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SUMMARY

In this study, we identified a mechanism whereby the liver-
to-gut axis contributes to alcohol-associated liver disease.
We found that the protein complex of hepatocyte-derived
[O] HMGB1 with IL-1B activates a pro-inflammatory pro-
gram that, besides being detrimental to the liver, drives in-
testinal barrier dysfunction; therefore, targeting this
complex could have significant therapeutic potential.

BACKGROUND & AIMS: There is limited information on how
the liver-to-gut axis contributes to alcohol-associated liver
disease (AALD). We previously identified that high-mobility
group box-1 (HMGB1) undergoes oxidation in hepatocytes
and demonstrated elevated serum levels of oxidized HMGB1
([O] HMGB1) in alcoholic patients. Since interleukin-1 beta (IL-
1B) increases in AALD, we hypothesized hepatocyte-derived [O]
HMGB1 could interact with IL-1B to activate a pro-
inflammatory program that, besides being detrimental to the
liver, drives intestinal barrier dysfunction.

RESULTS: Alcohol-fed RageDMye mice exhibited decreased
nuclear factor kappa B signaling, a pro-inflammatory
signature, and reduced total intestinal permeability, result-
ing in protection from AALD. In addition, [O] HMGB1 bound
and signaled through the receptor for advanced-glycation
end-products (RAGE) in myeloid cells, driving hepatic
inflammation, intestinal permeability, and increased portal
blood lipopolysaccharide in AALD. We identified that [O]
HMGB1 formed a complex with IL-1B, which was found in
the livers of patients with acute alcoholic hepatitis and mice
with AALD. This complex originated from the liver, because
it was absent in the intestine when hepatocytes did not
produce [O] HMGB1. Mechanistically, the complex bound
RAGE in Kupffer cells and macrophages induced a pro-
inflammatory program. Moreover, it bound RAGE in intes-
tinal macrophages and epithelial cells, leading to intestinal
inflammation, altered intestinal epithelial cell tight junction
protein expression, increased intestinal permeability, and
elevated portal blood lipopolysaccharide, enhancing AALD
pathogenesis.

CONCLUSIONS: We identified a protein complex of liver origin
that amplifies the pro-inflammatory feedback loop in AALD;
therefore, targeting this complex could have significant thera-
peutic potential. (Cell Mol Gastroenterol Hepatol
2024;18:101362; https://doi.org/10.1016/j.jcmgh.2024.05.010)
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lcohol-associated liver disease (AALD) represents a
Abbreviations used in this paper: [H] HMGB1, native or fully reduced
HMGB1; [O] HMGB1, disulfide or oxidized HMGB1; AAH, acute alco-
holic hepatitis; AALD, alcohol-associated liver disease; AAV8, adeno-
associated virus serotype-8; Ab, antibody; Alb, albumin; ALT, alanine
aminotransferase; BSA, bovine serum albumin; DAMP, damage-
associated molecular pattern; ELISA, enzyme-linked immunosorbent
assay; HEPs, hepatocytes; HMGB1, high-mobility group box-1;
Hmgb1fl/fl, Hmgb1 floxed mice; IEC, intestinal epithelial cell; IHC,
immunohistochemistry; IL-B, interleukin-1 beta; IPA, Ingenuity
Pathway Analysis; KC, Kupffer cell; LDC, Lieber-DeCarli diet; LPS,
lipopolysaccharide; MF, macrophage; Mye, myeloid cell; NFkB, nu-
clear factor kappa B; PLA, proximity ligation assay; qPCR, quantitative
real-time polymerase chain reaction; RAGE, receptor for advanced-
glycation end-products; Ragefl/fl, Rage floxed mice; RNA-seq, RNA
sequencing; SEM, standard error of the mean; Tbg, thyroxine-binding
globulin; TJ, tight junction; TLR4, toll-like receptor-4; Tlr4DMye, condi-
tional Tlr4 knockout mice in myeloid cells; TNFA, tumor necrosis
factor-alpha; WT, wild-type; D[O] HMGB1, oxidation-incompetent
HMGB1 mutant.
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Asignificant clinical problem and stands as a major
cause of morbidity and mortality worldwide. The most
effective therapy is alcohol abstinence. However, current
treatment options for patients with severe acute alcoholic
hepatitis (AAH) and patients struggling to achieve absti-
nence remain suboptimal.1 Inflammation emerges as a
hallmark of alcohol-induced liver injury.2–4 The presence of
inflammatory cells in early biopsies from alcoholic patients
predicts disease progression.4 Among patients with AALD,
there is a notable activation of Kupffer cells (KCs) and
infiltrated macrophages (MFs), coupled with increased
production of disulfide high-mobility group box-1 ([O]
HMGB1)5 and interleukin-1 beta (IL-1B).6,7 Chronic alcohol
consumption exacerbates intestinal permeability and pro-
motes lipopolysaccharide (LPS) translocation, further acti-
vating KCs and MFs to enhance the production of pro-
inflammatory cytokines. The close link between the pro-
inflammatory effects of alcohol and injury strongly sup-
ports efforts to target the immune reaction early for hepatic
protection8; however, efficient upstream anti-inflammatory
therapies are urgently needed.

Numerous studies have established the role of the gut-
to-liver axis.9–15 Still, there needs to be more information
on how the liver-to-gut axis contributes to inflammation and
injury in AALD. It remains unknown whether ethanol-
induced sterile damage-associated molecular patterns
(DAMPs) of liver origin activate a pro-inflammatory pro-
gram that, besides being detrimental to the liver, drives
intestinal barrier dysfunction, creating an amplifying pro-
inflammatory feedback loop in AALD.

HMGB1 gained significant attention in the immunity field
after its discovery as a potent endogenous initiator of
inflammation.5,16–18 HMGB1 is an emerging prototype
DAMP19–21 because it mediates systemic inflammation, is
chemotactic,22 triggers classic inflammatory responses in
immune cells, and transduces signals to the host of cellular
damage or immune cell activation via interaction with
several cell surface receptors, including the receptor for
advanced-glycation end-products (RAGE)23–25 and toll-like
receptor-4 (TLR4).26 Yet, post-translational modifications
of HMGB1 govern receptor binding and downstream
signaling events.5,24,27–30

We previously demonstrated that HMGB1 is up-
regulated in response to liver injury and participates in
the pathogenesis of AALD.5 Moreover, we identified that
native HMGB1 ([H] HMGB1) undergoes oxidation in hepa-
tocytes (HEPs) and found that serum levels of [O] HMGB1
increase in alcoholic patients.5 In addition, IL-1B is highly
elevated in AALD.6,7,31,32 Although attempts were made to
block IL-1R to prevent AALD,7 success was limited because
of increasing the availability of circulating IL-1B, among
others. To date, it is unknown whether HEP-derived [O]
HMGB1 interacts with IL-1B to enhance the pathogenesis of
AALD.
1013
We posited that HEP-derived [O] HMGB1 could interact
with IL-1B. Indeed, we identified that [O] HMGB1 formed a
complex with IL-1B. We found that this complex is of liver
origin and binds RAGE in KCs and MFs to induce a pro-
inflammatory program that exacerbates hepatic injury. By
binding RAGE in intestinal MFs and epithelial cells (IECs)
and/or inducing the pro-inflammatory program, this com-
plex alters IEC tight junction (TJ) protein expression and
increases intestinal barrier dysfunction. Our overarching
goal was to dissect the pathogenic role of this complex of
liver origin in regulating a pro-inflammatory program that
drives hepatic and intestinal injury in AALD.

Results
Alcohol-fed RageDMye Mice Show a Decrease in
Nuclear Factor Kappa B Signaling, a Pro-
Inflammatory Signature, and Total Intestinal
Permeability, Which Results in Protection From
AALD

Among the receptors HMGB1 binds to, RAGE and TLR4
participate in liver disease33,34; therefore, we analyzed them
by quantitative polymerase chain reaction (qPCR) and found
similar expression in livers of wild-type (WT) mice fed
control or ethanol Lieber-DeCarli (LDC) diet (not shown). To
determine whether RAGE and TLR4 signaling in myeloid
cells (Mye) participate in AALD, WT, conditional Rage
knockout mice in myeloid cells (RageDMye), and conditional
Tlr4 knockout mice in myeloid cells (Tlr4DMye) mice were
fed a control or ethanol LDC diet for 6 weeks. Liver injury
was prevented in ethanol-fed RageDMye compared with WT
and Tlr4DMye mice, as shown by H&E staining (Figure 1A,
top), histopathologic scores (steatosis, hepatocyte
ballooning degeneration, inflammation), and parameters of
liver injury (liver-to-body weight ratios, serum alanine
aminotransferase [ALT] activities, liver triglycerides)
(Figure 1B). HMGB1 expression increased similarly in all
ethanol-fed mice (Figure 1A bottom and 1B middle).
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To understand the mechanism by which Rage ablation in
Mye protects from AALD, we performed liver RNA
sequencing (RNA-seq), revealing the induction of nuclear
factor kappa B (NFkB) signaling and pro-inflammatory
genes (CCL2/3/5, CX3CL1) in livers from ethanol-fed WT
but not RageDMye mice (Figure 1C). Changes in the pro-
inflammatory genes were also confirmed at the protein
level (Figure 1D). Next, we evaluated intestinal events that
could contribute to AALD. The increase in intestinal injury,
total intestinal permeability, portal blood LPS, and patho-
logic score was prevented in ethanol-fed RageDMye

compared with WT mice (Figure 1E and F and Figure 2A and
B). These results suggest that RAGE signaling in Mye is
essential for hepatic inflammation and increased intestinal
permeability in AALD.

[O] HMGB1 Binds RAGE
We previously found elevated [O] HMGB1 in alcoholic

patients and mice with AALD.5 However, whether [O] HMGB1
is a ligand for RAGE, either alone or in complex with other
proteins increased in AALD and the signals it conveys in Mye
(ie, KCs and MFs) to induce the pro-inflammatory program
and in IECs to increase intestinal permeability, remain to be
determined. First, we used surface plasmon resonance to test
whether [O] HMGB1 binds RAGE. RAGE was captured on a
CM5 sensor chip surface, and [O] HMGB1 was added at
increasing concentrations from 0–8 mmol/L for 5 minutes to
generate sensorgrams. The association rate constant ka¼ 5.10
(± 1.70)� 103mol/L-1s-1, dissociation rate constant kd¼ 1.22
(± 0.49) � 10-2 s-1, and equilibrium dissociation constant
KD¼ 2.39± 0.43 mmol/L were calculated by fitting the data to
the 1:1 Langmuir kinetic binding model. The KD ¼ 2.6 ± 0.7
mmol/L was also calculated by steady-state affinity. Response
at equilibrium was plotted against time and concentration
(Figure 3A). These results suggest that [O] HMGB1 has a sig-
nificant affinity for RAGE, and that the binding is stable over
time and dose-dependent.

[O] HMGB1 Signals via RAGE in Myeloid Cells to
Drive Hepatic Inflammation, Intestinal Permeability,
and Increased Portal Blood LPS in AALD

We used two approaches to prove that [O] HMGB1
binding to RAGE in Mye occurs in vivo. First, we injected WT
and RageDMye mice with bovine serum albumin (BSA)
(control), [H] HMGB1, or [O] HMGB1 while feeding them the
ethanol LDC diet for 6 weeks. WT mice injected [O] HMGB1
displayed increased liver injury (as shown by H&E staining,
histopathologic scores, and parameters of liver injury)
(Figure 3B and C), the pro-inflammatory signature in liver
(Figure 3D), intestinal injury (Figure 3E), and parameters of
intestinal injury (total intestinal permeability, portal blood
LPS, pathologic scores) (Figure 3F), compared with WT mice
injected BSA or [H] HMGB1, or with RageDMye mice injected
[O] HMGB1. HMGB1 expression increased equally in all mice
(Figure 3B bottom and 3C middle).

Second, we transduced Hmgb1&RageDHepDMye mice with
adeno-associated virus serotype-8 (AAV8) vectors contain-
ing a hepatocyte-specific promoter (thyroxine-binding
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globulin, Tbg) to overexpress WT HMGB1 or D[O] HMGB1 in
HEPs. Hmgb1&RageDHepDMye overexpressing WT HMGB1,
which can undergo oxidation to produce [O] HMGB1,
showed a similar pro-inflammatory signature in liver
(Figure 4A), intestinal injury (Figure 4B), and parameters of
intestinal injury (total intestinal permeability, portal blood
LPS, pathologic scores) (Figure 4C), compared with mice
overexpressing D[O] HMGB1, due to lack of RAGE in Mye.
Thus, the data suggest that RAGE signaling in Mye contrib-
utes to the pro-inflammatory effects of [O] HMGB1 in AALD.

[O] HMGB1 Forms a Complex With IL-1B, Found
in the Livers and Serum of Patients With AAH and
Mice With AALD

To assess whether the HMGB1 isoforms bind IL-1B,
highly increased in AALD,6,7,31,32 we incubated [H] HMGB1
or [O] HMGB1 with IL-1B alone to allow complexing or with
neutralizing antibodies (Abs) to HMGB1 or IL-1B to prevent
formation of the complex. Pull-down assays revealed that
[O] HMGB1 strongly binds IL-1B, whereas [H] HMGB1
barely binds it. The interaction was blocked by either Ab,
validating specificity (Figure 5A). This was further demon-
strated by surface plasmon resonance. IL-1B was captured
on a CM5 sensor chip surface, and [H] HMGB1 and [O]
HMGB1 were injected at concentrations ranging from 0–8
mmol/L for 5 minutes to generate sensorgrams. For the
interaction of [O] HMGB1 with IL-1B, the association rate
constant ka ¼ 5.32 (± 0.26) � 103 mol/L-1s-1, the dissoci-
ation rate constant kd ¼ 1.87 (± 0.35) � 10-2 s-1, and the
equilibrium dissociation constant KD ¼ 3.53 ± 0.87 mmol/L,
determined by fitting the data to the 1:1 Langmuir kinetic
binding model and by steady-state affinity. For both in-
teractions, responses at equilibrium were plotted against
time and concentration. The data suggested that [O] HMGB1
strongly and dose-dependently binds IL-1B; however, [H]
HMGB1 has a minimal binding affinity (Figure 5B). Binding
was confirmed and enhanced in the livers and serum of
patients with AAH and mice with AALD through immuno-
precipitation for IL-1B and subsequent immunoblotting
under non-reducing conditions to detect bound [O] HMGB1
(Figure 5C and D). Therefore, alcohol induces the formation
of a complex between [O] HMGB1 and IL-1B, yet its path-
ogenic role in AALD remains unknown.

The Complex Binds RAGE in the Liver and
Jejunum From Ethanol-fed Mice

To determine the binding affinity of the complex for
RAGE, we performed surface plasmon resonance. IL-1B was
captured on a CM5 sensor chip surface, and [O] HMGB1
bound to RAGE was injected at ranging from 0–10 mmol/L
for 5 minutes to generate sensorgrams. The ka ¼ 5.42 (±
1.15) � 103 mol/L-1s-1, kd ¼ 3.69 (± 0.32) � 10-3 s-1, and
KD ¼ 0.70 ± 0.10 mmol/L constants were calculated by
fitting the data to the 1:1 Langmuir kinetic binding model
and steady-state affinity. Response at equilibrium was
plotted against time and concentration. There was a binding
affinity of the protein complex for RAGE (Figure 6A),
although lower than by [O] HMGB1 alone (Figure 5B).
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Figure 1. Alcohol-fed RageDMye mice show a decrease in NFkB signaling, a pro-inflammatory signature, and total in-
testinal permeability, which results in protection from AALD.WT (controls), RageDMye, and Tlr4DMye mice were fed a control
or an ethanol LDC diet for 6 weeks. H&E staining (black arrows: steatosis, yellow arrows: inflammation) (A top) and HMGB1 IHC
(orange arrows: positive staining) (A bottom). Histopathologic scores (steatosis, hepatocyte ballooning degeneration,
inflammation), HMGB1 morphometry, and parameters of liver injury (liver-to-body weight ratios, serum ALT activities, liver
triglycerides) (B). Heatmaps from RNA-seq of the liver showing global, NFkB pathway, and pro-inflammatory gene signatures
(red: up, blue: down) (C). Liver pro-inflammatory protein signature (TNFA, CCL2, and CCL5 are in pg/mg, CCL3 and CX3CL1
are in ng/mg) (D). Jejunum H&E staining (blue arrow: focal ulceration, yellow arrow: inflammation) (E). Parameters of intestinal
injury (total intestinal permeability [FITC fluorescence units], portal blood LPS [pg/mL], pathologic scores) (F). Results are
expressed as mean ± SEM; n ¼ 6 male and n ¼ 6 female/group. *P < .05, **P < .01, and ***P < .001 vs Control; �P < .05 and
��P < .01 vs WT.
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Importantly, we also ruled out the binding of IL-1B to RAGE
(Figure 7).

To investigate whether the complex binds RAGE in MFs,
we performed proximity ligation assays (PLAs). This
1013
approach confirmed that the complex binds RAGE in MFs
isolated from the livers of WT mice but not from RageDMye

mice (Figure 6B). Because we hypothesized that the liver
signals to the intestine (ie, liver-to-gut axis), we investigated
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Figure 2. Alcohol-fed RageDMye mice are protected from
intestinal injury. WT (controls), RageDMye, and Tlr4DMye mice
were fed a control or an ethanol LDC diet for 6 weeks. H&E
staining of stomach, duodenum, jejunum, ileum, and colon in
mice fed control (A) or ethanol (B) (yellow arrows: inflamma-
tion). n ¼ 6 male and n ¼ 6 female/group.
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whether the complex is present in the intestine during
AALD. To examine this, we performed PLAs on the intestine
of WT and Hmgb1DHepDMyeDIEC mice fed ethanol. The latter
1013
mice were chosen to minimize the production of HMGB1
(negative control). We found that the complex is present in
the intestine of ethanol-fed WT but not in mice unable to
produce [O] HMGB1 (Figure 6C). Binding was specific
because Hmgb1DHepDMyeDIEC mice fed ethanol and injected
with the complex showed positive staining in the PLA
(Figure 6C, right panels). Finally, binding was further vali-
dated by pull-down assays in mouse liver and jejunum from
control and ethanol-fed mice (Figure 6D). Thus, the complex
binds RAGE in MFs, liver, and intestine, but its mechanism of
signaling to enhance alcohol-induced liver and intestinal
injury remains elusive.

The Complex Stimulates the Production of the
Pro-inflammatory Signature by KCs and MFs via
RAGE

To investigate whether the complex enhances tumor
necrosis factor-alpha (TNFA) production, significantly
increased in AALD,35 and demonstrates its pathogenic
relevance, primary KCs were isolated from WT mice and
treated with the complex or each component for 24 hours.
The complex increased Tnfa mRNA and secreted TNFA
protein more than its components (Figure 8A bar graphs
and Western blot). Furthermore, primary KCs fromWT mice
produced more TNFA and CCL5 when stimulated by the
complex compared with each component. This effect was
attenuated by ablating Rage as validated by co-treatment
with a RAGE-neutralizing Ab (not shown) (Figure 8A ta-
ble). Similarly, MFs treated with the complex for 24 hours
showed increased intracellular and secreted TNFA, compa-
rable with LPS treatment, highlighting its pathophysiological
relevance (Figure 8B). RNA-seq revealed that MFs treated
with the complex for 24 hours increased the NFkB pathway
and pro-inflammatory genes (Figure 8C), as in livers from
ethanol-fed WT mice, which were attenuated in RageDMye

mice (Figure 1C). Further analysis by Ingenuity Pathway
Analysis (IPA) showed the up-regulation of pathways
involved in cytokine storm, MF activation, and HMGB1
signaling (Figure 8D). To investigate whether RAGE drives
the effects of the complex, we co-incubated MFs with each
component of the complex alone or with the complex along
with Abs against RAGE or IL-1B. Blocking RAGE but not IL-
1B reduced the increase in intracellular and secreted TNFA
and CCL3, along with secreted CCL2 and CCL5, mediated by
the complex (Figure 8E). Higher doses of RAGE Ab may be
required for full protection, but the data suggest the com-
plex signals via RAGE in MFs. In summary, the effects of the
complex are greater than those of its components, inducing
a RAGE-dependent pro-inflammatory signature in KCs and
MFs. However, it remains unknown whether the complex
elicits a higher pro-inflammatory response via RAGE
signaling in vivo and how it causes hepatic and intestinal
injury.

The Complex Is Absent in the Intestine When
HEPs Do Not Produce [O] HMGB1

Next, we asked whether the complex, expected to origi-
nate from the liver, was present in the intestine. Pull-down
62
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Figure 3. [O] HMGB1 binds RAGE. RAGE was captured on a CM5 sensor chip surface, and [O] HMGB1 was added at
increasing concentrations from 0–8 mmol/L for 5 minutes (A left). Sensorgrams show the response at equilibrium plotted
against time (A middle) and concentration (A right). [O] HMGB1 signals via RAGE in myeloid cells to drive hepatic inflammation,
intestinal permeability, and increased portal blood LPS in AALD. WT (controls) and RageDMye were injected with BSA (control),
[H] HMGB1, or [O] HMGB1 and fed ethanol LDC diet for 6 weeks. H&E staining (black arrows: steatosis, yellow arrows:
inflammation) (B top) and HMGB1 IHC (orange arrows: positive staining) (B bottom). Histopathologic scores (steatosis, he-
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ratios, serum ALT activities, liver triglycerides) (C). Liver pro-inflammatory protein signature (TNFA, CCL2, and CCL5 are in pg/
mg, CCL3 and CX3CL1 are in ng/mg) (D). Jejunum H&E staining (yellow arrows: inflammation, blue arrows: focal ulceration) (E).
Parameters of intestinal injury (total intestinal permeability [FITC fluorescence units], portal blood LPS [pg/mL], pathologic
scores) (F). In B–F, results are expressed as mean ± SEM; n ¼ 6 male and n ¼6 female/group. *P < .05 and **P < .01 vs BSA;
�P < .05, ��P < .01, and ���P < .001 vs WT.
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assays demonstrated the presence of the complex in jejunum
from ethanol-fed Hmgb1DHep mice, which express WT but not
D[O] HMGB1 (Figure 9A left). In addition, we showed that
1013
RAGE was unchanged in primary IECs treated with the com-
plex (Figure 9A right). Thus, the complex is not found in the
intestine when HEPs do not produce [O] HMGB1.
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mice were fed an ethanol LDC diet for 6
weeks. Liver pro-inflammatory protein
signature (TNFA, CCL2, and CCL5 are in
pg/mg; CCL3 and CX3CL1 are in ng/mg)
(A). Jejunum H&E staining (yellow ar-
rows: inflammation) (B). Parameters of
intestinal injury (total intestinal perme-
ability [FITC fluorescence units], portal
blood LPS [pg/mL], pathologic scores)
(C). Results are expressed as mean ±
SEM; n ¼ 6 male and n ¼ 6 female/
group.
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The Complex Binds RAGE in Myeloid Cells and
IECs to Increase Hepatic Inflammation and
Intestinal Permeability and Enhance Portal Blood
LPS in AALD

To assess whether the complex could signal via RAGE in
myeloid cells and IECs to drive downstream effects, we
injected it into WT (controls), RageDMye, RageDIEC, and
RageDIECDMye mice throughout the ethanol-feeding regimen.
RageDIECDMye mice exhibited significant protection from
alcohol-induced liver injury compared with WT, RageDMye,
and RageDIEC mice injected with the complex. Moreover,
RageDMye mice showed better protection than RageDIEC

mice. This was demonstrated by H&E staining (Figure 9B),
histopathologic scores (steatosis, hepatocyte ballooning
degeneration, inflammation), parameters of liver injury
(liver-to-body weight ratios, serum ALT activity, liver
triglycerides), and mortality rates (Figure 9C), and the pro-
inflammatory signature in the liver (Figure 9D). Further-
more, RageDIECDMye mice displayed less alcohol-induced
intestinal injury compared with WT, conditional Rage
knockout mice in intestinal epithelial cells (RageDIEC), con-
ditional Rage knockout mice in intestinal epithelial cells and
myeloid cells (RageDIECDMye), RageDMye, and mice injected
with the complex, as shown by H&E staining (Figures 10A
and 11A), and decreased parameters of intestinal injury
(total intestinal permeability, portal blood LPS, pathologic
1013
scores) (Figure 10B). These results suggest that the complex
signals via RAGE in Mye and IECs drive AALD pathogenesis.
The Complex Alters IEC TJ Protein Expression
To determine whether the complex alters IEC TJ protein

expression to increase intestinal permeability in vivo and
whether this effect is receptor-dependent, we isolated IECs
from WT (controls), RageDMye, RageDIEC, and RageDIECDMye

mice injected with the complex. Western blot analysis
showed induction of TJ proteins (CLDN7, ZO1, OCLN) in
RageDMye, RageDIEC, and RageDIECDMye mice compared with
WT mice. Injection of the complex reduced these TJ proteins
more in RageDIEC mice than in the other groups of mice
(Figure 10C). This was validated by immunofluorescence in
jejunal samples (Figure 10D), which also showed no effect
on other TJ proteins (CLDN2, CLDN5) (Figure 11B). There-
fore, the complex alters IEC TJ protein expression to in-
crease intestinal permeability, which is prevented in
RageDMye and RageDIECDMye mice.

Discussion
Previous work provides solid evidence that the gut-to-

liver axis,9,10,36 the composition of the gut micro-
biome,13,37,38 and bile acids39,40 are amenable targets to
prevent AALD. However, a significant gap exists in the
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Figure 5. [O] HMGB1 forms a complex
with IL-1B, found in the livers and
serum of patients with AAH and mice
with AALD. [H] HMGB1 and [O] HMGB1
were incubated with IL-1B (all at 1.5
nmol/L) and immunoglobulin G, HMGB1
Ab, or IL-1B Ab (all at 3 mmol/L) for 1
hour at 37�C. Immunoprecipitation of
HMGB1 and immunoblotting for IL-1B
and the reverse (A). IL-1B was
captured on a CM5 sensor chip surface,
and [H] HMGB1 or [O] HMGB1 were
injected at 0–8 mmol/L for 5 minutes (B
top). Sensorgrams show response at
equilibrium plotted against time (B mid-
dle and bottom left) and concentration
(B middle and bottom right). The amount
of bound IL-1B and [O] HMGB1 in the
livers of healthy and AAH patients was
determined by immunoprecipitation of
HMGB1 and immunoblotting for IL-1B
and the reverse (C left). Bound [O]
HMGB1 and IL1B in mice fed control or
ethanol LDC diets for 6 weeks (C right).
The amount of bound IL-1B and [O]
HMGB1 in the serum of healthy and AAH
patients was determined by immuno-
precipitation of HMGB1 and immuno-
blotting for IL-1B and the reverse (D left).
Bound [O] HMGB1 and IL-1B in serum of
mice fed control or ethanol LDC diets for
6 weeks (D right). Results are expressed
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*P < .05, **P < .01, and ***P < .001 vs
Healthy or Control.
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limited research addressing how the liver-to-gut axis,37

specifically hepatic DAMPs, contributes to liver injury and
intestinal permeability in AALD, which catalyzed this
project.

Two key earlier findings from our laboratory laid the
foundation for this study. Initially, we demonstrated that
1013
HMGB1 is a DAMP up-regulated in response to liver injury,
which participates in the pathogenesis of AALD.5 Later, we
found that HMGB1 undergoes oxidation in HEPs and that
serum levels of [O] HMGB1 increase in alcoholic patients.5

Therefore, how does the current study advance our
knowledge of the role of [O] HMGB1 in AALD?
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Figure 6. The complex binds RAGE in
the liver and jejunum from ethanol-fed
mice. IL-1B was captured on a CM5
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bound to RAGE was injected at
increasing concentrations for 5 minutes
(A top). Sensorgrams show response at
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right). PLAs of the complex in MFs iso-
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mice (red: complex bound to RAGE) (B).
PLAs on the intestine of WT (controls)
and Hmgb1DHepDMyeDIEC mice fed
ethanol (red: indicates that the complex
is present in the intestine of WT but not
in mice unable to produce [O] HMGB1)
(C). Pull-down assays show binding of
the complex to RAGE in the liver (D left)
and the jejunum (D right) of ethanol-fed
mice. Results are expressed as mean ±
SEM; n ¼ 6 Healthy and n ¼ 6 AAH. n ¼
3 Control and n ¼ 3 Ethanol. **P < .01
and ***P < .001 vs Control.
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First, we demonstrated that [O] HMGB1 binds RAGE
using surface plasmon resonance. Furthermore, two
in vivo experiments established that [O] HMGB1 signals
through RAGE in Mye to drive pathogenesis in AALD. In-
jection of [O] HMGB1 or overexpression of WT HMGB1,
which undergoes oxidation in HEPs, showed no increase in
the pro-inflammatory signature, total intestinal perme-
ability, or portal blood LPS in RageDMye mice compared
with controls. Although these studies revealed that [O]
HMGB1 signals through RAGE in Mye, the possibility that
complexing of [O] HMGB1 with other proteins induced in
1013
AALD could provide a more potent stimulus for RAGE
remained unknown.

Second, we revealed that HEP-derived [O] HMGB1 forms
a complex with IL-1B, demonstrating binding in vitro in AAH
patients and mice with AALD. Notably, the formation of the
complex involves a large portion of the total amount of each
protein in both human and mouse livers. We unveil that this
novel complex is more potent than each component.
Furthermore, we determined the complex’s Ka, Kd, and KD

constants, which allowed us to conclude that the complex is
stable and has a strong affinity between proteins. Because
62



Analyte
(IL-1 )

CM5 Sensor surface

Immobilized

8
4
2
1
0.5
0.25
0.125

IL- (μm)

-10

-6

-2

2

6

10

-50 0 50 100 150 200 250 300

Time (S)

esnopser
evitale

R
(R

U
)

1 to 1 Langmuir kinetic fitting Steady-state affinity fitting

0 8.2e-7 2.46e-6 4.1e-6 5.74e-6 7.38e-6

Concentration (M)
R

el
at

iv
e 

re
sp

on
se

 (R
U

)

-10

-6

-2

2

6

10
Figure 7. IL-1B does not
bind RAGE. RAGE was
captured on a CM5 sensor
chip surface, and IL-1B
was added at increasing
concentrations from 0–8
mmol/L for 5 minutes (top).
Sensorgrams show the
response at equilibrium
plotted against time (bot-
tom left) and concentration
(bottom right).

10 Ge et al Cellular and Molecular Gastroenterology and Hepatology Vol. 18, Iss. 3
HEPs are the sole source of [O] HMGB1 and activated KCs
and infiltrated MFs are the main hepatic source of IL-1B in
AALD,6,7 most of the complex likely is of liver origin.
Mechanistically, the complex binds RAGE in KCs and MFs to
induce a pro-inflammatory signature that exacerbates he-
patic injury. Notably, each protein in this pro-inflammatory
signature (TNFA, CCL2/3/5, CX3CL1) was previously
implicated in the pathogenesis of AALD in patients,41–44

attesting to the clinicopathologic relevance of the complex.
Third, this complex of liver origin was also found in

jejunum from ethanol-fed mice. IECs produce HMGB145 but
do not oxidize it and, therefore, cannot generate the complex
(not shown). Thus, the production of the complex in the
intestine is unlikely. Moreover, in a prior study, we
demonstrated that ablation of Hmgb1 in IECs does not alter
intestinal permeability compared with WT mice with
metabolic dysfunction-associated steatohepatitis.45 Here, we
show that the complex is absent from the intestine when
HEPs do not produce [O] HMGB1; therefore, changes in total
intestinal permeability and increased portal serum LPS do
not occur. The complex may reach the intestine via the
mesenteric artery.

In addition, we demonstrate that by binding RAGE in
IECs and inducing the pro-inflammatory program, this
complex alters TJ protein expression, increases intestinal
permeability, and portal blood LPS. Consequently, intestinal
barrier dysfunction enhances liver injury. Therefore, we
propose a conceptually novel framework for a liver-to-gut
pro-inflammatory feedback loop in AALD.

Regarding timing, it is possible that [O] HMGB1 signals
through RAGE in early AALD. Then, as its concentration
increases, it binds to other pro-inflammatory mediators,
such as IL-1B, in the late stages of the disease or both. The
complex may then magnify the pro-inflammatory program,
exacerbating its effects in severe illness. Complexing [O]
HMGB1 with IL-1B might enhance protein activity or extend
1013
the half-life. Disrupting the interaction of the complex with
its receptor via [O] HMGB1, IL-1B, RAGE-specific Abs, or
small molecules could reduce hepatic and intestinal injury
in AALD. Thus, this complex could drive sterile inflamma-
tory responses to a self-perpetuating loop that results in
chronic damage.

Because corticosteroids, the standard of care for se-
vere AAH patients, have numerous side effects and are
contraindicated for patients with renal failure or in-
fections, targeting the complex with an Ab could be more
specific, a multipurpose approach (trapping the complex
and preventing the increase in pro-inflammatory cyto-
kines), and perhaps a safer alternative (most Abs are
typically well-tolerated). One of the effects of pentoxifyl-
line, used for severe AAH when corticosteroids are con-
traindicated, is the inhibition of TNFA; therefore,
targeting the complex or RAGE with an Ab would also
block TNFA induction.

Our findings are conceptually innovative because they
challenge our current knowledge of AALD in several ways.
First, we unveil a novel liver-to-gut pro-inflammatory
feedback loop caused by a complex of liver origin ([O]
HMGB1 produced by HEPs and IL-1B by KCs and MFs).
Second, it highlights the role of this complex signaling via
RAGE in KCs and MFs to induce a pro-inflammatory signa-
ture (TNFA, CCL2/3/5, CX3CL1) that exacerbates hepatic
injury. Third, it is possible that this complex, signaling via
RAGE in intestinal MFs and IECs and inducing the pro-
inflammatory program itself, alters TJ protein expression
to drive intestinal barrier dysfunction.

Because this complex can enhance RAGE signaling, it
emerges as a key upstream regulator and an attractive
target to block. It could potentially be more effective in
AALD prevention than blocking individual pro-inflammatory
signals. This concept could be transformative because
developing an Ab to neutralize the complex is feasible, and
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Abs against RAGE are available and safe in clinical trials;
their use could have significant therapeutic potential for
alcoholic patients.
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Changes in this complex could be used as a biomarker of
the clinical course of AALD, for treatment outcomes, and to
identify patients at greater risk of progression. The notion
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that this complex exacerbates hepatic injury and is a
retrograde mechanism whereby the liver enhances intesti-
nal permeability adds a new pro-inflammatory feedback
loop to drive the progression of AALD.

Our work underscores the complex but specific mecha-
nisms through which HMGB1 isoforms influence liver dis-
ease outcomes. Previously, we showed that [O] HMGB1
induces hepatic stellate cell activation, thereby exacerbating
liver fibrosis, whereas sulfonated HMGB1 induces apoptosis
in hepatic stellate cells, contributing to fibrosis regression.46

The current study delineates a novel pro-inflammatory
mechanism mediated by [O] HMGB1 through its interac-
tion with RAGE on KCs and MFs in AALD. This interaction
triggers a local inflammatory cascade within the liver that
extends to the intestine. Moreover, [O] HMGB1 forms a
potent complex with IL-1B, further intensifying the inflam-
matory response. This complex exhibits a specific affinity for
RAGE within the liver and across intestinal MFs and IECs,
precipitating adverse effects. Thus, the dual role of RAGE as
a signaling mediator in both liver fibrosis and AALD path-
ogenesis is noteworthy. Although its activation in hepatic
stellate cells is pivotal for fibrosis progression, RAGE acti-
vation in KCs and MFs emerges as a critical factor in exac-
erbating AALD.

There are some limitations in our study. Although
restorative macrophages are involved in liver repair after
injury, we used a model of early alcohol-induced liver injury,
not of resolution. In addition, KCs and infiltrating MFs each
play distinct yet interconnected roles in liver homeostasis
and pathology, including AALD. It is possible to use genetic
models with specific Cre recombinase lines to dissect the
roles of these cell populations in the liver’s response to
injury. Such strategies could offer valuable insights but are
accompanied by inherent limitations, including the speci-
ficity of Cre expression and potential compensatory mech-
anisms that might obscure the direct effects of gene
deletion. As for how to compare the effect of monocyte-
derived MFs with intestinal Mye, this remains a challenge.
The intestinal-liver axis, pivotal in conditions such as AALD,
involves a complex interplay of barrier integrity, microbial
translocation, and immune activation that complicates the
isolation of specific cellular contributions. To advance our
understanding in this field, innovative experimental designs
are needed. For example, using dual-reporter mice or
adoptive transfer experiments with genetically tagged cells
could provide insights into the dynamics of cell trafficking
and function. In addition, advanced imaging techniques,
single-cell sequencing, and cell trajectory analyses might
Figure 9. (See previous page). The complex is absent in the in
assay demonstrating the presence of the complex in jejunum fr
HMGB1 (A left). Western blot analysis of RAGE in primary IECs t
myeloid cells and IECs to increase hepatic inflammation and in
WT (controls), RageDMye, RageDIEC, and RageDIECDMye mice were
for 6 weeks. Liver H&E staining (black arrows: steatosis, yellow
hepatocyte ballooning degeneration, inflammation), parameters
liver triglycerides), and mortality rates (C). Liver pro-inflammator
CX3CL1 are in ng/mg) (D). Results are expressed as mean ± SEM
vs WT. �P < .05 and ��P < .01 vs no complex.
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offer unprecedented resolution in distinguishing the roles
and origins of MF populations within diseased tissues.

Materials and Methods
General Methodology

Details on general methods such as serum ALT activities,
liver triglycerides, H&E staining, IHC, Western blot analysis,
mRNA isolation, and qPCR are described in our previous
publications.5,24,34,47–49
Antibodies and Enzyme-linked Immunosorbent
Assay Kits

Abs used in Western blot analysis were sourced from
various suppliers: HMGB1 (sc-56698), RAGE (sc-365154),
and actin (sc-1616) were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA); TNFA (70R-TR008) from
Fitzgerald (Acton, MA); IL-1B (AF-401-NA) from R&D Sys-
tems (Minneapolis, MN); CCL3 (ab179638) and CLDN7
(ab27487) from Abcam (Cambridge, MA); ZO-1 (PA5-
28858), OCLN (711500), CLDN2 (51-6100), and CLDN5 (34-
1600) from Invitrogen (Carlsbad, CA). HMGB1 (ab18256)
and IL-1B (ab9722) from Abcam were used in pull-down
assays. Electrophoresis was performed under non-
reducing or reducing conditions to detect [O] HMGB1.
Enzyme-linked immunosorbent assay (ELISA) kits were
used to determine TNFA (EK0525, Boster Biological),
CX3CL1 (RAB0113, Sigma-Aldrich, St Louis, MO), and CCL2
(BMS281), CCL3 (88-56013), and CCL5 (KMC1031), all from
Invitrogen (Waltham, MA).
Mice
Hmgb1fl/fl mice were donated by Dr Timothy R. Billiar

(University of Pittsburgh, Pittsburgh, PA). The Hmgb1loxP

allele was created by inserting loxP sites within introns 1
and 2 and flanking exon 2 of Hmgb1 [39]. Ragefl/fl mice were
obtained from Dr Bernd Arnold (German Cancer Research
Center, Heidelberg, Germany). The RageloxP allele was
created by inserting loxP sites flanking exons 2–7 of Rage.50

Tlr4fl/fl mice were a gift from Dr David J. Hackam (University
of Pittsburgh, Pittsburgh, PA). The Tlr4loxP allele was created
by inserting loxP sites flanking exon 2 of Tlr4.51 Floxed mice
were bred with Albumin.Cre (JAX:003574, B6.Cg-Tg(Alb-cre)
21Mgn/J), Lysozyme-2 (Lyz2).Cre (JAX:004781, B6.129P2-
Lyz2tm1(cre)Ifo/J), or Villin (Vil).Cre (JAX:004586, B6.Cg-
Tg(Vil1-cre)997Gum/J) (Jackson Laboratory, Bar Harbor,
ME) to generate HEP-specific, Mye-specific, IEC-specific, and
testine when HEPs do not produce [O] HMGB1. Pull-down
om ethanol-fed Hmgb1DHep mice expressing WT but not D[O]
reated with the complex (A right). The complex binds RAGE in
testinal permeability and enhance portal blood LPS in AALD.
injected with the complex while being fed an ethanol LDC diet
arrows: inflammation) (B). Histopathologic scores (steatosis,
of liver injury (liver-to-body weight ratios, serum ALT activities,
y signature (TNFA, CCL2, and CCL5 are in pg/mg, CCL3 and
; n ¼ 6 male and n ¼ 6 female/group; *P < .05 and **P < .01
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Figure 11. The complex
alters tight junction pro-
tein expression. WT (con-
trols), RageDMye, RageDIEC,
and RageDIECDMye mice
were injected with the
complex while being fed
an ethanol LDC diet for 6
weeks. Stomach, duo-
denum, ileum, and colon
H&E staining (yellow ar-
rows: inflammation) (A).
Immunofluorescence for
CLDN5 and CLDN2 in
jejunum (yellow arrows:
positive staining) (B). n ¼6
male and n ¼ 6 female/
group.

Figure 10. (See previous page). The complex alters IEC tight junction protein expression. WT (controls), RageDMye,
RageDIEC, and RageDIECDMye mice were injected with the complex while being fed an ethanol LDC diet for 6 weeks. Jejunum
H&E staining (yellow arrows: inflammation, blue arrows: focal ulceration) (A). Parameters of intestinal injury (total intestinal
permeability [FITC fluorescence units], portal blood LPS [pg/mL], pathologic scores) (B). Western blot for CLDN7, ZO-1, and
OCLN in IECs isolated from these mice (C). Immunofluorescence for CLDN7, ZO-1, and OCLN in jejunum from these mice
(yellow arrows: positive staining) (D). Results are expressed as mean ± SEM; n ¼ 6 male and n ¼ 6 female/group. *P < .05, **P
< .01, and ***P < .001 vs WT. �P < .05, ��P < .01, and ���P < .001 vs no complex.
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combinations thereof of conditional knockout mice. Thus,
the mouse lines generated for this study were Hmgb1DHep,
Hmgb1DHepDMyeDIEC, Hmgb1&RageDHepDMye, RageDIEC, Rage-
DIECDMye, RageDMye, and Tlr4DMye mice. Controls, referred
to WT, were used in all experiments. First, each Cre mouse
line that had not been crossed to any fl/fl mouse line was
used as a control for Cre-induced recombination at cryptic
lox sites in the genome. Second, each fl/fl mouse line that
had not been crossed to any Cre mouse line was used as a
control for the effects of introducing loxP sites into the
intron regions of the gene of interest. All loxP-flanked
(floxed) strains were re-derived using C57BL/6J oocytes
donors. All mice lacked a liver phenotype in the absence of
any treatment.
Model of Alcohol-induced Liver Injury
The LDC model was used to provoke early alcohol-

induced liver injury. Control and ethanol LDC diets (Bio-
Serv Inc, Frenchtown, NJ) are equicaloric and have the same
composition concerning fat (42% of calories) and protein
(16% of calories). The content of carbohydrates is 42% of
total calories (dextrin-maltose) in the control diet and 12%
in the ethanol diet, where up to 30% of carbohydrate cal-
ories are replaced by ethanol.52 To determine the contri-
bution of the cell source of HMGB1 and the involvement of
RAGE and TLR4 signaling in AALD, an equal number (n ¼ 6/
sex/condition) of 10-week-old male and female Hmgb1DHep,
Hmgb1DHepDMye, Hmgb1DHepDMyeDIEC, Hmgb1&RageDHepDMye,
RageDIEC, RageDMye, RageDIECDMye, Tlr4DMye, and their cor-
responding control mice were used with the LDC model for
6 weeks. Mice were acclimatized to the liquid diet by
feeding them the control diet for 3 days. The percentage of
ethanol-derived calories progressively increased from 10%
(1 week) to 20% (1 week), 25% (2 weeks), and 30% (w2
weeks). Mice were pair-fed, and liver and body weights
were logged on death to calculate the liver-to-body weight
ratios. We use the littermate approach to control genetic
and environmental background. Mice are randomly chosen
from several cages and randomly assigned to each treat-
ment group to avoid the batch effect. Blood was collected by
submandibular bleeding under anesthesia, and livers were
removed for further analysis.

To explore the role of [O] HMGB1 and RAGE signaling in
AALD, an equal number (n ¼ 6/sex/condition) of 10-week-
old male and female WT (controls) and RageDMye mice were
injected intraperitoneally with BSA, [H] HMGB1 (1690-HM,
R&D Systems), or [O] HMGB1 (cat. no. 211009, IBL Inter-
national), at a dose of 0–0.1 mg/g,33 throughout the ethanol
feeding protocol. To further validate the role of [O] HMGB1
in AALD, an equal number (n ¼ 6/sex/condition) of 10-
week-old male and female Hmgb1DHep and Hmgb1&Ra-
geDHepDMye mice were transduced with AAV8 vectors, con-
taining the Tbg promoter, to target HEPs specifically.53,54

The vectors were AAV8.Tbg.WT.Hmgb1.Gfp, to overexpress
native or WT HMGB1 that can undergo post-translational
modifications, and AAV8.Tbg.NLS1(2C/2S).Gfp that
cannot produce [O] HMGB1 (D[O] HMGB1). Two weeks
after successful expression, mice were fed the LDC diets. A
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final experiment was performed with RageDMye, RageDIEC,
RageDIECDMye, and their corresponding control mice, where
the complex was injected intraperitoneally at a dose of 4
pmol/L/g twice a week during the ethanol-feeding
experiment.

Gut Permeability
Mice were gavaged with 100 mL FITC-dextran 4 (Sigma-

Aldrich) (160 mg/kg) under fasting conditions 4 hours
before euthanization. FITC-dextran-4 fluorescence was
quantified in portal blood serum and expressed as total
intestinal permeability adjusted by the volume of the clean
intestine. Portal blood LPS was measured using the chro-
mogenic LAL assay from Lonza Inc (Allendale, NJ).

Pathology
In all experiments, we collected the entire left liver lobe

from all mice, and intestinal Swiss rolls were prepared.
Tissues were fixed in 4% neutral-buffered formalin and
sectioned into 4-mm paraffin sections for H&E staining.
Steatosis grade was 0 ¼ <5%, 1 ¼ 5%–33%, 2 ¼ >33%–
66%, and 3 ¼ >66%. Scores for necrosis were 1 ¼ hepa-
tocyte necrosis affecting only zone 3, 2 ¼ in addition to zone
3 necrosis, occasional bridging necrosis was seen, and 3 ¼
pronounced bridging and confluent necrosis. In the LDC
model, necrosis is minimal regardless of genotype.
Ballooning degeneration was identified when HEPs were
enlarged, in most cases, to more than twice the size of their
neighboring cells. In addition, the cytoplasmic membrane
became rounded instead of the usual hexagonal shape of
normal HEPs. Most of the cytoplasm appeared empty, except
for a few irregular wisps of pink material, representing
damaged cytoplasmic content. Inflammation was noted to
be lymphocytes present in lobules and was scored as 1 ¼
rare foci, 2 ¼ up to 5 foci, and 3 when there were >5 foci.
Pathologic scoring of intestinal segments was as follows:
1 ¼ mild mucosal inflammatory cell infiltrates with intact
epithelium, 2 ¼ moderate inflammatory cell infiltration into
the mucosa with intact epithelium, 3 ¼ mucosal infiltrates
with focal ulceration, and 4 ¼ mucosal infiltrates with
extensive ulceration.55 The assessment of the above scores
was uniformly performed under �200 magnification.

Cells and Treatment
Primary KCs were isolated from control and RageDMye

mice as previously shown.56,57 Cells were treated with
serum-free Dulbecco modified Eagle medium-F12 before
treatment with IL-1B, [O] HMGB1, and the [O] HMGB1 þ IL-
1B complex (all at 1 nmol/L) for 24 hours. Cell lysate and
culture medium were collected for protein or mRNA anal-
ysis. Raw 264.7 MFs were seeded (10,000 cells/well) on 12-
well plates in Dulbecco modified Eagle medium/F12 with
10% fetal bovine serum. Cells were cultured using Dulbecco
modified Eagle medium-F12 for 1 day. The medium was
replaced by serum-free Dulbecco modified Eagle medium-
F12 before treatment with IL-1B, [H] HMGB1, [O] HMGB1,
[H] HMGB1 þ IL-1B, and [O] HMGB1 þ lL-1B (all at 1 nmol/
L) for 24 hours. To prepare the complex, equal HMGB1 and
62



2024 A Pro-inflammatory Protein Complex in AALD 17
IL-1B were bound in a tube at 37�C for 30 minutes and
added to the cells. To compare the effects of the complex
with those from LPS, MFs were treated with the [O]
HMGB1 þ IL-1B complex (1 nmol/L) or LPS (2 nmol/L) for
24 hours. To determine whether the effects of the complex
were RAGE-dependent, MFs were co-treated with neutral-
izing Abs to RAGE or IL-1B or non-immune rabbit immu-
noglobulin G at a dose of 5 nmol/L, respectively, for 24
hours. Cell lysate and culture medium were collected for
protein analysis or RNA sequencing. IECs were isolated from
WT (controls), RageDMye, and RageDIEC mice, as previously
shown,45 and immediately used for protein analysis.

In Vitro Reconstituted System
Binding of [H] HMGB1 or [O] HMGB1 to IL-1B was

analyzed by incubating [H] HMGB1, [O] HMGB1, or IL-1B
(all at 1.5 nmol/L), alone or with neutralizing Abs to
HMGB1 or IL-1B or non-immune immunoglobulin G, for 1
hour at 37�C. In pull-down assays, HMGB1 (ab18256) and
IL1B (ab9722) from Abcam were used. For the Western
blot, IL-1B (AF-401-NA) was from R&D systems and HMGB1
(sc56698) from Santa Cruz.

Surface Plasmon Resonance
To assess the binding of [O] HMGB1 (analyte) to RAGE

(ligand), RAGE was captured on a CM5 sensor chip surface,
and [O] HMGB1 was added in serial dilutions to the buffer
flowing over the ligand surface. To analyze the formation of
the complex, IL-1B was captured on a CM5 sensor chip
surface, and its potential binders ([H] HMGB1 and [O]
HMGB1) were injected. To determine the binding of the
complex to RAGE, IL-1B was captured on a CM5 sensor chip
surface, and the complex of [O] HMGB1 and RAGE was
injected. The composition of the binding buffer used was 10
mmol/L HEPES pH 7.4, 150 mmol/L NaCl, 3 mmol/L EDTA,
0.05% Tween P20, and 0.1% BSA. Real-time interaction
between the analytes and their ligands was monitored on a
Biacore 8K (Cytiva, Marlborough, MA) as a change in
refractive index over time. The multi-cycle assay conditions
were 100 seconds of association, 300 seconds of dissocia-
tion, 30 mL/min of flow rate, and 25�C. The analytes were
injected at 0–10 mmol/L for 5 minutes to generate the
sensorgrams. The association rate (ka), dissociation rate
(kd), and equilibrium dissociation (KD) constants were
calculated. Data were fit to the Langmuir kinetic binding
model, which describes a 1:1 interaction where one ligand
molecule interacts with one analyte molecule by steady-
state affinity. The responses at equilibrium were plotted
against time and concentration.

PLA Staining
Primary KCs were isolated from RageDMye and WT mice

livers with anti-F4/80 microbeads (130-110-443, Miltenyi
Biotec, San Diego, CA) and were cultured overnight. Cells were
blocked with IL1R Ab (MAB4801, Bio-techne, Minneapolis,
MN) for 2 hours, washed, bound with the complex of [O]
HMGB1 with IL-1B (both at 5 nmol/L) for 2 hours, and then
fixed with 4% paraformaldehyde. They were blocked with
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Dako protein block (X0909, Agilent, Santa Clara, CA) for 60
minutes, bound with a mix of antibodies against HMGB1 and
IL-1B overnight at 4�C. The PLA staining was done with
Duolink in situ red start kit reagents (Duo92103, Sigma-
Aldrich). Briefly, the plus and minus PLA probes were added
to cells and incubated for 1 hour at 37�C. The ligation was
performed with ligase for 30 minutes, and the amplification
with polymerase was carried out for 100 minutes. Slides were
mounted with an in situ mounting medium with DAPI.

AAV8 Viral Vectors
The constructs to engineer the AAV8 vectors were

Tbg.N1.Gfp, as negative control; Tbg.WT.Hmgb1.Gfp, with
nuclear localization signals 1/2 to overexpress native
HMGB1 that can undergo post-translational modifications;
and Tbg.NLS1(2C/2S).Gfp, to generate D[O] HMGB1, as
cysteines 23 and 45 in the nuclear localization signal-1 are
mutated to serines and cannot be oxidized. Cloning and
construction of the AAV8 vectors, large-scale preparation,
and quality control were carried out by the University of
Pennsylvania Vector Core (Philadelphia, PA). To determine
whether the AAV8 viral vectors encoding WT or mutated
Hmgb1 conferred adequate HMGB1 expression and locali-
zation in mice, a pilot experiment was performed by
administering systemically via the tail vein a single dose of
the vectors (1-3e11 genome copies/mouse in 100 mL of
sterile saline solution) to Hmgb1DHepDMye mice for ease of
HMGB1 visualization (n ¼ 4, 8-week-old mice/vector).
Maximal expression occurred 2 weeks after vectors’ in-
jections, and transduction efficiency was determined by
quantification of green fluorescent protein fluorescence or
HMGB1 IHC.

Transcriptome Profiling
Liver and MFs mRNA were extracted using the Illustra

RNAspin Mini Kit (GE Healthcare Bio-Sciences, Pittsburgh,
PA). RNA libraries were prepared for sequencing using
standard protocols, and global transcriptome profiling was
performed by RNA-seq. The 100-nucleotide single-end
sequencing was done on a HiSeq 2000 (Illumina, San
Diego, CA). Transcript expression levels were quantified as
transcripts per kilobase million using the TopHat and
Cufflinks applications from BaseSpace (Illumina).58

Differentially expressed molecular pathways were sur-
veyed using GSEA 16 on a comprehensive gene set collec-
tion available at the Molecular Signatures Database (Broad
Institute, Boston, MA) for bioinformatics analysis. Genes in
the genome-wide transcriptome profiles were ranked ac-
cording to the differential expression between the experi-
mental groups based on t statistics. Predefined gene sets
annotated by biological function in the Molecular Signatures
Database were mapped onto the gene list. The distribution
of each gene set as up- or down-regulated was quantita-
tively evaluated using Kolmogorov-Smirnov statistics. Sig-
nificance was determined based on the null distribution of
the statistics, iteratively calculated by random permutation
of gene IDs 1000 times and adjusted for multiple hypothesis
testing by false discovery rate. When a fold discovery rate
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was <0.25, it was considered statistically significant. IPA
(Qiagen Bioinformatics, Redwood City, CA) was used to
determine molecular interactions and perform pathway
enrichment analysis.

Study Approvals
All animals received humane care according to criteria

outlined in the Guide for the Care and Use of Laboratory
Animals, prepared by the National Academy of Sciences and
published by the National Institutes of Health. The Univer-
sity of Illinois at Chicago IACUC office approved housing and
husbandry conditions before initiating the studies. All
in vivo experiments were carried out according to ARRIVE
guidelines. Liver samples from healthy volunteers and pa-
tients with moderate or severe AAH naive to treatment were
provided by the University of Illinois at Chicago Tissue
Biorepository on approval of the request by the Institutional
Review Board.

Statistical Analysis
Data are expressed as mean ± standard error of the

mean (SEM). Statistical comparisons between groups and
treatments in vitro were performed using paired Student t
test, and experiments were performed in triplicate. In vivo
data were analyzed using a two-factor analysis of variance.
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