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ABSTRACT
Ferroptosis is a form of inflammatory cell death for which key mediators remain obscure. Here, we 
report that the proteoglycan decorin (DCN) is released by cells that are dying from ferroptosis and 
then acts as an alarm signal to trigger innate and adaptive immune responses. The early release of 
DCN during ferroptosis is an active process that involves secretory macroautophagy/autophagy and 
lysosomal exocytosis. Once released, extracellular DCN binds to the receptor advanced glycosylation 
end-product-specific receptor (AGER) on macrophages to trigger the production of pro-inflammatory 
cytokines in an NFKB/NF-κB-dependent manner. Pharmacological and genetic inhibition of the DCN- 
AGER axis protects against ferroptotic death-related acute pancreatitis and limits the capacity of 
ferroptotic cancer cells to induce a tumor-protective immune response. Thus, DCN is an essential 
mediator of the inflammatory and immune consequences of ferroptosis.
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Introduction

Physiological cell death acts as a homeostatic mechanism 
that maintains cell populations and tissue size during 
development [1–4]. In contrast, excessive cell death may 
cause inflammatory diseases because it leads to the release 
of danger/damage-associated molecular patterns (DAMPs) 
that act on surrounding cells [5,6]. Distinct cellular com
ponents, including proteins and non-proteinaceous mole
cules, can act as DAMPs to trigger inflammation and 
immune responses [7–9]. For example, the release of the 
nuclear protein HMGB1 (high mobility group box 1) 
occurs in various cell death modalities, including apopto
sis [10], necrosis [11], pyroptosis [12], and ferroptosis 
[13]. Extracellular HMGB1 then exerts pro-inflammatory 
effects upon binding to pattern recognition receptors 
including advanced glycosylation end-product-specific 
receptor (AGER) and toll-like receptor 4 (TLR4) [14]. 
Thus, neutralization of HMGB1 may mitigate cell death- 
related inflammation [15]. However, identification of 
a specific DAMP for a particular type of cell death still 
remains a challenge in translational medicine.

Ferroptosis is a type of iron-dependent oxidative cell 
death that was initially characterized when erastin was 
discovered as a selective cytotoxic agent that kills cancer 
cells with RAS mutations [16,17]. Erastin-mediated activa
tion of mitochondrial voltage-dependent anion channels 

(VDACs) or inhibition of SLC7A11/system xc− (solute 
carrier family 7 member 11) contributes to the induction 
of ferroptosis [18,19]. Ferroptosis also occurs in cells or 
tissues subjected to environmental stresses, such as 
cysteine depletion [20], heat damage [21], or ionizing 
radiation [22,23]. In addition to increasing reported oxi
dative and antioxidant systems, the susceptibility to drug- 
induced ferroptosis is fine-tuned by gene transcription, 
protein degradation, and metabolic reprogramming [17]. 
As a highly inflammatory form of cell death, ferroptotic 
cells may not be effectively eliminated by macrophage- 
mediated efferocytosis [24]. Consequently, ferroptotic 
death-mediated sterile inflammation has been implicated 
in the pathogenesis of several diseases, including cancer 
[25], ischemia-reperfusion damage [26], and pancreatitis 
[27]. However, the molecular and cellular mechanisms 
that govern specific ferroptosis-dependent immune 
response remain poorly understood [28].

In this study, we utilized an antibody array technique 
to assay ferroptosis-relevant DAMPs. We identified DCN 
(decorin) as a DAMP that is released during the early 
phase of ferroptosis (but not apoptosis or necroptosis) 
and then acts on AGER. Inhibition of the DCN-AGER 
axis prevents ferroptosis-related pancreatitis and curtails 
the capacity of ferroptotic cancer cells to stimulate an
antitumor immune response.
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Results

The selectively release of DCN during ferroptosis

We used a multi-antibody array chip containing 507 target 
proteins (including cytokines, chemokines, and other immune 
molecules) to analyze the protein levels in the supernatant of 
two human cancer cell lines (HT1080 and HeLa) in the 
absence or presence of erastin. Compared to the human 
cervical cancer cell line HeLa, the human fibrosarcoma cell 
line HT1080 was more sensitive to erastin-induced cell death 
(Figure 1A), thereby releasing a larger quantity of proteins 
(Figure 1B). The proteoglycan DCN was identified as one of 
the top 10 erastin-induced proteins released in both HT1080 
and HeLa cells (Figure 1B,C). Quantification of DCN by an 
enzyme-linked immunosorbent assay (ELISA) further 

confirmed that erastin and other ferroptosis activators, 
including SLC7A11/system xc− inhibitors (sulfasalazine and 
sorafenib), cysteine depletion, and GPX4 inhibitors (RSL3, 
ML162, ML210, and FIN56), induced DCN release in 
human or mouse cell lines, including HT1080 (Figure 1D), 
PANC1 (Figure S1A), mouse embryonic fibroblasts (MEFs) 
(Figure S1B), and KPC (Figure S1C) cells. Of note, the 
release of DCN was reversed by the ferroptosis inhibitor 
ferrostatin-1 (an aromatic amine that specifically binds with 
lipid ROS and protects cells against lipid peroxidation 
[16,29]), rather than the apoptosis inhibitor Z-VAD-FMK (a 
pan-caspase inhibitor) or the necroptosis inhibitor necrosul
fonamide (an inhibitor of MLKL [mixed lineage kinase 
domain like pseudokinase [30]) (Figure 1D and FigureS1A– 
S1C). In contrast to the effects of ferroptosis activators, the

Figure 1. DCN is a DAMP released during ferroptosis. (A) Cell death of HT1080 and HeLa cells following treatment with erastin (5 μM) for 24 h (n = 3 biologically 
independent samples; *P < 0.05, one-tailed t test; data are presented as means ± SD). (B) An antibody array technology-based screening of protein release from 
HT1080 and HeLa cells following treatment with erastin (5 µM) for 24 h. The data are presented as the rank of fold change of protein release. (C) Top 10 released 
proteins in the setting of panel B. (D) ELISA assay of DCN release in HT1080 cells following treatment with erastin (5 μM), sulfasalazine (500 μM), sorafenib (10 μM), 
cysteine depletion, RSL3 (0.5 μM), ML162 (0.5 μM), ML210 (5 μM), FIN56 (2.5 μM), staurosporine (200 nM), or CCT137690 (5 μM) in the absence or presence of 
ferrostatin-1 (1 µM), Z-VAD-FMK (10 µM), or necrosulfonamide (1 μM) for 24 h (data are shown in a heat map as the means of three biologically independent 
samples). (E–G) HT1080 cells were treated with erastin (5 μM) or RSL3 (5 μM) in the absence or presence of glycine for 3–24 h and the release of DCN, HMGB1, and 
LDH were assayed by ELISA (n = 3 biologically independent samples; *P < 0.05, two-way ANOVA with Tukey’s multiple comparisons test; data are presented as means 
± SD). (H) Western blot assay of DCN in secreted proteins (SN) and whole cell lysates (WCL) in HT1080 cells following RSL3 (5 μM) treatment for 3 h.
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ability of staurosporine, an apoptosis inducer [31], or 
CCT137690, a necroptosis inducer [32], to release DCN 
(Figure 1D and Figure S1A–S1C) was significantly reduced.

To further analyze the sensitivity of DCN release in mon
itoring ferroptosis, we compared the release dynamics of 
DCN, HMGB1 (a universal DAMP [14]), and LDH (lactate 
dehydrogenase; an indicator of plasma membrane rupture 
and necrosis [33]) from HT1080 cells responding to erastin 
or RSL3, which are the most commonly used pharmacological 
ferroptosis inducers. The release of DCN was observed within 
3 h, i.e., earlier than HMGB1 or LDH (Figure 1E–G). Glycine, 
an amino acid used to prevent rapid membrane destruction in 
lytic cell death [34], failed to inhibit erastin- or RSL3-induced 
DCN release at 3 h (Figure 1E–G). In contrast, glycine inhib
ited the release of DCN, HMGB1, and LDH at 6–24 h 
(Figure 1E–G). To rule out the possibility that the release of 
DCN is associated with the cleavage of this protein [35,36], we 
compared the molecular weight of DCN in whole-cell lysate 
and supernatants. Immunoblot analysis revealed no change in 
the molecular weight of secreted DCN compared to intracel
lular DCN (Figure 1H).

Autophagy favors DCN secretion during ferroptosis

Ferroptosis is considered as a type of autophagy-dependent 
cell death coupled to lysosomal dysfunction [37]. We pre
viously demonstrated that autophagy-inducible cancer cells 
(as monitored by the detection of MAP1LC3B [microtubule- 
associated protein 1 light chain 3 beta]-II) are sensitive to 
ferroptosis induction in 60 cancer cell lines [38]. To identify 
the molecular basis for increased DCN secretion during the 
early phase of ferroptosis, we investigated the relationship 
between autophagy induction and DCN secretion. When 
measuring the release of DCN from the entire panel of 60 
cancer cell lines treated with erastin or RSL3 for 3 h, we 
observed a significant positive correlation between the auto
phagosome marker MAP1LC3B-II and the secretion of DCN 
(Figure 2A). Indeed, in contrast to MAP1LC3B-II-inducible 
cell lines (e.g., HT1080 and PANC1), MAP1LC3B-II-non- 
inducible cell lines (e.g., BX-PC3 and NCI-H460) were resis
tant to both the induction of cell death and DCN secretion by 
erastin or RSL3 (Figure 2B,C).

To confirm the relationship between autophagy and DCN 
release during ferroptosis, we used MEFs that lacked either of 
two genes essential for the formation of autophagosomes 
(atg5−/− or atg7−/−) [39,40]. Compared to wild-type (WT) 
cells, the induction of cell death determined at 3, 12, and 
24 h (Figure 2D) and the release of DCN measured at the 
same time points (Figure 2E) were blocked in atg5−/− and 
atg7−/− cells. The hypothesis that autophagy mediates active 
secretion of DCN during ferroptosis was further confirmed 
using human fibrosarcoma HT1080 cells in which either 
ATG5 or ATG7 were knocked down [38] (Figure S2). 
Moreover, the loss of Rb1cc1/Fip200 (RB1-inducible coiled- 
coil 1), a regulator of the initiation of autophagosome forma
tion, limited erastin- or RSL3-induced DCN release in 
rb1cc1−/− MEFs (Figure 2E).

Because lysosomes are acidic organelles that integrate auto
phagy and the secretory pathway [41], we hypothesized that 

DCN would accumulate in this compartment. ELISA analysis 
of the lysosomal fraction of MEFs revealed the accumulation 
of DCN in lysosomes after treatment with erastin or RSL3 for 
3 h, and this process was diminished in atg5−/− MEFs 
(Figure 2F). In contrast, the deletion of Atg5 did not affect 
the upregulation of DCN protein in the whole-cell lysate of 
MEFs. Immunofluorescence microscopy confirmed that Atg5 
is required for erastin- or RSL3-induced accumulation of 
DCN in the lysosomes of MEFs (Figure 2G). Moreover, RSL3- 
induced accumulation of DCN in lysosomes was also reduced 
in atg7−/− or rb1cc1−/− MEFs (Figure 2H). These data indicate 
that the formation of autophagosomes contributes to the sort 
of DCN to lysosomes during ferroptosis.

The knockdown of Mcoln1 (mucolipin 1) by two different 
shRNAs (Figure S3A), a key gene encoding a lysosomal ion 
channel involved in lysosomal exocytosis [42], blocked era
stin- or RSL3-induced DCN secretion at 3 h (Figure S3B), but 
did not interfere with the accumulation of DCN in lysosomes 
(Figure S3C) and in whole-cell lysates (Figure S3D). 
Immunoprecipitation revealed an interaction between DCN 
and MCOLN1 that was increased by RSL3 or erastin, but not 
by the apoptosis inducer staurosporine or the necroptosis 
activator CCT137690 (Figure S3E). MCOLN1 is also involved 
in promoting autophagosome formation induced by oxidative 
stress [43]. The formation of MAP1LC3B puncta induced by 
erastin or RSL3 was inhibited by the knockdown of Mcoln1 in 
MEFs (Figure S3F). As expected, the knockdown of Mcoln1 
increased the accumulation of the lysosomal cysteine protease 
CTSB (cathepsin B) (Figure S3G), a mediator of lysosomal 
dysfunction during ferroptosis [44]. The levels of DCN in 
lysosome is affected by many factors, including gene tran
scription, protein degradation, and release. During RSL3 
treatment, the deletion of Atg5 or Mcoln1 in MEFs failed to 
affect Dcn gene transcription (Figure S3H) and protein half- 
life (Figure S3I). Overall, these assays establish a ferroptosis- 
related DCN secretion pathway that involves autophagy 
machinery-mediated lysosomal accumulation of DCN and 
its subsequent MCOLN1-dependent exocytosis.

DCN drives inflammation caused by ferroptotic cells

Inflammation is the primary tissue damage response, and 
extracellular DCN has been reported to be a mediator of 
septic inflammation, pancreatitis, and renal inflammation 
[45–47]. To determine whether the ferroptosis-associated 
release of DCN might be an immediate trigger for an inflam
matory response, we challenged primary wild-type mouse 
bone marrow-derived macrophages (BMDMs) with ferropto
tic dcn−/− or WT MEFs. Ferroptotic WT cells triggered the 
production of proinflammatory cytokines (e.g., tumor necro
sis factor [TNF] and interleukin 6 [IL6]) much more effi
ciently than dcn−/− ferroptotic cells (Figure 3A). Similarly, 
ferroptotic atg5−/− or Mcoln1-knockdown MEFs showed 
a reduced ability to activate BMDMs to produce TNF and 
IL6 (Figure 3A). DCN-knockdown ferroptotic HT1080 cells 
were also ineffective in activating primary human peripheral 
blood monocytes (HPBMs), human peripheral blood dendri
tic cells (HPBDs), or peripheral blood mononuclear cells 
(PBMCs) (Figure S4), supporting the hypothesis that DCN
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released from ferroptotic cells plays a broad role in activating 
different myeloid cell types.

Neutralization of DCN by means of a monoclonal antibody 
attenuated the secretion of TNF and IL6 by BMDMs cultured 
with WT ferroptotic cells (Figure 3B). In contrast, anti-DCN 
antibody was ineffective in attenuating the release of TNF and 
IL6 from BMDMs expose to late apoptotic cells or necroptotic   

cells (Figure 3C), meaning that DCN is an essential DAMP only 
in the context of ferroptosis. In line with this notion, WT and 
dcn−/− late apoptotic cells or necroptotic cells were similarly 
efficient in eliciting the production of TNF and IL6 by 
BMDMs (Figure 3D,Figure 3E). Altogether, these findings pro
vide compelling evidence that DCN is one of the main diffusible
signals of ferroptosis, but not apoptosis or necroptosis.

Figure 2. Autophagy mediates DCN secretion during ferroptosis. (A) The Pearson correlation coefficient was used to determine the relationship between the 
expression of MAP1LC3B-II and the release of DCN in 60 cancer cell lines after treatment with erastin or RSL3 for 3 h. The original western blot data and 
quantification of MAP1LC3B-II were shown in our previous study [38]. (B,C) The indicated human cancer cell lines were treated with erastin (5 μM) or RSL3 (0.5 μM) 
for 12 and 24 h and then cell death and DCN release were assayed (n = 3 biologically independent samples; data are presented as means ± SD). (D,E) The indicated 
MEFs were treated with erastin (5 μM) or RSL3 (0.5 μM) for 3–24 h and then cell death and DCN release were assayed (n = 3 biologically independent samples; 
*P < 0.05 versus WT group, two-way ANOVA with Tukey’s multiple comparisons test; data are presented as means ± SD). (F) ELISA analysis of DCN expression in the 
lysosomal fraction or whole-cell extracts (WCL) in WT and atg5−/− MEFs following treatment with erastin (5 μM) or RSL3 (0.5 μM) for 3 h (n = 3 biologically 
independent samples; *P < 0.05 versus WT group, one-tailed t test; data are presented as means ± SD). (G) Image analysis of the colocalization between DCN and 
lysosomes in WT and atg5−/− MEFs following treatment with RSL3 (0.5 μM) for 3 h. The data are presented as box-and-whisker plots from 10 fields. Boxes represent 
the median and the 25th and 75th percentiles. *P < 0.05 versus WT group, one-tailed t test. Bar = 15 μm. (H) ELISA analysis of DCN expression in the lysosomal 
fraction in WT, atg7−/− and rb1cc1−/− MEFs following treatment with RSL3 (0.5 μM) for 3 h (n = 3 biologically independent samples; *P < 0.05 versus WT group, two- 
way ANOVA with Tukey’s multiple comparisons test; data are presented as means ± SD).
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AGER mediates DCN activity during ferroptosis

Several receptors have been implicated in extracellular DCN 
activity in immune and nonimmune cells. These putative DCN 
receptors include epidermal growth factor receptor (EGFR) [48], 
kinase insert domain receptor (KDR/VEGFR-2) [49], (trans
forming growth factor beta receptor 1 (TGFBR1) [50], MET 
proto-oncogene, receptor tyrosine kinase (MET) [51], insulin- 

like growth factor 1 receptor (IGF1R) [52], toll-like receptor 2 
(TLR2) [45], and TLR4 [45]. In addition, AGER reportedly 
mediates HMGB1 activity during ferroptotic death [13]. We 
used lentiviral shRNA-mediated RNAi to suppress the expres
sion of these eight receptors in BMDMs (Figure 4A). We found 
that Ager shRNA, but none of the other shRNAs, diminished 
ferroptotic cell-induced secretion of TNF and IL6 by BMDMs 
(Figure 4B). Consistently, as compared to WT BMDMs,

Figure 3. DCN mediates inflammation caused by ferroptotic cells. (A) Ferroptotic cells lacking Dcn, Atg5, or Mcoln1 do not elicit the production of the pro- 
inflammatory TNF and IL6 cytokine by 1 × 106 BMDMs (n = 3 biologically independent samples; *P < 0.05, two-way ANOVA with Tukey’s multiple comparisons test; 
data are presented as means ± SD). (B,C) Anti-DCN neutralizing antibody (1 mg/ml) inhibits ferroptotic cells, but not late apoptotic cell- or necroptotic cell-induced 
TNF and IL6 release in BMDMs (n = 3 biologically independent samples; *P < 0.05, two-way ANOVA with Tukey’s multiple comparisons test; data are presented as 
means ± SD). (D,E) Lack of Dcn in late apoptotic or necroptotic cells fails to affect the production of TNF and IL6 by BMDMs (n = 3 biologically independent samples; 
data are presented as means ± SD).
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BMDMs from ager−/− mice secreted less TNF and IL6 upon 
exposure to ferroptotic cells (Figure 4C). Moreover, antibody- 
mediated neutralization of AGER, but not TLR4, limited the 
secretion of TNF and IL6 by WT BMDMs (Figure 4D).

To ensure that DCN is a direct activator of AGER, we used 
purified DCN protein generated by NS0 mouse myeloma cells, 

which are frequently used for the production of monoclonal anti
bodies and other recombinant proteins [53]. Recombinant DCN 
protein dose-dependently elicited TNF and IL6 secretion by WT, 
but not ager−/− BMDMs (Figure 4E). Moreover, the production of 
TNF and IL6 could be synergistically induced by low-dose DCN
and HMGB1 in WT, but not in ager−/− BMDMs (Figure 4F).

Figure 4. AGER mediates the response to DCN. (A) Western blot analysis of protein expression by BMDMs after transfection with the indicated shRNAs. (B) ELISA 
analysis of TNF and IL6 release in the indicated gene knockdown BMDMs following treatment with ferroptotic MEFs (n = 3 biologically independent samples; 
*P < 0.05 versus control shRNA group, one-tailed t test; data are presented as means ± SD). (C) Lack of Ager in BMDMs blocks ferroptotic cell-induced the production 
of the pro-inflammatory TNF and IL6 cytokines (n = 3 biologically independent samples; two-way ANOVA with Tukey’s multiple comparisons test; data are presented 
as means ± SD). (D) Anti-AGER neutralizing antibody (Ab; 1 mg/ml), but not anti-TLR4 neutralizing antibody (1 mg/ml), inhibits ferroptotic cell-induced TNF and IL6 
release in BMDMs (n = 3 biologically independent samples; *P < 0.05, two-way ANOVA with Tukey’s multiple comparisons test; data are presented as means ± SD). 
(E, F) Lack of Ager in BMDMs inhibits DCN-induced TNF and IL6 release in the absence or presence of HMGB1 (n = 3 biologically independent samples; *P < 0.05 
versus WT group, two-way ANOVA with Tukey’s multiple comparisons test; data are presented as means ± SD). (G, H) Analysis of NFKB activity and TNF release in the 
indicated BMDMs following treatment with ferroptotic cells or DCN in the absence or presence of the NFKB pathway inhibitor BMS-345541 (n = 3 biologically 
independent samples; *P < 0.05 versus WT group, two-way ANOVA with Tukey’s multiple comparisons test; data are presented as means ± SD). (I) His-tag affinity 
pull-down analysis of the binding of DCN to AGER.
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Given that AGER-mediated inflammatory cytokine pro
duction requires activation of nuclear factor kappa 
B (NFKB/NF-κB) [54,55], we measured the interaction of 
NFKB with a consensus-binding site (5ʹ-GGGACTTTCC-3ʹ) 
[56,57]. Ferroptotic cells or DCN induced the transcriptional 
activity of NFKB in WT, but not in ager−/− BMDMs 
(Figure 4G). BMS-345541, an NFKB pathway inhibitor [58], 
blocked ferroptotic cell- or DCN-induced transcriptional 
activity of NFKB (Figure 4G) and subsequent TNF production 
(Figure 4H). A His-tag affinity pull-down assay confirmed 
a direct interaction between DCN and AGER proteins 
in vitro (Figure 4I). Altogether, these data underscore a role 
for AGER in driving NFKB-mediated inflammation caused 
by DCN.

The DCN-AGER axis mediates ferroptosis-initiated 
inflammation and immune responses in vivo
The conditional knockout of Gpx4 within the pancreas of 
mice (termed gpx4−/− mice) reportedly accelerates ceru
lein-induced acute pancreatitis by activating ferroptotic 
damage [59]. We used this model to evaluate whether 
targeting the DCN-AGER axis would protect against fer
roptosis-induced acute pancreatitis. Histological assess
ment of pancreatic damage revealed exaggerated acinar 
cell death, leukocyte infiltration, and interstitial edema in 
the gpx4−/− mice compared to WT controls (Figure 5A). 
These histological changes were accompanied by signs of 
exacerbated pancreatitis, including increased serum AMY 
(amylase) (Figure 5B), pancreatic trypsin activity

Figure 5. Inhibiting the DCN-AGER pathway protects against cerulein-induced acute pancreatitis. WT and pancreatic gpx4−/− mice received anti-DCN Ab (20 mg/kg; 
monoclonal rat IgG2A; R&D Systems, 161026), anti-AGER Ab (20 mg/kg; monoclonal rat IgG2A; R&D Systems, 175410), control IgG (20 mg/kg; R&D Systems) or 
liproxsatin-1 (10 mg/kg) by i.p. injection 2 h after completion of the cerulein-induced pancreatitis protocol. (A) Pancreatic sections were stained with H&E at 16 h (bar: 
100 μm). (B–G) Serum AMY (amylase), pancreatic trypsin activity, pancreatic MPO activity, serum DCN, serum TNF, and serum IL6 were assayed at 8 and 16 h (n = 5 
mice/group; *P < 0.05 versus IgG group, two-way ANOVA with Tukey’s multiple comparisons test; data are presented as means ± SD).
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(Figure 5C), and pancreatic MPO (myeloperoxidase) activ
ity (Figure 5D), as well as serum DCN (Figure 5E), serum 
TNF (Figure 5F), and serum IL6 (Figure 5G). Similar to 
the administration of the ferroptosis inhibitor liproxstatin- 
1 [60], the administration of anti-DCN antibody or anti- 
AGER antibody protected against cerulein-induced pan
creatitis especially in gpx4−/− mice (Figure 5A–Figure 5G). 
The depletion of ager also protected against cerulein- 
induced acute pancreatitis in WT and gpx4−/− mice 
(Figure S5). These preclinical studies indicate a role for 
the DCN-AGER pathway in mediating ferroptosis-related 
pancreatitis.

Ferroptosis can be considered as a variant of immuno
genic cell death (ICD) in that early ferroptotic cancer cells 
injected into mice elicit a specific immune response that 
protects against subsequent rechallenge with live cancer 
cells of the same kind [61,62]. To evaluate the role of the 
DCN-AGER axis in ferroptosis-initiated adaptive immunity, 

we took advantage of this prophylactic tumor vaccination 
model [63]. RSL3-treated pancreatic ductal adenocarcinoma 
KPC cells (C57BL/6J background) were injected subcuta
neously into the right flank of immunocompetent C57BL/6J 
mice. Such ferroptotic KPC cells were able to protect the 
majority of mice against rechallenge with live KPC cells 
injected into the opposite flank 1 week later (Figure 6A). 
However, RSL3-treated KPC cells co-administered together 
with anti-DCN or anti-AGER antibody (but not anti-TLR4 
antibody) failed to elicit a protective anticancer immune 
response (Figure 6A). This contrasts with the observation 
that anti-TLR4 (but not anti-DCN or anti-AGER) antibody 
limited the cancer-preventive activity of a vaccine com
posed of oxaliplatin-treated KPC cells (Figure 6B). These 
results confirm that TLR4 is essential for the response to 
oxaliplatin-induced apoptotic ICD [64], but dispensable for 
RSL3-induced ICD. As a control, the vaccination efficacy of 
RSL3-induced ferroptotic cell death was lost in immune-

Figure 6. The DCN-AGER pathway drives antitumor immunity induced by vaccination with ferroptotic cancer cells. (A) The inhibition of DCN and AGER (but not TLR4) 
with specific blocking antibodies (Ab; 20 mg/kg) abolished the capacity of RSL3-treated tumor cells to vaccinate against KPC cells in C57BL/6 J mice. The percentage 
of tumor-free mice is indicated (n = 10 mice/group, *P < 0.05, two-way ANOVA test). (B) The inhibition of TLR4 (but not DCN or AGER) with specific blocking 
antibodies (20 mg/kg) abolished the capacity of oxaliplatin-treated tumor cells to vaccinate against KPC cells in C57BL/6 J mice. The percentage of tumor-free mice is 
indicated (n = 10 mice/group, *P < 0.05, two-way ANOVA test). (C) The vaccination effect of RSL3-induced ferroptotic cell death in KPC cells was not observed in 
immune-deficient (rag2−/−) mice (n = 10 mice/group).
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deficient (rag2−/−) mice (Figure 6C), supporting the notion 
that dying cells drive an adaptive antitumor immune 
response [65].

Discussion

Recent years have yielded profound insights into the molecu
lar mechanisms, pharmacological modulation, and functional 
implication of ferroptosis in health and disease [66]. However, 
the mediators of its immunological consequences remain 
poorly characterized. In this study, we report a key role for 
DCN as a mediator of ferroptosis-initiated innate and adap
tive immune response that acts on AGER (Figure 7). These 
findings not only contribute to our basic understanding of the 
“danger theory,” proposed by Polly Matzinger to explain how 
the immune system distinguishes between self and non-self 
[67], but also might pave the way for the development of 
more effective immunotherapy strategies [28].

The danger theory claims that damaged or dying cells can 
release endogenous molecules, namely DAMPs, to alarm the 
immune system by activation of pattern recognition receptors 
(PRRs) [7]. DAMPs play a significant role in promoting 
wound healing. However, in excess, they result in inflamma
tion and immune dysfunction [8]. Some highly abundant 
proteins or molecules (such as HMGB1, ATP, and DNA) 
are released from cells succumbing to various types of death 

[68]. Thus, ferroptosis, which is a type of lytic cell death 
characterized by plasma membrane rupture, is accompanied 
by the release of these DAMPs [13,69,70]. Our analysis reveals 
that DCN may be a relatively specific DAMP that is released 
by ferroptotic cells. This release may be linked to the forma
tion of a protein complex between DCN and MCOLN1 dur
ing ferroptosis, rather than apoptosis and necroptosis. DCN 
apparently precedes the release of other DAMPs, including 
HMGB1. Compared with other reported biomarkers at the 
gene or protein level (such as acyl-CoA synthetase long chain 
family member 4 [ACSL4] [71] or transferrin receptor 
[TFRC] [72]), the detection of DCN release in culture med
ium or serum by ELISA may offer a convenient way to 
monitor ferroptotic responses.

The autophagy pathway acts as an integration hub for 
stress signals and provides adaptive responses to determine 
cell fate [73–75]. Compared with the pro-survival effect of 
autophagy, the signals and mechanisms of autophagy- 
dependent cell death remain largely elusive [76,77]. 
Increased autophagy usually inhibits apoptosis and necropto
sis [78,79]. However, excessive autophagy contributes to the 
induction and execution of ferroptosis through the selective 
degradation of proteins (e.g., ferritin [80], GPX4 [81], ARNTL 
[82], and SLC40A1/ferroportin-1 [83]) or organelles (e.g., 
lipid droplets [84]), which are repressors of lipid peroxidation. 
Our current study suggests that the autophagy-mediated

Figure 7. A model illustrating the role of DCN in the communication between ferroptotic cells and macrophages. DCN can be actively secreted during the early phase 
of ferroptosis through MCOLN1-dependent secretory autophagy. Increased ROS can further stimulate autophagy, which causes the degradation of anti-ferroptotic 
proteins (e.g., ferritin [80], GPX4 [81], ARNTL [82], and SLC40A1/ferroportin-1 [83]) or organelles (e.g., lipid droplets [84]), eventually leading to the rupture of the 
plasma membrane and passive release of DCN. Once released, DCN can bind AGER on macrophages to activate NFKB-dependent cytokine production, thus igniting 
inflammatory and immune responses.
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protein secretion pathway (also known as secretory autophagy 
[85]), but not degradative autophagy, mediates DCN release 
in early ferroptotic cells through lysosomal exocytosis 
(Figure 7). This autophagy-dependent unconventional secre
tion is different from Golgi-dependent protein secretion. 
Secretory autophagy plays a role in the release of DAMPs 
(e.g., HMGB1 [86]) or cytokines (e.g., IL1B/IL1β [87]). In 
addition, lipid peroxidation mediated by degradative autopha
gy in late-stage ferroptotic cells can lead to the rupture of the 
plasma membrane [88], indicating the possibility that auto
phagy machinery also contributes to the passive release of 
DCN during ferroptosis (Figure 7). In necroptosis, which is 
another well-characterized lytic cell death process [89], the 
accumulation of lipid ROS is less obvious than in ferroptosis 
[16], correlating with a reduced release of DCN. Our future 
analyses will focus on the question as to how cells can distin
guish and classify cargo to route it toward degradative versus 
secretory autophagy.

Our study also demonstrates the implication of AGER as 
a multi-ligand PRR responding to ferroptosis. AGER is 
a transmembrane receptor from the immunoglobulin super
family and is expressed by various cell types involved in 
innate and adaptive immunity [90]. In addition to the well- 
known AGER ligands (such as advanced glycation end- 
products, HMGB1, S100 family proteins, and DNA) [90], 
DCN interacts with, and activates, AGER. Once released by 
ferroptotic cells, extracellular DCN binds to AGER on macro
phages and other immune cells to trigger pro-inflammatory 
cytokine production. We also found that HMGB1 enhances 
the inflammatory response mediated by DCN, indicating that 
different DAMPs may coordinately mediate the immune 
response during ferroptosis. Genetic or pharmacological inhi
bition of AGER reduces the host inflammatory response to 
sterile and infectious threats [91–93]. In the current study, we 
used two mouse models (pancreatitis and prophylactic tumor 
vaccination) to demonstrate that the DCN-AGER axis (rather 
than the TLR4 pathway) is necessary for the innate and 
adaptive immune response induced by ferroptotic death.

In summary, the inflammatory and immune response eli
cited by ferroptosis involves DCN as an essential DAMP that 
acts on the PRR AGER. Given the potent and wide role of 
AGER in mediating the response to various ferroptosis- 
associated DAMPs (including DCN, HMGB1, and KRAS) 
[13,94], blockade of AGER may constitute a valid strategy 
for mitigating systemic responses to ferroptosis.

Materials and methods

Reagents

The antibodies to DCN (MAB1060), TGFBR1 (MAB2401), 
and AGER (MAB1179) were purchased from R&D Systems. 
The antibodies to EGFR (54359), KDR (9698), MET 
(82202), IGF1R (3027), TLR2 (13744), TLR4 (14358), and 
ACTB (3700) were purchased from Cell Signaling 
Technology (Danvers, MA, USA). The antibodies to 
MAP1LC3B (NB100-2220) and MCOLN1 (NB110-82375) 
were purchased from NOVUS (Centennial, CO, USA). 
The antibodies to DCN (PA5-13538) and LAMP1 (MA1- 

164) were purchased from Thermo Fisher Scientific 
(Pittsburgh, PA, USA). The antibody to TLR4 (117607) 
was purchased from BioLegend (San Diego, CA, USA). 
Rat IgG2A isotype control (MAB006) was purchased from 
R&D Systems (San Diego, CA, USA).

Erastin (S7242), RSL3 (S8155), liproxstatin-1 (S7699), fer
rostatin-1 (S7243), Z-VAD-FMK (S7023), FIN56 (S8254), 
necrosulfonamide (S8251), sulfasalazine (S1576), cyclohexi
mide (S7418), sorafenib (S7397), CCT137690 (S2744), oxali
platin (S1224), BMS-345541 (S8044), and desferoxamine 
(S5685) were purchased from Selleck Chemicals (Houston, 
TX, USA). Cerulein (C9026) was purchased from Sigma- 
Aldrich (Houston, CA, USA). ML162 (20455), ML210 
(23282), and staurosporine (25096) were purchased from 
Cayman Chemical (Ann Arbor, MI, USA). Puromycin 
(A1113802) and polybrene (TR1003 G) were purchased from 
Thermo Fisher Scientific.

Cell culture and treatment

The HT1080 (CCL-121), PANC1 (CRL-1469), BX-PC3 (CRL- 
1687), HeLa (CCL-2), and NCI-H460 (HTB-177) cell lines 
were obtained from the American Type Culture Collection 
(ATCC). The atg5−/−, atg7−/−, and WT MEF cell lines were 
a gift from Noboru Mizushima (University of Tokyo, Japan). 
The dcn−/− MEF cell line was a gift from Lizhi Cao (Central 
South University, China). The mouse pancreatic ductal ade
nocarcinoma cancer cell line KPC was a gift from Herbert Zeh 
(UT Southwestern, USA). Immortalized BMDMs were a gift 
from Kate Fitzgerald (University of Massachusetts Medical 
School, USA). Primary BMDMs were isolated from ager−/− 

mice [95]. Primary HPBMs (70034), HPBDs (70041), or 
PBMCs (70025) were obtained from STEMCELL 
Technologies. Cell lines were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM; Thermo Fisher Scientific, 11995073) 
or RPMI 1640 (Thermo Fisher Scientific, 11875119) supple
mented with 10% heat-inactivated fetal bovine serum 
(Millipore, TMS-013-B) and 1% penicillin and streptomycin 
(Thermo Fisher Scientific, 15070-063) at 37°C, 95% humidity, 
and 5% CO2. All cells were mycoplasma-free and authenti
cated using short tandem repeat DNA profiling analysis.

Dimethyl sulfoxide (DMSO; VWR International, 
IC0219605525) was used to prepare the stock solution of 
drugs. The final concentration of DMSO in the drug working 
solution in the cells was <0.01%. DMSO of 0.01% was used as 
a vehicle control in all cell culture assays. RSL3 (0.5 μM, 3 h), 
staurosporine (200 nM, 16 h), and CCT137690 (5 μM, 16 h) 
were used to generate ferroptotic, apoptotic, and necroptotic 
cells, respectively. Dying cells (0.25–2 × 105/ml) were used to 
stimulate the indicated immune cells for 1 h and then the 
release of TNF and IL6 was assayed. In addition, mouse DCN 
full-length recombinant protein with a His tag at the 
C terminus (purity of >95%; lipopolysaccharide <0.10 EU 
per 1 μg) was obtained from R&D Systems (1060-DE-100), 
which was generated from mouse myeloma cell line NS0. All 
treatments by DCN protein were carried out in serum-free 
Opti-MEM I medium (Thermo Fisher Scientific, 31985070).
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Animal models

WT (000664), rag2−/− (008449), and Pdx1-Cre (014647) mice 
on the C57BL/6J background were obtained from the Jackson 
Laboratory. ager−/− mice on the C57BL/6J background were 
a gift from Angelika Bierhaus (deceased; University of 
Heidelberg, Germany). Gpx4flox/flox mice on the C57BL/6 
background were a gift from Qitao Ran (University of Texas 
Health Science Center at San Antonio, USA). Pdx1-Cre and 
Gpx4flox/flox mice were crossed to generate Pdx1-Cre;gpx4−/− 

mice [59]. Mice were housed on a regular 12-h light and dark 
cycle (7:00–19:00 light period; room temperature: 20–25°C; 
relative humidity: 40–60%). Food and water were available ad 
libitum. Experiments were carried out under pathogen-free 
conditions and the health status of mouse lines was routinely 
checked by veterinary staff. No wild animals were used in the 
study. Experiments were carried out with randomly chosen 
littermates of the same sex and matched by age and body 
weight. We conducted all animal care and experimentation in 
accordance with the Association for Assessment and 
Accreditation of Laboratory Animal Care guidelines (http:// 
www.aaalac.org) and with approval from institutional animal 
care and use committees.

Pancreatitis model: mice (6–8 weeks old; male) received 
seven hourly i.p. injections of 50 μg/kg cerulein (Sigma- 
Aldrich, C9026) in sterile saline, while controls were given 
saline as described previously [96]. Animals were sacrificed at 
the indicated time by CO2 asphyxiation, and a blood sample 
and tissue were collected. Blood samples were collected and 
centrifuged at 10,000 × g for 10 min at 4°C. Following cen
trifugation, the serum was aspirated and used for measure
ment of level or activity of AMY (amylase), DCN, TNF, and 
IL6 by ELISA. Tissue samples were collected, snap frozen in 
liquid nitrogen, and stored at −80°C for analysis of the activity 
of trypsin or MPO. Formalin-fixed pancreas samples were 
processed, and 5-μm-thick paraffin sections were stained 
with hematoxylin and eosin (H&E) for histological analysis. 
Histological images were acquired using an EVOS FL auto cell 
imaging system (Thermo Fisher Scientific).

Tumor vaccination model: A total of 5 × 106 KPC cells 
(C57BL/6J background), untreated or treated with either oxa
liplatin (50 µM, 24 h) or RSL3 (0.5 µM, 3 h), were inoculated 
subcutaneously in 200 µl phosphate-buffered saline (PBS) into 
the lower flank of C57BL/6J mice (6–8 weeks old; male: 
female = 1:1), whereas 5 × 105 untreated control cells were 
inoculated into the contralateral flank 7 days later [97]. The 
percentage of tumor-free mice was monitored every week.

Cytotoxicity assay

The level of cell death was assayed using a LIVE/DEAD cell 
viability/cytotoxicity assay kit (Thermo Fisher Scientific, 
L3224) according to the manufacturer’s protocol.

Cell fractionation and organelle isolation

Supernatants of cells were concentrated using a Microcon- 
10kDa Centrifugal Filter Unit with Ultracel-10 membrane 
(Millipore, MRCPRT010). The lysosome isolation kit (Abcam, 

ab234047) was used to isolate lysosomal fractions from cultured 
cells by differential centrifugation followed by density gradient 
centrifugation. Finally, the purified lysosomal fraction was 
obtained using an ultracentrifuge (145,000 × g) for 2 h at 4°C.

Biochemical assay

Commercially available ELISA kits were used to measure the 
concentrations or activity of HMGB1 (Shino Test 
Corporation, ST51011), DCN (R&D Systems, DY143, 
DY1060), IL6 (R&D Systems, M6000B, D6050), TNF (R&D 
Systems, MTA00B, DTA00D), NFKB (Active Motif, 43,296), 
MPO (Abcam, ab105136), LDH (Abcam, ab102526), trypsin 
(Abcam, ab102531), CTSB (Abcam, ab119585), and AMY 
(Abcam, ab102523) in the indicated samples.

RNAi

All shRNA constructs in a lentiviral format as described in 
Table S1 were purchased from Sigma-Aldrich. We seeded 
1 × 105 cells in each well of a 12-well plate in 500 μl of 
complete medium and transduced by lentiviral vectors at 
a multiplicity of infection (MOI) of 10:1. Transduction was 
carried out in the presence of polybrene (8 μg/ml; Thermo 
Fisher Scientific, TR1003G) in an antibiotic-free medium. 
After recovering with complete culture medium, puromycin 
(5 μg/ml; Thermo Fisher Scientific, A1113802) was used for 
the selection of transduced cells.

qPCR

Total RNA was extracted using an RNeasy plus kit (QIAGEN, 
74034) according to the manufacturer’s instructions. First- 
strand cDNA was synthesized from 1 µg of RNA using the 
iScript cDNA synthesis kit (Bio-Rad, 1708890). Briefly, 20-μl 
reactions were prepared by combining 4 μl of iScript select 
reaction mix, 2 μl of gene-specific enhancer solution, 1 μl of 
reverse transcriptase, 1 μl of gene-specific assay pool (20×, 2  
μM), and 12 μl of RNA diluted in RNase-free water. 
Quantitative real-time PCR (qPCR) was carried out using 
synthesized cDNA, primers as described in Table S1, and 
SsoFast EvaGreen supermix (Bio-Rad, 172-5204). The data 
were normalized to Rn18s RNA, and the fold change was 
calculated via the 2−ΔΔCt method. Relative concentrations of 
mRNA were expressed in arbitrary units based on the 
untreated group, which was assigned a value of 1.

Western blot analysis

Cells were lysed in cell lysis buffer (Cell Signaling Technology, 
9803) with protease inhibitor cocktail (Thermo Fisher 
Scientific, 78429). Cleared lysates were resolved by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE; Bio-Rad, 3450124) and then transferred onto polyvi
nylidene difluoride (PVDF) membranes (Bio-Rad, 1704273). 
The membranes were blocked with Tris-buffered saline 
Tween 20 (TBST; Cell Signaling Technology, 9997) containing 
5% skim milk (Cell Signaling Technology, 9999) for 1 h at 
room temperature and then incubated with the indicated
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primary antibodies (1:1000) overnight at 4°C. After being 
washed with TBST, the membranes were incubated with an 
HRP-linked anti-mouse IgG secondary antibody (Cell 
Signaling Technology, 7076; 1:1000) or HRP-linked anti- 
rabbit IgG secondary antibody (Cell Signaling Technology, 
7074; 1:1000) for 1 h at room temperature. The membranes 
were washed three times in TBST and then visualized and 
analyzed with a ChemiDoc touch imaging system (Bio-Rad, 
1708370) or x-ray films.

Immunoprecipitation analysis

Cells were lysed at 4°C in ice-cold radio-immunoprecipitation 
assay (RIPA) lysis buffer (Millipore, 20-188) and cell lysates 
were cleared by a brief centrifugation (12,000 × g, 10 min) 
[98]. Concentrations of proteins in the supernatant were 
determined by bicinchoninic acid (BCA) assay. Prior to 
immunoprecipitation, samples containing equal amounts of 
proteins were pre-cleared with protein A/G sepharose beads 
(4°C, 3 h) from Abcam (ab193262) and subsequently incu
bated with irrelevant IgG or specific antibodies (4 µg/ml) in 
the presence of protein A/G sepharose beads overnight at 4°C 
with gentle shaking. Following incubation, protein A/G 
sepharose beads were washed extensively with PBS (Cell 
Signaling Technology, 9808) and proteins eluted by boiling 
in 2 × SDS sample buffer before SDS-PAGE electrophoresis.

Antibody array analysis

To assess a relatively wide range of secretion levels for several 
different proteins in HT1080 and HeLa cells after treatment 
with erastin (5 μM) for 24 h, cell culture supernatants were 
collected and concentrated using a centricon (Millipore, 
MRCPRT010). Concentrated media from each group of 
three mixed samples was then analyzed using a RayBio 
L-series human antibody array 507 glass slide kit 
(Raybiotech, AAH-BLG-1-4) in order to detect 507 proteins, 
as per the manufacturer’s instructions. The first step was to 
biotinylate the primary amine groups of the proteins in the 
samples. The glass slide arrays were then blocked, and the 
biotin-labeled sample was added onto the glass slide, which is 
preprinted with capture antibodies. The slide was incubated to 
allow binding of target proteins. Streptavidin-conjugated 
fluorescent dye (Cy3 equivalent) was then applied to the 
array. Finally, the glass slide was dried, and laser fluorescence 
scanning was used to visualize the signals. To normalize signal 
intensity data, one sub-array was defined as “reference” to 
which the other arrays were normalized.

Immunofluorescence analysis

Cells were cultured on glass coverslips and fixed in 3% for
maldehyde for 30 min at room temperature prior to detergent 
extraction with 0.1% Triton X-100 (Cell Signaling 
Technology, 39487) for 10 min at 25°C. Coverslips were 
saturated with 2% bovine serum albumin (Cell Signaling 
Technology, 9998) in PBS for 1 h at room temperature and 
processed for immunofluorescence with primary antibodies, 
followed by Cy3- (1:500; Thermo Fisher Scientific, A10521) or 

Alexa Fluor 488-conjugated IgG (1:500; Thermo Fisher 
Scientific, A21206). Nuclear morphology was analyzed with 
the fluorescent dye Hoechst 33258 (Thermo Fisher Scientific, 
H1398). Images were taken with a ZEISS LSM 800 confocal 
microscope.

Affinity pull-down assay

We used MagZ™ Particles System (Promega, V8830) to eval
uate the direct binding between the bait protein and the prey 
protein. In brief, 10 µg His-DCN bait protein was added to 
30 µl MagZ™ binding particles and incubated for 15 min on 
a shaker. The MagZ™ particles were washed three times with 
200 µl of 20 mM sodium phosphate (pH 7.4) and resus
pended with 30 µl of MagZ™ binding/wash buffer. Also, 
5 µl of particles was transferred to new tubes. Particles 
were resuspended in 175 µl of the MagZ™ binding/wash 
buffer. Then 2 µg AGER protein was added to the prepared 
bait His-DCN/MagZ™ particles and incubated for 60 min on 
a shaker. The particles were washed three times in the same 
final wash buffer used in the immobilization followed by an 
additional wash of 500 mM imidazole. Then 20 µl SDS buffer 
was added to the particles and incubated for 5 min with 
shaking, and the samples were collected for SDS-PAGE 
electrophoresis.

Protein stability assay

The protein degradation rate of DCN was tested in the indi
cated MEFs after treatment with RSL3 (0.5 µM) in the absence 
or presence of 10 µM cycloheximide for indicated times. 
Whole-cell lysates were analyzed for DCN and ACTB by 
western blot analyses.

Statistical analysis

GraphPad Prism 8.4.3 was used to collect and analyze data. 
Unpaired Student’s t tests were used to compare the means of 
two groups. A one-way or two-way analysis of variance 
(ANOVA) with Tukey’s multiple comparisons test was used 
for comparison among the different groups. The Pearson 
correlation was used to assess the relationship between the 
expression of MAP1LC3B-II protein and the release of DCN. 
A P value of <0.05 was considered statistically significant.
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