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I N F L A M M AT I O N

The heavy subunit of ferritin stimulates NLRP3 
inflammasomes in hepatic stellate cells through ICAM-1 
to drive hepatic inflammation
Manuel A. Fernandez-Rojo1,2,3,4*, Michael A. Pearen1, Anita G. Burgess1,  
Maria P. Ikonomopoulou1,2,5,6, Diem Hoang-Le1, Berit Genz1, Silvia L. Saggiomo1,  
Sujeevi S. K. Nawaratna1, Maura Poli7, Regina Reissmann8, Geoffrey N. Gobert1,9, Urban Deutsch10, 
Britta Engelhardt10, Andrew J. Brooks4, Alun Jones6, Paolo Arosio7, Grant A. Ramm1,2*

Serum ferritin concentrations increase during hepatic inflammation and correlate with the severity of chronic liver 
disease. Here, we report a molecular mechanism whereby the heavy subunit of ferritin (FTH) contributes to hepatic 
inflammation. We found that FTH induced activation of the NLRP3 inflammasome and secretion of the proinflammatory 
cytokine interleukin-1β (IL-1β) in primary rat hepatic stellate cells (HSCs) through intercellular adhesion molecule–1 
(ICAM-1). FTH–ICAM-1 stimulated the expression of Il1b, NLRP3 inflammasome activation, and the processing and 
secretion of IL-1β in a manner that depended on plasma membrane remodeling, clathrin-mediated endocytosis, 
and lysosomal destabilization. FTH–ICAM-1 signaling at early endosomes stimulated Il1b expression, implying 
that this endosomal signaling primed inflammasome activation in HSCs. In contrast, lysosomal destabilization 
was required for FTH-induced IL-1β secretion, suggesting that lysosomal damage activated inflammasomes. FTH 
induced IL-1β production in liver slices from wild-type mice but not in those from Icam1−/− or Nlrp3−/− mice. Thus, 
FTH signals through its receptor ICAM-1 on HSCs to activate the NLRP3 inflammasome. We speculate that this 
pathway contributes to hepatic inflammation, a key process that stimulates hepatic fibrogenesis associated with 
chronic liver disease.

INTRODUCTION
Iron is a vital trace element required to maintain normal cellular 
physiology. In mammalian cells, iron is stored within ferritin, a multi-
protein complex of 24 subunits with varying tissue-specific compo-
sition of two subunit types, heavy ferritin (FTH) and light ferritin 
(FTL), that prevents cellular iron cytotoxicity (1, 2). Ferritin is mostly 
found inside cells; however, during hepatic inflammation and the 
development of chronic liver disease (such as non-alcoholic steato-
hepatitis or chronic viral hepatitis B or C), excessive concentrations 
of circulating ferritin (hyperferritinemia) often exist, which can 
reflect saturated body iron stores (in hemochromatosis) (3) or act as 
an indicator of chronic liver disease severity (3–6). Previously, we 
have shown that extracellular FTH protein (independent of iron 
content) stimulates interleukin-1β (IL1B) expression in hepatic 
stellate cells (HSCs) in a manner that depends on protein kinase Cζ 
(PKCζ) and nuclear factor κB (NF-κB) signaling (7).

Because HSCs are collagen-producing myofibroblasts that are 
pivotally involved in driving inflammation and fibrogenesis associated 
with chronic liver disease, we propose that FTH acts as a signaling 

molecule that contributes to liver inflammation. Here, we investigated 
how FTH might induce proinflammatory responses in HSCs and 
identified intercellular adhesion molecule–1 (ICAM-1) as the FTH 
receptor responsible for FTH-induced IL-1β secretion in HSCs. IL-1β 
maturation and secretion rely on the cleavage and activation of 
caspase-1 coordinated by the inflammasome, a multimeric protein 
complex assembled in response to diverse external physiological and 
pathogenic stimuli (8, 9). Inflammasome activation requires two 
signals: a priming signal and an activation signal. The priming 
signal induces transcriptional responses, such as receptor-mediated 
NF-κB–dependent increases in pro–IL-1β and the NACHT, LRR and 
PYD domains–containing proteins (NLRs), of which NLRP1 and NLRP3 
are the most well-characterized cell sensors forming inflammasomes 
(10). The secondary signal activates NLRPs and triggers the formation 
of inflammasomes and the activation of caspase-1, which promotes 
IL-1β processing and secretion (10). In this context, FTH signaling 
appeared to induce both priming and activation of the NLRP3 in-
flammasome and therefore caspase-1–driven IL-1β maturation. We 
also provide evidence that this process is assisted by clathrin-coated 
pit (CCP) endocytosis, with early and late endosomes constituting a 
major component of the cellular platform for transduction of FTH–
ICAM-1 signaling. Thus, we hypothesize that FTH acts as a damage-
associated molecular pattern (DAMP) that signals through ICAM-1 
to promote IL-1β secretion in HSCs.

RESULTS
FTH stimulates inflammasome activation in HSCs
FTH stimulated IL1B gene expression in the human HSC cell line LX-2, 
similarly to our previous findings in primary rat HSCs (7), supporting a 
potential pathophysiological role of FTH in human HSCs during the de-
velopment of liver inflammation (fig. S1A). In primary rat HSCs, human 
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recombinant FTH, generated in Escherichia coli and depleted of potential 
lipopolysaccharide (LPS) contamination by endotoxin removal, stimu-
lated the induction of NLRP3 (but not NLRP1) similarly to LPS, which 
we used as a positive control for inflammasome activation (Fig.  1A). 
Consistent with inflammasome activation, FTH induced pro–IL-1β pro-
tein, which was cleaved into the mature, bioactive form of IL-1β (Fig. 1A). 
Moreover, FTH induced the inflammasome-adaptor protein apoptosis–
associated speck-like protein containing a caspase activation and recruit-
ment domain (ASC) (Fig. 1, B to D). Confocal imaging showed that ASC 
exhibited high colocalization with IL-1β protein in FTH-treated cells 
(Fig. 1C). Unlike in immune cells, neither FTH- nor LPS-treated pri-
mary rat HSCs exhibited classical ASC speck formation (Fig. 1, B and C).

To validate these results, we tested commercial endotoxin-free re-
combinant human FTH generated in human embryonic kidney (HEK) 
293 cells on primary rat HSCs. We compared the activity of this FTH 
preparation with commercial HEK293-derived endotoxin-free recom-
binant FTL because a previous study showed minor effects of FTL, 
relative to FTH, on specific aspects of HSC activation (7). HEK293-
derived FTH exhibited similar induction of IL1B transcripts (fig. S1B) 
and IL-1β protein secretion (fig. S1C), coinciding with an increase in 
NLRP3 protein (fig. S1D). Conversely, knockdown (KD) of Nlrp1 or 
Nlrp3 in FTH-treated primary rat HSCs significantly reduced the se-
cretion of mature, cleaved IL-1β (Fig. 1E) without significantly affect-
ing Il1b transcripts (fig. S1E), underscoring the dependence of FTH 

Fig. 1. FTH stimulates inflammasome activation in rat HSCs. (A) Representative Western blot showing NLRP1, NLRP3, and both pro- and cleaved (active) forms of IL-1β 
in primary rat HSCs treated with LPS or FTH for 4 hours. Blot is representative of n = 3 independent experiments. Actin is a loading control. (B and C) Immunofluorescence 
showing ASC (B) or ASC and IL-1β (C) in primary rat HSCs stimulated with FTH or LPS for 24 hours. Images are representative of n = 3 independent experiments. Scale bars, 
20 μm. (D) Representative Western blot showing ASC and NLRP3 in untreated primary rat HSCs expressing a scrambled siRNA (Ctrl SCR) or in cells expressing scrambled 
siRNA or siRNAs for NLRP1 or NLRP3 KD and treated with FTH for 24 hours. NLRP3 protein was quantified relative to the actin loading control and normalized to the 
amount in the SCR-FTH group. Blot is representative of n = 3 independent experiments. (E) Quantification of IL-1β secreted into the culture medium by primary rat HSCs 
treated with FTH. n = 5 independent experiments. Results in bar graphs are presented as mean (fold change) ± SEM. Statistical analysis was performed using a repeated 
measures one-way ANOVA (paired) with Šídák’s multiple comparisons test, where P ≤ 0.05 was considered statistically significant. *P ≤ 0.05, **P ≤ 0.01, and ****P ≤ 0.001.
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signaling on the activation and assembly of the inflammasome. 
Although FTH had no effect on NLRP1 protein (Fig. 1A), Nlrp1 KD 
partially inhibited FTH-induced NLRP3 stimulation (Fig.  1D) that, 
together with decreased secretion of IL-1β (Fig.  1E), suggested that 
NLRP1 might play a role in NLRP3-inflammasome integrity. FTL pro-
duced some induction of Il1b mRNA expression; however, this was 
significantly lower compared with FTH (fig. S1B) and did not include 
induction of IL-1β secretion (fig. S1C) or NLRP3 protein (fig. S1D).

ICAM-1 is the FTH receptor in HSCs
We wanted to identify the receptor to which FTH was binding in 
HSCs. Previous studies have shown that FTH interacts with T cell 
immunoglobulin and mucin domain containing-2 (TIM-2) in oli-
godendrocytes (11) and in B cells from the kidney and liver (12) in 
mice and with transferrin receptor-1 (TfR1) on human B and T 
cells (13) and erythroid cells (14–17). However, because these pro-
teins exhibit low (micromolar) binding affinity for FTH, it is un-
likely that they constitute the HSC-FTH signaling receptor, given 
that our previous work showed that FTH exhibits very high (nano-
molar) affinity binding on primary rat HSCs (18). Transient inhibi-
tion of signaling by the chaperone glucose-regulated protein-78 
(GRP78) using a fusion protein of epidermal growth factor and 
subtilase cytotoxin A (EGF-SubA) abolishes IL-1β and tumor ne-
crosis factor (TNF) secretion in response to human serum contain-
ing ferritin in rat primary HSCs (19). However, no direct effect of 
ferritin was demonstrated in this study, and human serum contains 
many other potential proinflammatory mediators that may have af-
fected the secretion of IL-1β and TNF.

To identify the FTH-signaling receptor in HSCs, we used two 
different and independent unbiased screening methods. First, pri-
mary rat HSCs were exposed to Alexa Fluor 488 (AF488)–labeled 
recombinant human FTH followed by nano–high-performance 
liquid chromatography tandem mass spectrometry (HPLC-MS/
MS) to examine the major fluorescently labeled FTH–cross-linked 
protein bands in cell membrane fractions separated by electropho-
resis (Fig. 2A). Among the set of proteins, we identified GRP78 in 
more than one band and the cell surface–bound adhesion molecule 
ICAM-1 (Fig. 2A), which we have previously described as an FTH-
induced NF-κB–regulated gene in rat HSCs (7). To validate these 
potential receptor candidates, we used ligand-receptor glycocap-
ture technology (DualSystems Biotech) using the cross-linking 
agent TriCEPS. This approach revealed ICAM-1 as the only FTH 
receptor candidate within the dictated robust statistical parameters 
where the protein enrichment factor was >4-fold and the analysis 
of variance (ANOVA) pairwise comparison false discovery rate–
adjusted P value was P  <  0.01 (Fig.  2B). High-molecular weight 
kininogen (HKa), a previously demonstrated FTH-binding protein 
(20), emerged as a second potential candidate with relevant enrich-
ment. HKa is of interest because it binds ICAM-1 and is a known 
inhibitor of the ICAM-1 cell adhesion complex mediated by the 
integrin CD11b/CD18 (integrin αMβ2, also known as Mac-1) (21). 
However, HKa binding to FTH did not reach statistical signifi-
cance. Thus, we conclude that ICAM-1 is the most likely FTH re-
ceptor candidate in primary rat HSCs. Supporting this, loss- and 
gain-of-function experiments showed that overexpression of green 
fluorescent protein–tagged human ICAM-1 (ICAM-1–GFP) in 
FTH-treated primary rat HSCs (fig.  S2A) significantly increased 
(65.7 ± 0.23%) FTH-induced Il1b mRNA (Fig. 2C), whereas KD of 
ICAM-1 (ICAM1 KD) by ~75% in primary rat HSCs using a pool 

of three different small interfering RNAs (siRNAs) (fig. S2B) sig-
nificantly decreased FTH-induced Il1b expression (54.18 ± 0.08% 
of SCR + FTH; Fig. 2D).

After the priming signal that induces Il1b expression, an activa-
tion signal is required for the inflammasome activation and as-
sembly that results in the cleavage and activation of caspase-1 and 
caspase-1–mediated cleavage of pro–IL-1β protein into active IL-
1β for secretion. As further evidence of inflammasome activation, 
FTH markedly increased the secretion of cleaved IL-1β into the 
culture medium (Fig.  1E), which correlated with an increase in 
both pro– and activated (cleaved) caspase-1 (p20 fragment) in pri-
mary rat HSCs (Fig. 2E and fig. S2, D and E). Furthermore, ICAM1 
KD also inhibited the induction of NLRP3 protein (Fig.  2E and 
fig. S2C), as well as both pro– and cleaved caspase-1 (Fig. 2E and 
fig.  S2, D and E) by FTH, and this was coupled with an almost 
complete inhibition of IL-1β secretion (Fig. 2F). To provide fur-
ther supporting evidence for the role of ICAM-1 in FTH-induced 
proinflammatory signaling, we transfected immortalized human 
hepatocyte (IHH) cells, a human liver cell line with very low en-
dogenous ICAM1 expression compared with HepG2 and Hep3G 
cells (Fig.  2G), with an ICAM1 expression plasmid, resulting in 
significantly increased expression of ICAM-1 (Fig. 2H). Treatment 
of wild-type (WT) IHH cells with FTH had no effect on IL1B ex-
pression; however, FTH induced a marked increase in IL1B ex-
pression in IHH cells overexpressing ICAM-1 compared with 
control cells transfected with the empty plasmid (Fig. 2I).

KD of another FTH-binding protein, GRP78 (GRP78 KD; 
~70% mRNA KD), in primary rat HSCs (fig. S3A) had no effect on ei-
ther FTH-induced Il1b (fig. S3B) or Icam1 (fig. S3C) gene expression. 
However, Grp78 deficiency blunted the induction of NLRP3 (fig. S3D) 
and the secretion of IL-1β protein elicited by FTH (fig. S3E), suggesting 
that GRP78 does not affect FTH–ICAM-1–induced inflammasome 
priming but may play a downstream role in FTH–ICAM-1–induced in-
flammasome assembly and activation.

FTH induces IL-1β through ICAM-1 and the NLRP3 
inflammasome in liver tissue
Next, we questioned the potential pathophysiological relevance of 
FTH-induced inflammation in the context of liver disease. Because 
we do not have an in vivo approach to mimic pathological concen-
trations of circulating FTH in mice, we exposed precision-cut liver 
tissue slices from WT mice to high (pathological) concentrations of 
recombinant human FTH ex vivo. Precision-cut liver slices were also 
treated with LPS as a positive control for Il1b stimulation. Under 
these conditions, we observed that FTH significantly stimulated Il1b 
expression in liver slices from WT mice (Fig. 3A). Using precision-
cut liver slices from Nlrp1 (Nlrp1−/−) and Nlrp3 (Nlrp3−/−) knock-
out mice and WT control mice of the same genetic background as 
the knockouts, we observed that loss of Nlrp1 or Nlrp3 did not pre-
vent FTH-induced increases in Il1b gene expression (Fig. 3, B to D). 
FTH induced mature IL-1β protein in liver slices from WT and 
Nlrp1−/− mice but not in tissue from Nlrp3−/− mice (Fig. 3E). We 
also examined the potential pathophysiological relevance of ICAM-
1 in the stimulation and maturation of IL-1β by FTH. Consistent 
with the results from our experiments in primary rat HSCs, ICAM-1 
deficiency also reduced FTH-induced Il1b gene expression in liver 
tissue slices from ICAM-1 knockout (ICAM1−/−) mice (Fig.  3F), 
supporting the pathophysiological relevance of FTH–ICAM-1 in-
teraction in the liver.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversit degli Studi di B

rescia on January 21, 2025



Fernandez-Rojo et al., Sci. Signal. 17, eade4335 (2024)     2 April 2024

S c i e n c e  S i g n a l i n g  |  R e s e ar  c h  A r t i c l e

4 of 16

Fig. 2. ICAM-1 is the FTH signaling receptor that mediates inflammasome activation in rat and human HSCs. (A) SDS electrophoresis gel showing bands containing 
AF488–labeled FTH-binding proteins, identified by MS in primary rat HSCs. Gel is representative of n = 3 independent experiments. (B) Proteins identified by ligand-
receptor glycocapture that bind to FTH as potential candidates for the FTH receptor in primary rat HSCs. n = 3 independent experiments. Enlarged region of the ligand-
receptor glycocapture volcano plot highlights ICAM-1 as the only statistically significant FTH-binding protein (red circle). (C) Il1b mRNA expression (fold change normalized 
to that in the FTH group) in primary rat HSCs transfected with GFP (control) or ICAM-1–GFP overexpression plasmids 24 hours before treatment with FTH for 2 hours. n = 4 
independent experiments. (D) Il1b mRNA expression (fold change normalized to that in the SCR + FTH group) in primary rat HSCs transfected with scrambled siRNA (SCR) 
or ICAM-1 KD siRNA 24 hours before treatment with FTH for 2 hours. n = 7 independent experiments. (E) Western blot showing NLRP3 and caspase-1 in primary rat HSCs 
transfected with scrambled (SCR) or ICAM-1 siRNA and treated with vehicle (Ctrl) or FTH for 24 hours. Actin is a loading control. n = 3 independent experiments. (F) ELISA 
analysis of IL-1β secretion after ICAM-1 KD rat primary HSCs treated with FTH for 24 hours. n = 5 independent experiments. (G) Comparative expression of endogenous 
ICAM-1 relative to HPRT1 in human liver and HCC cell lines HepG2, Hep3G, and IHH. n = 3 independent experiments. (H and I) Expression of ICAM-1 (H) and IL1B (I) in IHH 
cells that were transfected with ICAM-1 or empty vector (pCDNA 3.0) for 24 hours and treated with FTH for 2 hours. Changes in mRNA expression are expressed as fold 
change relative to HPRT1. n = 4 independent experiments. All results in bar graphs are presented as mean (fold change) ± SEM. Statistical analysis was performed using a 
repeated measures one-way ANOVA with Šídák’s multiple comparisons test or paired Student’s t test, where P ≤ 0.05 was considered statistically significant. *P ≤ 0.05, 
**P ≤ 0.01, and ****P ≤ 0.0001.
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Fig. 3. FTH stimulates inflammasome activation and IL-1β synthesis in liver slices. (A) Il1b expression in precision-cut liver slices from WT mice treated ex vivo with 
FTH or LPS for 12 hours or untreated. n = 6 mice per treatment group. (B to D) Il1b expression in precision-cut liver slices from WT (B), Nlrp1−/− (C), or Nlrp3−/− (D) mice 
treated ex vivo with FTH for 12 hours or untreated. n = 4 mice per treatment group. (E) Representative Western blot for pro–IL-1β and mature IL-1β in precision-cut liver 
slices from WT, Nlrp1−/−, and Nlrp3−/− mice treated ex vivo with FTH for 12 hours. Mature IL-1β protein was quantified relative to the actin loading control. Each lane rep-
resents one liver slice; slices were obtained from three mice per treatment group. Quantification of mature IL-1β is based on three blots. (F) Il1b expression in precision-cut 
liver slices from Icam1−/− mice and matching WT colony controls treated ex vivo with FTH for 12 hours. n = 5 mice per treatment group. All results in bar graphs are pre-
sented as mean (fold change) ± SEM. Statistical analysis was performed using a paired Student’s t test (A to D) or an unpaired Student’s t test (E and F), where P ≤ 0.05 was 
considered statistically significant. *P ≤ 0.05 and **P ≤ 0.01.
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Although precision-cut liver slices provide whole-tissue 
physiological relevance to our observation of FTH-induced, 
ICAM-1–mediated NLRP3 inflammasome activation, a key lim-
itation of this technique is the relative inability to identify the 
cellular source of inflammation within the liver slices. Others 
have likewise shown that immunohistochemical assessment of 
liver pathobiology is extremely challenging in liver slice studies 
(22). Therefore, it remains possible that other liver cell popula-
tions, in addition to HSCs, may also contribute to FTH-induced 
inflammation in precision-cut liver tissue slices.

FTH–ICAM-1 signaling in HSCs is mediated by 
CCP endocytosis
To understand the cellular events underlying the transduction of 
FTH signaling, we examined the involvement of the plasma mem-
brane and the endocytic system of primary rat HSCs after expo-
sure to FTH. Confocal visualization of the plasma membrane 
cholesterol-enriched lipid domains with the cationic dye Di-4-
ANEPPDHQ, which responds in submillisecond membrane po-
tential changes (23, 24) in comparison to the basal fluorescence 
profile of the HSC plasma membrane (0 to 90 s), showed that FTH 
induced a transient change of the plasma membrane potential 
within seconds, consistent with reorganization of the plasma 
membrane (Fig. 4A). Accordingly, when primary rat HSCs were 
exposed to FTH for 30 s, caveolin-1 (CAV1), a marker of lipid raft 
subtype caveolae (25), exhibited a differential flotation in sucrose 
gradient of plasma membrane fractions versus untreated HSCs 
(Fig. 4B), indicative of structural reorganization of plasma mem-
brane microdomains. Moreover, inhibition of lateral diffusion of 
the plasma membrane proteins of primary rat HSCs using α-
cyclodextrin, which does not interfere with cholesterol (26), re-
duced FTH-induced Il1b expression (Fig.  4C). Together, these 
data suggest that plasma membrane organization plays an impor-
tant role in the transduction of FTH-induced proinflammatory 
signaling in HSCs.

Signaling by plasma membrane receptors often involves internaliza-
tion and trafficking through endosomal compartments (27, 28). We 
previously reported that FTH is internalized by primary rat HSCs (18). 
To shed light on the contribution of major endocytic pathways, such as 
CCP and caveolae endocytosis, to the signal transduction initiated by 
FTH–ICAM-1, we used Dyngo4a (an inhibitor of dynamin-2–dependent 
caveolae and CCP endocytosis), and PitStop2 (specifically prevents 
CCP endocytosis) (29, 30). Dyngo4a and PitStop2 inhibit epidermal 
growth factor receptor (EGFR) endocytosis, trapping it at the plasma 
membrane in cancer cells. In this context, Dyngo4a has been shown to 
enhance the cytotoxicity of antibody therapeutics directed at EGFR by 
maintaining EGFR at the plasma membrane, which allows more effec-
tive natural killer cell–mediated, antibody-dependent cellular cytotox-
icity (ADCC) in  vitro. Although Dyngo4a has not been tested in 
humans, the potential therapeutic utility of CCP inhibitors has been 
demonstrated by prochlorperazine, which enhances ADCC in cancer 
(31). Both Dyngo4a and PitStop2 inhibited FTH-mediated Il1b expres-
sion in primary rat HSCs (Fig. 4D). Transient (partial) KD of clathrin 
(using CLTC as the target gene) using specific siRNA (Fig. 4E) or inhibi-
tion of CCP endocytosis with ikarugamycin (32) in primary rat HSCs 
treated with FTH (Fig. 4F) recapitulated these results. To examine the 
role of caveolae-mediated endocytosis in FTH signaling, we used β-
methyl cyclodextrin (MCD), which sequesters free cholesterol in the 
plasma membrane and disrupts plasma membrane lipid rafts, including 

caveolae. MCD exacerbated the FTH-induced increase in Il1b expres-
sion in primary rat HSCs (Fig. 4G). Together, these results suggest that 
FTH stimulates Il1b mRNA expression in a dynamin-2– and CCP en-
docytosis–dependent manner.

In cells treated with PitStop2, confocal imaging showed that 
FTH enhanced the colocalization of ICAM-1 and clathrin at the 
plasma membrane and within intracellular compartments (fig. S4). 
This colocalization diffused over time until ICAM-1 and clathrin 
labeling at the plasma membrane returned to a basal state 2 hours 
after FTH treatment (fig. S4). Cross-section quantification of cell 
edge to cell body ratios of ICAM-1 labeling showed that FTH in-
duced ICAM-1 internalization and that both Pitstop2 and Dyn-
go4a caused retention of ICAM-1 (in FTH-treated primary rat 
HSCs), at the plasma membrane, although for PitStop2, the quan-
tification did not reach statistical significance (Fig. 4H). PitStop2 
inhibited the expression of FTH-induced Il1b mRNA in primary 
rat HSCs overexpressing ICAM-1–GFP (versus GFP) (Fig. 4I) and 
reduced FTH-induced phosphorylation of p65 (P-p65), a marker 
of NF-κB activation (Fig. 4J and fig. S9A), and induction of NLRP3 
(Fig. 4K and fig. S9B). PitStop2 did not prevent caspase-1 cleavage 
in response to either FTH or LPS (Fig. 4K). These data suggest that 
in primary rat HSCs, CCP constitutes the specific plasma mem-
brane domain for FTH–ICAM-1 priming, but not activation, of 
the NLRP3 inflammasome.

FTH–ICAM-1 signaling in HSCs involves the 
actin cytoskeleton
In agreement with the involvement of the actin cytoskeleton in 
mediating CCP endocytosis (33, 34), inhibition of actin polymer-
ization by latrunculin-A suppressed FTH-stimulated Il1b expres-
sion in rat HSCs (fig. S5A). However, disruption of the microtubule 
cytoskeleton by nocodazole had no effect in FTH-induced Il1b 
expression (fig.  S5B). Phalloidin labeling of actin filaments re-
vealed that 2- to 5-min treatment with FTH, but not FTL, induced 
a transient reorganization of the actin cytoskeleton, reflected by 
the reduction in the density of actin filaments (fig. S5C), and tubu-
lin staining showed that FTH did not alter the microtubule cyto-
skeleton (fig.  S5D). Either repression of CCP endocytosis using 
PitStop2 or inhibition of actin polymerization using latrunculin-A 
prevented FTH-induced activation of mitogen-activated protein 
kinase and extracellular signal-regulated kinase pathway (fig. S5E), 
further demonstrating the importance of the actin cytoskeleton 
and clathrin-mediated endocytosis in FTH signaling. Confocal 
imaging showed that latrunculin-A prevented FTH-induced 
ICAM-1 redistribution into the cytosol and caused its accumula-
tion at the plasma membrane (fig. S5F). Accordingly, exposing pri-
mary rat HSCs to latrunculin-A at different intervals (1 to 30 min) 
after FTH stimulation still prevented induction of Il1b expression 
(fig. S5G). These results suggest that regulation of FTH signal-
ing by the actin cytoskeleton may occur at different compart-
mentalization levels, including at the early and late endosomes. 
Actin cytoskeleton organization is directly modulated by the 
small guanosine triphosphatases RhoA1, Rac1, and Cdc42 (33, 34). 
Cdc42 and Rac1 inhibitors (ML141 and NSC23766, respectively), 
but not the RhoA1 inhibitor C3 transferase (C3T), reduced FTH-
induced Il1b gene expression (fig. S5, H and I) and the increase in 
NLRP3 protein (fig. S5J). Thus, our data suggest that the actin cy-
toskeleton aids in facilitating FTH-induced pro-inflammatory sig-
naling in HSCs through Cdc42 and Rac1.
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Fig. 4. FTH–ICAM-1–induced signaling is mediated by CCP endocytosis requiring the actin cytoskeleton. (A) Time course of Di-4-ANEPPDHQ labeling of primary rat 
HSC plasma membranes before (0 to 90 s) and after (10 to 180 s) FTH stimulation. Images are representative of n = 7 independent experiments. Scale bar, 20 μm. (B) Rep-
resentative Western blot of the flotation of CAV1 (lipid raft marker) and clathrin in cellular fractions of primary rat HSCs separated by discontinuous sucrose gradient ultra-
centrifugation. n = 3 independent experiments. (C to G) Il1b expression after 2 hours of FTH stimulation in primary rat HSCs pretreated with α-cyclodextrin (α-CD) to 
limit lateral diffusion of plasma membrane proteins (C), treated with the endocytosis inhibitors Dyngo4a or PitStop2 (D), transfected with control (SCR) or clathrin siRNA 
(E), pretreated with the endocytosis inhibitor ikarugamycin (IKA), or treated with β-methyl cyclodextrin (MCD) to disrupt lipid raft microdomains (G). n = 3 (D), n = 4 (C, E, 
and G), or n = 5 (F) independent experiments. (H) Immunofluorescence for ICAM-1 in primary rat HSCs also labeled with the plasma membrane marker cholera toxin (Ctx). 
Cells were treated with FTH for 2 min, along with either Dyngo4a or PitStop2. Scale bar, 20 μm. Cell edge/cell body ratios of ICAM-1 labeling were derived from the quan-
tification of cross sections from the images. Cells treated with either Dyngo4a or PitStop2 but not stimulated with FTH were used as experimental controls. n = 10 to 12 
cross sections from three independent experiments for each group. (I) Il1b expression in primary rat HSCs transfected with GFP (control) or ICAM-1–GFP overexpression 
plasmids, treated with PitStop2 or vehicle with FTH stimulation for 2 hours. n = 4 independent experiments. (J) Representative Western blot showing phosphorylated p65 
in primary rat HSCs treated with PitStop2 with FTH stimulation for 2 hours. Actin is a loading control. Blot is representative of n = 3 independent experiments. (K) Repre-
sentative Western blot showing NLRP3 and cleaved caspase-1 (p20 fragment) in primary rat HSCs treated with PitStop2 or vehicle with FTH or LPS stimulation for 24 hours. Blot 
is representative of n = 4 independent experiments. Results in bar graphs are presented as mean (fold change) ± SEM. Statistical analysis was performed using a repeated 
measures one-way ANOVA with Šídák’s multiple comparisons test or paired Student’s t test, where P ≤ 0.05 was considered statistically significant. *P ≤ 0.05 and **P ≤ 0.01.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversit degli Studi di B

rescia on January 21, 2025



Fernandez-Rojo et al., Sci. Signal. 17, eade4335 (2024)     2 April 2024

S c i e n c e  S i g n a l i n g  |  R e s e ar  c h  A r t i c l e

8 of 16

Early endosomes are platforms for FTH signaling in HSCs
PitStop2 and Dyngo4a inhibit CCP endocytosis by preventing 
clathrin detachment from CCP without affecting CCP integrity, 
resulting in CCP accumulation at the plasma membrane (29, 30). 
Therefore, if FTH–ICAM-1 signaling originated at the plasma 
membrane, then PitStop2 and Dyngo4a treatment should increase 
FTH-induced Il1b expression; however, we observed inhibition 
with these reagents (Fig.  4D). Therefore, we hypothesized that 
FTH–ICAM-1 signaling may occur in intracellular compartments 
after CCP-dependent endocytosis rather than at the plasma mem-
brane. To address the potential involvement of different endosome 
compartments in the regulation of FTH-induced proinflammatory 
signaling in primary rat HSCs, we overexpressed fluorescently 
tagged WT and mutant [constitutively active and dominant nega-
tive (DN)] forms of key endosome regulatory proteins (fig. S6). In 
primary rat HSCs, overexpression of full-length (FL) WT protein 
regulators of the early endosomes, RAB5 (GFP-RAB5) or early en-
dosome antigen 1 (RFP-EEA1), but not phosphotyrosine interact-
ing with PH domain and leucine zipper 1 (RFP-human APPL1), 
significantly augmented FTH-induced expression of Il1b tran-
scripts (Fig. 5A). Overexpression of the FL and constitutive active 
(CA) isoforms of the recycling endosome protein RAB11 increased 
FTH-induced Il1b transcripts in primary rat HSCs (Fig. 5, A and 
B), suggesting that the recycling endosome compartment may 
promote FTH signaling through exocytosis of ICAM-1. Overex-
pression of the CA mutant forms of RAB5 (RAB5 Q79L) or RAB7 
(RAB7 Q71L) did not alter FTH-induced Il1b transcript expres-
sion (Fig. 5B). However, accumulation and defective flux of early 
endosome cargo toward the late endosome compartment by over-
expression of DN RAB5 (GFP-RAB5 S34N) enhanced FTH-
induced Il1b expression, whereas overexpression of the FL or the 
DN mutant of RAB7 (RAB7 T22N) had no effect on FTH-induced 
Il1b expression (Fig. 5C). Looking at NLRP3 protein, overexpres-
sion of FL-RFP-EEA1, FL-RFP-human-​APPL1, or FL-GFP-RAB5 
increased NLRP3 protein (Fig. 5D). Analysis of FTH trafficking in 
FTH-treated primary rat HSCs initially showed the colocalization 
of FTH with the plasma membrane marker ZO-1 after 5 s and sub-
sequent colocalization with the early endosome marker EEA1 at 5 
and 15 min (fig. S7A), which supports the involvement and move-
ment of FTH from the plasma membrane to the early endosome. 
Furthermore, GFP-RAB7 overexpression increased NLRP3 pro-
tein in FTH-treated primary rat HSCs (Fig. 5D). Together, these 
data suggest a model in which signaling at early endosomes pro-
motes the induction of Il1b expression, and the increase in NLRP3 
and the late endosome-lysosome compartment may also partici-
pate in inflammasome activation during FTH stimulation.

These results suggest that early endosomes are the most likely 
cellular compartment for FTH signaling. Early endosomes have 
emerged as signaling platforms in other cellular contexts (28, 35). 
To assess the involvement of early endosomes in FTH signaling, we 
sought to deplete HSCs of early endosomes. Partial KD of Rab5a 
(59.80 ± 0.14%), Rab5b (51.10 ± 0.06%) and Rab5c (68.00 ± 0.09%) 
(Rab5a-c KD) in primary rat HSCs using siRNAs (fig. S7B) (36) 
caused a significant depletion of early endosomes and reduced the 
size of EEA1+ (Fig.  5E) and RAB5+ early endosomes (fig.  S7C), 
without affecting APPL1+ early endosomes (fig. S7C). According-
ly, and without impairing Il1b expression (Fig.  5F), Rab5a-c KD 
blunted FTH stimulation of NLRP3 protein (Fig.  5G) and 

significantly reduced IL-1β secretion (Fig. 5H). In addition, when 
RAB5 was overexpressed in Rab5a-c KD primary rat HSCs in the 
absence of FTH, Il1b expression was not induced, ruling out an 
FTH-independent function of early endosomes on Il1b expression 
(Fig. 5I). However, overexpression of RAB5 in FTH-treated Rab5 
KD primary rat HSCs, restored FTH-induced Il1b expression by 
two- to threefold, revealing that FTH signaling may be a saturable 
process that is not responsive to progressive increases in the 
amount of RAB5 overexpression (Fig. 5I).

FTH-induced activation of the inflammasome is facilitated 
by lysosomal destabilization
Priming and activation of inflammasomes are triggered by a range of 
stimuli, including molecules such as DAMPs, which are damage sig-
naling molecules released from ischemic tissues and from damaged 
and dying cells. These are usually intracellular molecules, such as ad-
enosine 5′-triphosphate and uric acid crystals, that become damage 
signaling molecules when in the extracellular environment (37). In-
tracellular FTH released into the extracellular environment in re-
sponse to cellular damage could potentially act as a DAMP. Activation 
of the inflammasome by DAMPs can involve secondary factors, such 
as reactive oxygen species (ROS), Ca2+ signaling, and lysosomal de-
stabilization, downstream of these signals (38–40). Primary rat HSCs 
exhibited a modest increase in FTH-induced ROS (Fig.  6A), and 
thus, we speculate that enhanced ROS production may constitute a 
possible activation signal causing the assembly and activation of the 
inflammasome in response to extracellular FTH. We also observed 
that different inhibitors of adenosine triphosphatase pumps in late 
endosomes (including bafilomycin, chloroquine, and monensin) re-
duced or prevented the expression of FTH-induced Il1b mRNA 
(Fig.  6, B and C), suggesting that endosome-lysosome trafficking 
may be required for FTH signaling. Although bafilomycin did not 
appear to affect ICAM-1 trafficking, chloroquine caused accumula-
tion of ICAM-1 at the plasma membrane (fig. S8), implying that the 
effects of inhibiting late endosome-lysosome function on FTH sig-
naling are not a consequence of bafilomycin, chloroquine, or mo-
nensin targeting ICAM-1 per se.

Previous studies have suggested that endogenous or exogenously 
derived ferritin can lead to lysosomal leak or disruption (41, 42). 
Therefore, we assessed whether ROS or lysosomal fragility may act 
as possible inflammasome-activating signals in FTH-treated prima-
ry rat HSCs. CA-074me, an irreversible inhibitor of the lysosomal 
cysteine protease cathepsin-B, which is released in response to lyso-
somal destabilization and triggers inflammasome activation, re-
duced the FTH-induced increase in NLRP3 protein (Fig. 6D) and 
IL-1β secretion (Fig. 6E). However, MitoTEMPO (a specific inhibi-
tor of mitochondrial-derived ROS) had no significant effect (Fig. 6, 
D and E). Therefore, these results suggest that FTH stimulates 
NLRP3 inflammasome assembly and activation by inducing lyso-
somal fragility and not through mitochondrial-derived ROS.

To summarize our observations from this study, we propose that 
FTH acts as a DAMP that stimulates inflammasome activation in 
HSCs after binding to and being endocytosed with ICAM-1 (Fig 
6F). In combination with our previously published observations of 
FTH-induced PKCζ and NF-κB signaling (7), these findings shed 
light on the cellular and molecular mechanisms that result in FTH–
ICAM-1–induced NLRP3 inflammasome activation and IL-1β mat-
uration and secretion in HSCs. We speculate that this contributes to 
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Fig. 5. Early endosomes are the signaling platform for FTH-induced inflammasome activation. (A) Il1b expression in FTH-treated (2 hours) primary rat HSCs (2 hours) 
overexpressing empty GFP vector and FL WT RFP-tagged EEA1 (EEA1), RFP-tagged APPL1 (APPL1), GFP-tagged RAB5 (RAB5), GFP-tagged RAB7 (RAB7), or GFP-tagged 
RAB11 (RAB11). n = 3 independent experiments per group. (B) Il1b gene expression in FTH-treated (2 hours) primary rat HSCs overexpressing empty GFP vector or the 
constitutively active RAB mutants pEGFP-C3-myc-RAB5 Q79L (RAB5 Q79L), pEGFP-C-RAB7 Q71L (RAB7 Q71L), or pEGFP-C3-RAB11 Q70L (RAB11 Q70L). n = 3 independent 
experiments per group. (C) Il1b gene expression in FTH-treated (2 hours) primary rat HSCs overexpressing empty GFP vector or the DN Rab mutants pEGFP-C2-RAB5 S34N 
(RAB5 S34N), pEGFP-C-RAB7 T22N (RAB7 T22N), and pEGFP-C3-RAB11 S25N (RAB11 S25N). n = 3 independent experiments per group. (D) Representative Western blot and 
quantitation of NLRP3 in FTH-treated (24 hours) primary rat HSCs overexpressing GFP or FL forms of the indicated proteins. Actin is a loading control. Blot is representative 
of n = 2 independent experiments. (E) Confocal imaging of the early endosomal marker EEA1 in primary rat HSCs transfected with scrambled siRNA or siRNA pool target-
ing Rab5a-c. n = 3 independent experiments. Scale bar, 20 μm. (F to H) Primary rat HSCs were transfected with scrambled siRNA (SCR) or siRNA pool targeting Rab5a-c and 
treated with FTH for 24 hours or not. Il1b expression (F), NLRP3 protein relative to the actin loading control (G), and IL-1β secretion into the medium (H) were quantified. 
n = 7 (F) or n = 3 (G and H) independent experiments per group. (I) Il1b expression in primary rat HSCs with siRNA-mediated Rab5a-c KD (Rab5 KD) and transfected with 
equal amounts of plasmids (2 μg) encoding either GFP or GFP-RAB5 before treatment with FTH for 2 hours. n = 3 independent experiments per group. Results in bar 
graphs are presented as mean (fold change) ± SEM. Statistical analysis was performed using a repeated measures one-way ANOVA with Šídák’s multiple comparisons test 
or paired Student’s t test, where P ≤ 0.05 was considered statistically significant. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
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Fig. 6. FTH stimulates inflammasome activation in rat HSCs by destabilizing lysosomes. (A) ROS synthesis in primary rat HSCs treated with FTH for 2 hours. n = 3 in-
dependent experiments. (B and C) Il1b expression in primary rat HSCs treated with inhibitors of late endosome/lysosome acidification chloroquine, bafilomycin (B), or 
monensin (C) with FTH stimulation for 2 hours. n = 3 (B) or 4 (C) independent experiments. (D) Representative Western blots for NLRP1 and NLRP3 and quantification of 
NLRP3 in FTH-treated (24 hours) primary rat HSCs exposed to either the mitochondrial ROS synthesis inhibitor MitoTEMPO or the cathepsin-B inhibitor CA-074me. n = 3 
independent experiments. (E) IL-1β secretion as measured by ELISA in FTH-treated (24 hours) primary rat HSCs exposed to either MitoTEMPO or CA-074me. n = 5 indepen-
dent experiments. (F) Proposed cell signaling mechanisms of FTH–ICAM-1–induced inflammasome activation and subsequent IL-1β secretion in HSCs. Results in bar 
graphs are presented as mean (fold change) ± SEM. Statistical analysis was performed using a repeated measures one-way ANOVA with Šídák’s multiple comparisons test 
or paired Student’s t test, where P ≤ 0.05 was considered statistically significant. *P ≤ 0.05 and ***P ≤ 0.001. PI3K, phosphatidylinositol 3-kinase; MAPK, mitogen-activated 
protein kinase; MEK1/2, MAPK kinase 1/2; IKKa/b, IκB kinase a/b.
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hepatic inflammation, a key causal process underlying hepatic fibro-
genesis associated with chronic liver disease.

DISCUSSION
The world is facing an exponential increase in the incidence of chron-
ic liver disease (43). Chronic liver disease is the progressive deteriora-
tion of liver function, which can ultimately lead to fibrosis, cirrhosis, 
and the development of primary liver cancer, usually hepatocellular 
carcinoma (44). Chronic liver diseases result from damage to hepato-
cytes that then triggers hepatic inflammation and fibrogenesis. Al-
though hepatic inflammation and fibrogenesis are part of normal 
tissue repair responses, these processes, when prolonged, contribute 
to the progression of chronic liver disease through the destruction 
and replacement of functional liver tissue with inactive scar tissue. In 
the context of hepatic inflammation, the identification of ICAM-1 as 
the FTH signaling receptor responsible for activation of the NLRP3 
inflammasome and secretion of IL-1β in primary rat HSCs in re-
sponse to FTH constitutes an advance both in understanding the 
mechanism of hepatic inflammation and for the search for potential 
therapeutic targets to ameliorate inflammation and therefore slow or 
halt this key component of chronic liver disease progression.

Our conclusions are supported by data obtained from a range of 
experimental models, including primary rat HSCs, human HSCs, 
and ex vivo precision-cut liver tissue from WT mice and mice defi-
cient in ICAM1, NLRP1, or NLRP3. Mechanistically, to understand 
the transduction of the proinflammatory cascades underlying FTH–
ICAM-1 interaction in disease, we have dissected the series of cellular 
and molecular events that promote the propagation of FTH-induced 
signaling from the plasma membrane to the assembly and activation 
of the inflammasome. This includes the involvement of CCP endocy-
tosis, Cdc42/Rac1-induced actin cytoskeleton reorganization, and 
dynamic changes in plasma membrane organization for the tran-
scriptional responses that prime the cell for inflammasome activa-
tion. In addition, our data demonstrate that RAB5+ early endosomes, 
rather than the HSC plasma membrane, were the main physical plat-
form associated with triggering FTH–ICAM-1–induced signaling, 
resulting in activation of the NLRP3 inflammasome and secretion of 
IL-1β. We have also revealed the dependence of FTH proinflamma-
tory signaling on the induction of lysosomal fragility and cathepsin-B 
release for generation of the activating signal that triggers assembly of 
the inflammasome, caspase-1 activation, and cleavage and secretion 
of mature IL-1β protein.

Our study has also identified potential HSC-specific interactions 
between the NLRP components of the inflammasome. Whereas FTH 
induces only NLRP3 protein in primary rat HSCs, KD of NLRP1 had 
a significant inhibitory effect on IL-1β secretion similar to that ob-
served in response to NLRP3 depletion. This suggests that FTH-
induced secretion of active IL-1β by HSCs may involve coregulation or 
cooperation between multiple NLRP inflammasome subsets. Wheth-
er this is a cellular event specific to HSCs or whether it can be observed 
in other cell types within the liver warrants further investigations.

In addition, our study provides initial insights into the potential 
existence of binding protein adaptors or coregulatory molecules 
that may act in concert with ICAM-1 to facilitate FTH proinflam-
matory signaling. This is the case for GRP78, which appeared to be 
required for the FTH-induced assembly of the inflammasome and 
the secretion of IL-1β but did not play a role in the induction of Il1b 
expression that primes the cell for inflammasome activation. Given 

the ubiquitous nature of ICAM-1 on cells, such protein adaptors or 
coregulatory molecules may provide cellular specificity for FTH–
ICAM-1 signaling.

In conclusion, we postulate that under pathophysiological condi-
tions, liver damage and apoptosis of hepatic cells cause the release of 
increased concentrations of hepatocellular-derived ferritin into the 
extracellular hepatic microenvironment (45). This imparts a para-
crine proinflammatory response on HSCs mediated by the interac-
tion of FTH with ICAM-1 at the plasma membrane, which drives 
hepatic inflammation. We cannot rule out the possibility that FTH 
also activates inflammasomes in other liver cell types. Liver sinusoi-
dal endothelial cells produce high amounts of ICAM-1, have the ca-
pacity to produce IL-1β and IL-6 under certain conditions (46), and 
are involved in inflammation mediated by lymphocyte function–as-
sociated antigen 1 (LFA-1) binding to ICAM-1 (47). Cholangiocytes 
and hepatocytes both express ICAM-1 in conditions of hepatic in-
jury (48). However, hepatocyte ICAM-1 distribution is mainly lim-
ited to the plasma membrane domains surrounding bile canaliculi 
(49). Regarding this, our experiments in IHH cells that express low 
endogenous ICAM1 suggested that FTH might stimulate IL-1β and 
sterile inflammation in hepatocytes under pathophysiological condi-
tions that increase hepatocyte ICAM-1 content. Also, although he-
patic macrophages are known to secrete inflammatory cytokines, we 
have previously shown they do not exhibit specifically bind to tissue 
ferritin (18). Because it is possible that FTH may play a role through 
ICAM-1 in other cell types, further investigations are warranted to 
assess the implication of this pathway of inflammasome activation in 
other hepatic cells in chronic liver disease.

Although we demonstrated the potential pathophysiological 
relevance of our proposed FTH–ICAM-1–activated, NLRP3  
inflammasome–induced IL-1β secretion in in vitro cell culture and 
in precision-cut ex vivo liver slices from WT, ICAM-1 knockout, 
NLRP-3 knockout, and NLRP-1 knockout mice, we were limited in 
our investigation by the lack of appropriate in vivo murine models 
for the loss of ferritin or pathophysiological increases in the release 
of ferritin. Specifically, the embryonic lethality of FTH knockout 
mice (50) prevented the validation of the effect of FTH on ICAM-1 
signaling–induced NLRP3 inflammasome function in mouse mod-
els of liver inflammation and fibrosis. We were also limited by the 
lack of availability of a floxed ICAM-1 mouse model that would 
have allowed us to generate HSC-specific ICAM-1 knockout mice 
to more accurately evaluate the importance of FTH–ICAM-1 inter-
actions for the inflammasome-activated secretion of IL-1β in HSCs.

MATERIALS AND METHODS
Primary HSC isolation and ferritin treatments
Studies were performed with approval from the QIMR Berghofer 
Medical Research Institute Animal Ethics Committee and in com-
pliance with Australian regulatory guidelines (ethics numbers: 
A0102-00-012 and A1212-620 M). Primary rat HSCs were isolated 
from normal male Sprague-Dawley rats (aged 9 to 18 months old 
and 600 to 1000 g in body weight) by sequential pronase and col-
lagenase perfusion of livers and then cultured on plastic 12-well 
plates and grown in medium 199 (Invitrogen) supplemented with 
10% calf serum + 10% horse serum, and penicillin/streptomycin 
(100 U and 100 μg/ml, respectively) to induce an activated pheno-
type, as we previously described (7). Twenty-four hours before ex-
perimentation, HSCs were washed and cultured in serum-free 
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M199. Primary rat HSCs were then treated with recombinant hu-
man H-ferritin (FTH; a kind gift from P. Arosio and M. Poli, Uni-
versity of Brescia, Italy). Human and rat FTH have high protein 
sequence homology of (97%) using BLASTp. Recombinant FTH 
and FTL (10 nM, unless otherwise stated) were prepared as de-
scribed (51), and any potential contaminating LPS was removed 
using the Pierce High Capacity Endotoxin Removal Spin Column 
Kit (Thermo Fisher Scientific, catalog no. 88273) following the 
manufacturer’s instructions. Recombinant FLAG-FTH (10 nM) 
(catalog no. RC209845) and FLAG-FTL (10 nM) (catalog no. 
RC203296) were generated in human kidney HEK cells, purchased 
from Origene (and referred to as human-generated FTH and FTL). 
Five-day culture-activated primary rat HSCs were routinely used 
except where indicated.

Transgenic mouse lines
ICAM-1–deficient mice lacking the entire coding region of the 
ICAM-1 gene (Icam1tm1Alb) have been previously created (52) and 
backcrossed on to the C57BL/6J background for more than 15 gen-
erations (53). These experiments were approved by the Veterinary 
Office of the Canton of Bern (Switzerland; licenses BE79/11 and 
BE127/14). The inflammasome knockout mice for all three NLRP1 
genes (Nlrp1a/b/c) (54) and NLRP3-deficient mice (55) on the 
C57BL/6 background have been previously described. Male trans-
genic mice in the age range of 8 to 12 weeks were compared with 
WT C57BL/6 mice.

Signal-modifying agents and inhibitor treatments
Inhibitors and cell signaling modification chemicals were ap-
plied to primary rat HSCs before or at the same time as FTH 
treatment or LPS treatments (100 ng/ml; LPS-EB from E. coli 
O111:B4, InvivoGen, #tlrl-eblps). The following inhibitors were 
used: NSC23766 (1 μM, no pretreatment; Cayman Chemicals, 
#13196), C3 transferase (1 μM, 6-hour pretreatment; Cytoskeleton 
Inc., #CT04), ML141 (1 μM, no pretreatment; SelleckChem, 
#S7686), PitStop2 (7.5 μM, no pretreatment; Abcam, #ab120687), 
Dyngo4a (5.7 μM, no pretreatment; Abcam, #ab120689), MCD 
(0.1%, no pretreatment; Sigma-Aldrich, #C4555), α-cyclodextrin 
(10 μM, 30-min pretreatment; Sigma-Aldrich, #C4680), Mito-
TEMPO (30-min pretreatment; Cayman Chemicals, #16621, 
10 μM), CA-074 methyl ester (5 μM, 30-min pretreatment; Cayman 
Chemicals, #18469), nocodazole (5 μM, no pretreatment; Sigma-
Aldrich, #SML1665), ikarugamycin (4 μM, 30-min pretreat-
ment; Sigma-Aldrich, #SML0188), and monensin (5 μM, no 
pretreatment; Sigma-Aldrich, #475895). Latrunculin A (1 μM, 
no pretreatment), bafilomycin (10 nM, no pretreatment), and 
chloroquine (100 μM, no pretreatment) were a kind gift from 
A. Yap (Institute for Molecular Bioscience at the University of 
Queensland). Latrunculin A was also purchased from Sigma-
Aldrich (#C6628), and chloroquine was from Cayman Chemicals 
(#10010630).

Culture of human cell lines
The human HSC cell line LX-2 (a kind gift from S. Friedman, Mount 
Sinai School of Medicine, New York) (56) was cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) with 2 mM glutamine, penicillin 
(100 U/ml), streptomycin (100 μg/ml), and 2% fetal calf serum 
(FCS). IHH (57) cells were cultured in Williams E media with 2 mM 
glutamine, penicillin (100 U/ml), streptomycin (100 μg/ml) and 

10% FCS. HepG2 (RRID: CVCL_0027) and Hep3G (RRID: CVCL_Y479) 
cells (human hepatocellular carcinoma) were cultured in DMEM 
with 2 mM glutamine, penicillin (100 U/ml), streptomycin (100 μg/
ml), and 10% FCS. All cells were cultured at 37°C under humidified 
95% air and 5% CO2. All cell lines tested negative for the presence of 
mycoplasma infection.

Ligand-receptor glycocapture
H-Ferritin was conjugated with TriCEPS (from DualSystems Biotech) 
reagent at 20°C. TriCEPS contains three functional groups: an N-
hydroxysuccinimide ester for ligand conjugation (H-ferritin), a hy-
drazide group to capture glycosylated receptors, and a biotin tag for 
analysis by liquid chromatography tandem MS (LC-MS/MS). Cul-
tured primary rat HSCs were detached from tissue culture plates 
and oxidized with sodium metaperiodate before incubation with 
TriCEPS-coupled H-ferritin (90 min, 4°C). After HSC lysis and 
biotin-mediated affinity purification of ligand/receptor glycopep-
tides, peptides of interest were subjected to LC-MS/MS with ligand 
datasets statistically analyzed for candidates of interest.

Precision-cut ex vivo liver slice culture
Precision-cut liver slices (ex vivo) were prepared using methods pre-
viously reported (58, 59) from WT, ICAM-1–, NLRP1-, or NLRP3-
deficient mice. All mice were male 8 to 12 weeks old. All precision-cut 
liver slices were produced with a WPI SYS-NVSLM1 Motorized Vi-
broslice except ICAM-1–deficient mice, for which a Leica VT1000S 
vibrating blade microtome with ice cooling was used. A minimum of 
four liver slices each from four or five individual mice were used for 
each treatment group. Liver slices were incubated with FTH (10 nM, 
12 hours) or LPS (100 ng/ml, 12 hours) in M199 at 37°C. Slices were 
harvested for mRNA and protein and subsequent quantitation using 
reverse transcription quantitative polymerase chain reaction (RT-
qPCR) and Western blot, respectively.

Quantitative real-time RT-PCR
Total RNA was extracted from cells/tissues using the RNeasy Kit 
(QIAGEN). One microgram of RNA was reverse-transcribed into 
cDNA using SensiFast (Bioline). Real-time PCR reactions were per-
formed in a final volume of 15 μl with forward and reverse oligo-
nucleotide primers used at a final concentration of 500 nM using 
Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen) with the 
reaction profile as recommended by the manufacturer. PCR reac-
tion efficiencies were between 0.95 and 1.10 (PCR primers used are 
listed in table  S1). Melt curve analysis revealed the presence of a 
single product with a single melt signature. PCR was performed us-
ing an RG-6000 thermal cycler (Corbett Research, Australia). The 
mRNA quantitation was achieved using the two standard curve 
methods. Fluorescence measurements of the unknown samples 
were back-referenced to a standard curve relating concentration to 
fluorescence in arbitrary units. mRNAs were normalized to the ex-
pression of housekeeping gene basic transcription factor 3 and were 
expressed relative to untreated or control samples (presented as rela-
tive mRNA expression).

Transfection of plasmids expressing ICAM-1 and Rab FL 
and mutants
Three μg of pEGFP-C3 (GFP) or human ICAM-1–GFP cDNAs (a 
kind gift from F. Sanchez-Madrid, CNIC, Spain) were transfected 
into primary rat HSCs using LTX lipofectamine according to the 
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manufacturer’s protocol. Experiments were performed the follow-
ing day. All plasmids used were based on human cDNA sequences. 
For RFP-T-EEA1, mRFP-APPL1, FL pEGFP-C3-Rab5a, pEGFP-C-
Rab7, pEGFP-C3-Rab11, and Rab mutants (pEGFP-C3myc-Rab5a 
Q79L, pEGFP-C2-Rab5 S34N, pEGFP-C-Rab7 T22N, pEGFP-C-
Rab7 Q71L, pEGFP-C3-Rab11Q70L, and pEGFP-C3-Rab11 S25N), 
we followed similar transfection protocols as for ICAM-1–GFP. RFP-
T-EEA1, mRFP-APPL1, and Rab FL and mutants were a kind gift 
from M. Zerial (Max Planck Institute of Molecular Cell Biology and 
Genetics, MPI-CBG, Dresden, Germany).

KD experiments
For KD of Icam1, Cltc, and Grp78, three different duplexes were 
pooled targeting rat ICAM-1 (NM_012967): SASI_Rn01_00094819; 
SASI_Rn01_00094824 and SASI_Rn01_00094825; rat CLTC SASI_
Rn01_00041427; SASI_Rn01_00041429 and SASI_Rn01_00041428; 
or rat GRP78 (NM_013083): SASI_Rn01_00056633; SASI_
Rn01_00056634, and SASI_Rn01_00056638. For KD of Rab5a, 
Rab5b, and Rab5c, we pooled 2 μg of each duplex of siRNA, 
which sequences were Rab5a sense 5′- GcAAGcAAGuccuAAu-
AuudTsdT-3′, antisense 5′- AAuAUuAGGACUUGCUUGCdTsdT-
3′; Rab5b sense 5′-cuucGuGuucuAGGuGcAAdTsdT-3′, antisense 
5′-UUGcACCuAGAAcACGAAGdTsdT-3′; and Rab5c sense 
5′-uAcucuAAccAAucGcAcudTsdT-3′, antisense 5′-AGUGCGAU 
UGGUuAGAGuAdTsdT-3′. For KD of rat Nlrp1 and Nlrp3 in rat 
HSCs, specific siRNA was obtained from Sigma-Aldrich, 5 nmol 
of each duplex pooled into a single tube, and the remaining 5 nmol 
of each individual siRNA was supplied in its own tube. The 
r e f e r ence number for each siRNA is rat NLRP1 pool: SASI_
Rn02_00391969, SASI_Rn02_00391970,  SASI_Rn02_00391971, 
and SASI_Rn02_00391972 as well as rat NLRP3 pool:  SASI_
Rn02_00349589, SASI_Rn02_00349590, SASI_Rn02_00349591, and 
SASI_Rn02_00349592.

Dual transfections
siRNAs were transfected into primary rat HSCs as described above, 
followed by secondary transfection of cDNAs expressing ICAM1–
GFP, GFP-​Rab5, or control plasmids (GFP), to a total of total of 2 μg. 
GFP-​Rab5 was transfected using 0.5 to 2 μg balanced with GFP. HSCs 
were left for 24 hours to recover in complete M199 between the two 
transfections.

SDS-polyacrylamide gel electrophoresis and 
Western blotting
Whole primary rat HSC protein extracts were prepared by lysis of 
HSC cultures in radioimmunoprecipitation assay buffer and 1× SDS 
sample buffer [62.5 mM tris HCl (pH 6.8), 2% (w/v) SDS, 10% glyc-
erol, 50 mM dithiothreitol, 0.01% (w/v) bromophenol blue]. Twenty 
micrograms of cell protein was subjected to SDS–polyacrylamide 
gel electrophoresis, followed by Western blot using specific antibod-
ies. Reagents for Western blots [ASC (1:500; #sc-514414) and IL-1β 
clone H-153 (1:1000; #sc-7884) from Santa Cruz Biotechnology, p20 
caspase-1 (1:1000; #AG-20B-0042-C100), NLRP3 (1:1000; #AG-
20B-0014), and NLRP1 (1:1000; #AG-25B-0005) from Adipogen, 
phospho–NF-κB p65 (1:2000; #3033S) and β-actin (1:4000; #4970) 
from Cell Signaling Technology, and β-actin (1:4000; A5441) from 
Sigma-Aldrich) were probed in tris-buffered saline with Tween 20 
(TBST) with 5% bovine serum albumin (BSA) powder or Licor 
blocking buffer with 0.1% Tween 20. For chemiluminescent 

Western blots, blots were probed with an anti-rabbit/goat/mouse 
secondary at 1:5000 to 10,000 in TBST 5% skim milk powder. 
Horseradish peroxidase localization was detected by Western Light-
ning Plus ECL (PerkinElmer) and visualized using x-ray film. For 
near-infrared detection, blots were probed with Licor near-infrared 
secondary antibodies for anti-rabbit/mouse at 1:20,000 in Licor 
blocking buffer with 0.1% Tween 20 and 0.01% SDS. Blots were 
scanned with a Licor Odyssey CLx system and quantitated with Im-
age Studio Lite version 5.2.

Immunofluorescence
Primary rat HSCs were grown on glass coverslips and treated for 
24 hours with vehicle [phosphate-buffered saline (PBS)], FTH 
(24 hours, 10 nM), or LPS (24 hours, 100 ng/ml). Cells were fixed 
with formalin, blocked with 0.2% BSA, and probed for 1 hour at room 
temperature with the following antibodies: ASC (1:100; Santa Cruz 
Biotechnology, sc-514414) and IL-1β (1:100; Santa Cruz Biotech-
nology, sc-7884; 1:100); Rab5 (1:100; #3547), EEA1 (1:100; #3288), 
APPL1 (1:100; #3858), and FTH (1:100; #4393) from Cell Signaling 
Technology; ICAM-1 (1:100; 10 μg/ml; AF583) from R&D Systems; 
E-cadherin (1:200; DAKO, M3612); and EEA1 (1:100; #610456) and 
ZO-1 (1:100; #610966) from BD. After this, slides were treated with 
AF594 donkey anti-mouse and AF488 donkey anti-rabbit (Invitrogen) 
at 1:500 for 1 hour, respectively. AF488-phalloidin (Life Technologies, 
#A12379) and AF488 conjugate cholera toxin subunit B (recombinant; 
Life Technologies, #C34775) were used according to the manufacturer’s 
instructions. Glass coverslips were mounted in Prolong Gold 
(Molecular Probes) with 4′,6-diamidino-2-phenylindole. Images were 
taken with confocal microscope Zeiss 780NLO. Immunofluorescence 
images (63×/1.4 Oil DIC M27 1000 pixels by 1000 pixels) were 
quantified using MetaMorph Offline (7.8). The MetaMorph Lines-
can function (10-pixel width) was used to fully bisect cell bodies at 
10 to 12 different locations and angles at random. Linescan image 
data were quantified, and edges were determined by the presence of 
fluorescence above background. Edges were determined to be 10 to 
20 pixels in width, and the average edge fluorescence was divided by 
average non-edge cell body fluorescence to determine edge to 
body ratios.

Lipid raft (detergent-resistant membrane) preparation
Primary rat HSCs in 10-cm plates were washed 2× with cold 
PBS. To these, 300 μl of 1% Triton X-100 in MES-buffered saline 
(MBS) with protease and phosphatase inhibitors was added to the 
cells. The cells were scraped, transferred to new tubes, and incubated 
on ice for 30 min. Afterward, 0.5 ml of lysate mixed with 0.6 ml of 
80% sucrose in MBS was placed at the bottom of a centrifuge tube 
and layered with 8 ml of 30% sucrose in MBS followed by 5% su-
crose in MBS. The tubes were spun in a SW41 rotor for 18 hours at 
38,000 rpm at 4°C, and 1-ml fractions were collected from the top 
layers of the tube.

Reactive oxygen species
An Amplex Red Hydrogen Peroxidase assay kit (Invitrogen) was 
used to determine whether FTH treatment (24 hours, 10 nM) 
caused intracellular toxicity in primary rat HSCs by generation of 
ROS. Carboxy-H2DCFDA, a fluorescence probe that detects intra-
cellular hydrogen peroxide, was added 30 min before harvesting 
cells to measure ROS production in primary rat HSCs. Fluorescent 
cells were washed twice with PBS before being analyzed with a BD 
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FACSCalibur flow cytometer (BD Biosciences) using excitation and 
emission wavelengths of 492 and 517 nm, respectively. Approxi-
mately 10,000 events were recorded per sample, and the readout was 
analyzed using the FlowJo v10.06.

Quantification of IL-1β protein secretion from 
primary rat HSCs
An enzyme-linked immunosorbent assay (ELISA) against rat IL-1β 
(R&D Systems) was used to quantify the fold change of primary rat 
HSCs treated with FTH (24 hours, 10 nM). At the end of the treatment, 
conditioned medium was collected and measured using a 96-well 
polystyrene microplate coated with an IL-1β rat antibody according 
to the manufacturer’s provided protocol. Results were normalized as 
fold change relative to FTH-treated HSCs in each experimental rep-
licate unless stated otherwise. IL-1β concentrations were quantified 
from the absorbance at 450 nm measured on a microplate reader 
(BioTek PowerWave XS). All data were analyzed using GraphPad 
Software Inc. (USA).

FTH fluorescence labeling and MS
In preliminary studies, we treated primary rat HSCs (day 6, activated) 
with AF488-labeled human H-ferritin. To identify ferritin-binding 
proteins, primary rat HSCs were incubated first with a membrane-
permeable (dimethyl pimelimidate dihydrochloride) and then a 
membrane-impermeable cross-linker (bis[sulfosuccinimidyl]suber-
ate) for 30 min each at 37°C versus 4°C. Cells were lysed and spun, 
and membrane fraction proteins were separated by electrophoresis, 
with gels scanned for AF488 fluorescence. Major fluorescently la-
beled ferritin–cross-linked protein bands were excised and subject-
ed to tryptic digest and identification by nano–HPLC MS/MS.

Statistical analysis
Statistical analyses were performed with GraphPad Prism version 
9 (GraphPad Software Inc.). Where material is from the same 
mouse or same cell preparation, the analysis was performed using 
paired statistical tests: repeated measures one-way ANOVA with 
Šídák’s multiple comparisons test or paired Student’s t test, where 
applicable. Where material was from similar mouse groups, un-
paired statistical tests were used: one-way analysis of variance 
(ANOVA) with Šídák’s multiple comparison post hoc test or the 
unpaired Student’s t test, where applicable. All statistical analysis 
was performed before application of fold change normalization as 
displayed in figures. For all qPCR and ELISA data, statistical anal-
ysis was performed on log-transformed relative expression or 
quantification data to create normally distributed data. Normal 
distribution was evaluated by QQ plots. Results are presented as 
mean (fold change) ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, 
and ****P ≤ 0.0001 were used as statistical measures.
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Figs. S1 to S9 
Table S1
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MDAR Reproducibility Checklist
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