.

It is conceivable that our immune system has evolved to
sense damage and to rapidly respond to microorganisms and
agents that trigger damages in the host. Cell death is the most
fundamental form of such damage, and multiple studies have
shown that the immune system is able to respond to specific
compounds released from necrotic cells. Based on our findings
and results from other laboratories, we hypothesize that adju-
vant- and microorganism-mediated programmed necrosis acti-
vates the adaptive immune system. Our studies indicate that
the adjuvants, alum and LLOMe, activate the adaptive immune
response by inducing necrosis in myeloid cells.

Cathepsin-mediated Necrosis Is Necessary and Sufficient to
Generate Adjuvant Effects—The main hypothesis of this paper
is that adjuvant-mediated necrosis is sufficient to generate
adaptive immune responses. To this end we identified an agent
(LLOMe) that mimics alum-mediated necrosis and generates
an alum-like adaptive immune response. To directly assess the
contribution of necrotic cell death to immunity, we took advan-
tage of the fact that cathepsin C deficiency completely blocks
LLOMe-mediated cell death. As predicted, we found impaired
antibody production in cathepsin C-deficient mice in response
to LLOMe, strongly supporting our premise that necrotic cell
death is a powerful inducer of the adaptive immune response.
As described above, cathepsins B and S jointly control alum-
mediated cell death, as deficiency of either cathepsin does not
completely prevent alum-mediated necrosis. Cathepsin B and S
double knock-out mice are likely to be highly efficient in block-
ing cell death and presumably in preventing an immune
response mediated by alum. However, these double knock-out
mice cannot be used for adjuvant studies, as cathepsin S is crit-
ical for antigen presentation by MHC class II (54).

Cytotoxic Adjuvants Balance Cell Death and with
Immunopotentiation—Alum, the gold standard of safe and
effective adjuvants, appears to limit toxicity through two dis-
tinct mechanisms. First, it appears to restrict cell death to a
region proximal to the injection site by forming a deposit at the
injection site. A second mechanism to limit collateral damage
might be the cell type specificity, as alum kills only specific
immune cells while sparing CD4- and CD8-positive T cells. It
remains to be shown whether the immunostimulatory effect of
cytotoxic adjuvants requires killing of specific (immune) cells.
It is conceivable that each cell type releases a unique, charac-
teristic set of factors with distinct immunostimulatory activi-
ties. For example, necrotic B16 melanoma cells have been
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shown to trigger a cytotoxic T-cell response (12), whereas alum
and LLOMe generate a humoral response, possibly by killing
myeloid cells. Uric acid, DNA, and HMGBI1 are cellular factors
released from necrotic cells that have been associated with an
adaptive immune response (9-11). It remains to be shown
whether any of these compounds contribute to an LLOMe-
mediated immune response, as suggested for alum (9-11).

Because necrosis has generally been considered an unwanted
epiphenomenon of adjuvants (20, 47), adjuvant toxicity has
been considered a fault that should be minimized. Based on our
findings and studies by others, we suggest that the criteria for
adjuvant selection and approval for clinical usage should be
reevaluated. Our studies indicate that the ability of adjuvant
compounds to induce cell death should not by itself be consid-
ered a detractor. Although necrosis of myeloid cells appears to
be important for alum and LLOMe-mediated immunity, com-
plete depletion of these immune cells apparently would be det-
rimental for induction of an immune response (20). Therefore,
further research is required to understand how these funda-
mental processes are controlled and contained, how killing of
bystander cells is avoided, and how adjuvant-induced killing is
limited to critical cell types. Therefore, generating a safe-but-
effective adjuvant would require balancing cytotoxicity with
immune cell functions. Taken together, our findings indicate
that it is possible to design highly efficient adjuvants by induc-
ing limited, localized necrosis. Understanding the mechanisms
that control adjuvant-mediated necrotic cell death and the
accompanying inflammatory processes should improve our
ability to design highly efficient but safe adjuvants.
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