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ABSTRACT ARTICLE HISTORY
Hepatocellular carcinoma (HCC) is the most common primary malignancy of the liver with a very poor Received 7 August 2020
prognosis and constantly growing incidence. Among other primary risks of HCC, metabolic disorders Revised 31 December 2020

and obesity have been extensively investigated over recent decades. The latter can promote nonalco- Accepted 5 January 2021
holic fatty liver disease (NAFLD) leading to the inflammatory form of nonalcoholic steatohepatitis KEYWORDS

(NASH), that, in turn, promotes HCC. Molecular determinants of this pathogenic progression, however, a-dicarbonyl compounds;
remain largely undefined. In this study, we have focussed on the investigation of a-dicarbonyl nonalcoholic fatty liver
compounds (a-dC), highly reactive and tightly associated with overweight-induced metabolic disor- disease; receptor for

ders, and studied their potential role in NAFLD and progression toward HCC using murine models. advanced glycation end
NAFLD was induced using high-fat diet (HFD). Autochthonous HCC was induced using transposon- products; precancerous liver
based stable intrahepatic overexpression of oncogenic NRAS®™" in mice lacking p19*" tumor suppres- S;s:«z?;s;q:epatocellular

sor. Our study demonstrates that the HFD regimen and HCC resulted in strong upregulation of a-dC in
the liver, heart, and muscles. In addition, an increase in a-dC was confirmed in sera of NAFLD and
NASH patients. Furthermore, higher expression of the receptor for advanced glycation products (RAGE)
was detected exclusively on immune cells and not on stroma cells in livers of mice with liver cancer
progression. Our work confirms astable interplay of liver inflammation, carbonyl stress mediated by a-
dC, and upregulated RAGE expression on CD8* Tand natural killer (NK) cells in situ in NAFLD and HCC,
as key factors/determinants in liver disease progression. The obtained findings underline the role of a-
dC and RAGE'CD8" Tand RAGE* NK cells as biomarkers and candidates for a local therapeutic
intervention in NAFLD and malignant liver disease.
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Introduction

Hepatocellular carcinoma (HCC) is the most prevalent form
of liver cancer with a growing incidence and takes the fourth
leading place among cancer-related deaths worldwide."”

The major causes of HCC development remain chronic
liver diseases, cirrhosis due to infections with hepatitis
B virus (HBV) and/or hepatitis C virus (HCV), consumption
of aflatoxin-contaminated food, alcohol, nonalcoholic fatty
liver disease (NAFLD) and steatohepatitis (NASH), diabetes,
and obesity.” In recent years, especially NAFLD became one
of the leading etiologies for HCC. The initial inflammatory
stage in NAFLD is defined as NASH.” NASH that is char-
acterized by inflammation, hepatocellular damage, and
fibrosis was shown to increase the risk of HCC with high
rates of mortality.*

In general, HCC belongs to inflammation-linked cancer,
with more than 90% of the HCC cases arising in the context
of hepatic injury and inflammation.® Chronic inflammation,
characterized by infiltration of (immature) myeloid cells,
monocytes, macrophages, dysregulated production of
cyto-/chemokines, are considered as one of the main triggers
of HCC carcinogenesis and tumor progression.””” The
inflammatory cells along with premalignant hepatocytes
produce a vast array of cyto-/chemokines, prostaglandins,
growth factors, proangiogenic factors further promoting the
premalignant environment toward hepatocytes malignant
transformation.>® In addition, the above-mentioned factors
further support the survival of malignant liver cells through
activation of anti-apoptotic pathways and suppression of
immune surveillance.>®

It is well documented that in premalignant livers, chronic
activation of inflammatory signaling pathways is tightly associated
with oxidative/nitrosative stress and generation of reactive oxygen
and nitrogen species (ROS and RNS, respectively), 89 while carbo-
nyl stress, induced by reactive carbonyl species (RCS), and in
particular, a-dicarbonyls (a-dC) has received less attention.
Endogenous RCS including acyclic dicarbonyls, methylglyoxal
(MGO), and glyoxal are mostly derived from carbohydrate'
(Supplementary Fig. 1A) and lipid (Supplementary Figure 1B)
oxidation'" as well as side products of glycolysis (Supplementary
Figure 1C). The glyoxalase system (Glo1 and Glo2) plays a key role
in the metabolism of a-dC compounds (Supplementary Fig. 1D),
keeping a-dC metabolites at a nontoxic baseline. However, when
adaptive limits of the a-dC detoxification system are exceeded, a
variety of advanced glycation end products (AGEs) are
generated.'> AGEs are poorly degraded, and therefore, an increase
of their steady-state level in the body may result in activation of
pro-inflammatory and pro-fibrotic pathways.'> RCS- and AGE-
mediated pro-inflammatory events are resolved via activation of
the specific receptor for AGEs, so called, RAGE.'"">'* A direct
link and correlation between a-dC - AGE/AGE-proteins and the
activation of RAGE are supported by several literature overviews,
117 as introduced in the oval section of Supplementary Fig. 1.
RAGE-dependent signaling cascades are considered to contribute
to the progression of many chronic diseases.'*'® Upon ligand
binding, RAGE activation stimulates downstream signaling path-
ways leading to the activation of transcription factors such as NF-
kB, AP-1, CREB, STATS3, or NFAT, thereby controlling cellular

processes, influencing cell viability by regulating autophagy and
apoptosis (Supplementary Fig. 1E)."® Activation of RAGE has
been reported to induce the expression of different NEF-
kB-regulated genes which encode pro-inflammatory cyto-/chemo-
kines like TNF-a, and adhesion molecules.'”*' Moreover, acti-
vated RAGE was found in a wide range of cells like
cardiomyocytes, hepatocytes, vascular endothelial cells, renal
cells, etc.,”>* and its expression has been reported in numerous
immune cells including neutrophils, monocytes/macrophages,
lymphocytes, and dendritic cells (DC).'""****"*® Taguchi et al.
has revealed that the interaction of RAGE with its ligands and the
resultant signaling plays a causative role in tumor (glioma) pro-
gression and is connected with increased metastases.”” Thus,
RAGE expression may be expected to play a significant role in
the development of HCC.**** The detailed link, however, between
RAGE-mediated signaling in precancerous and cancerous livers as
well as the main experimental evidence demonstrating the relevant
cell types overexpressing RAGE are still missing.

Therefore, in the present study, we joined forces of bioche-
mists, hepatologists, pathologists, and tumor immunologists and
aimed to characterize the role of RCS/AGEs/RAGE signaling in
precancerous and cancerous liver disease (including NAFLD,
oncogene-induced precancerous disease, and HCC), as estab-
lished in our previous studies.”*** We investigated biochemical
parameters of liver inflammation and a-dC levels in plasma and
liver tissue. Furthermore, we explored overexpression of RAGE
on liver-infiltrating innate and adaptive immune cells as well as
on liver stroma cells. Our data provide evidence for a correlation
between the increase of liver a-dC compounds and RAGE over-
expression on several liver-infiltrating immune cells and the
progression of NAFLD and HCC.

Materials and Methods
Work with Human Material

The prospective and retrospective studies using human material
(human sera, and liver tissues obtained after surgeries) were con-
ducted in accordance with the Helsinki Declaration and was
approved by the Ethics Committee of the Hannover Medical
School (ethical codes: 8742_BO_K_2019 and 3205). Appropriate
informed consent was received from all the patients.

Animals and Experimental Conditions

Three to six weeks-old C57BL/6] female mice were purchased
from Charles River Laboratories (Europe). Four weeks-old
p19*77 males and females were obtained in a C57BL/6] back-
ground as described previously’”** and bred at the animal
facility of the Hannover Medical School, Hannover, Germany.
For inducing NAFLD, three-weeks-old C57BL/6] female
mice were exposed to a 60% (high) fat diet (HFD, Envigo
Teklad TD06414) for 14 weeks long, as established.®*=>> The
HED contained 18.3% protein, 21.4% carbohydrate, and 60.3%
calories from lard (36% saturated, 41% monounsaturated,
23%-polyunsaturated fats), i.e., 5.1 kcal/g. The control group
received a normal chow diet (NCD) composed of 10% fat.
The model of transposon-mediated stable intrahepatic transfer
of oncogenic NRAS®?" was used to induce oncogene-induced



(OIS) precancerous liver disease (PLD) and HCC development, as
established.”®* Briefly, DNA vectors (transposon and transpo-
sase) were prepared using the QIAGEN EndoFree Maxi Kit
(QIAGEN, Hilden, Germany). Transposon and transposase vec-
tors were mixed in a 5:1 molar ratio and hydrodynamic tail vein
injection (HDI) was performed as described previously.’**>
All experiments and procedures were performed in compliance
with ethical regulations and the approval of the Lower
Saxonian State Office for Consumer Protection and Food Safety
(LAVES, Niedersichsisches Landesamt fiir Verbraucherschutz
und Lebensmittelsicherheit; AZ 18/2808, 15/1766, 13/1342).

Tissue Collection and Homogenization

To determine biochemical parameters, mice were anesthe-
tized by isoflurane (Piramal Critical Care, Bethlehem,
Germany), blood was collected from retro-orbital plexus,
animals were euthanized using cervical dislocation, and dif-
ferent organs were isolated. To determine the level of a-dC
compounds and the activity of Glol, snap-frozen tissues
(liver, heart, kidney, muscles) were homogenized using
a T10 basic ULTRA-TURRAX homogenizer in a 1:10 ratio
(mg tissue/pl of buffer) at 4°C in the medium containing
50 mM potassium phosphate buffer (PPB, pH 7.0), 0.5 mM
ethylenediaminetetraacetic acid (EDTA), and 1 mM phenyl-
methylsulfonyl fluoride (PMSF) (final concentrations). To
determine the content of lipid peroxides (LOOH), tissue
samples were homogenized in 96% ice-cold ethanol at a 1:10
ratio (mg tissue/pl of ethanol). After homogenization samples
were centrifuged (13,200 g, 15 min, 4°C) using the Eppendorf
5417 R centrifuge (Hamburg, Germany). Supernatants were
collected and kept on ice.

Determination of metabolites in plasma

Measurement of glucose and L-lactate in plasma were per-
formed on a cobas® 8000 modular automated clinical analyzer
system with enzymatic in vitro tests using the hexokinase
method (GLUC3; Roche Diagnostics, Mannheim, Germany)
and the lactate oxidase/peroxidase method (LACT?2; Roche
Diagnostics, Mannheim, Germany), respectively.”® Plasma
concentrations of total cholesterol were measured using the
CHOD-PAP kit (CHOL2; Roche Diagnostics, Mannheim,
Germany) as established.””

Determination of enzyme activities

The enzyme activities (U/1) of alanine aminotransferase (ALT),
aspartate aminotransferase (AST), lactate dehydrogenase
(LDH), and cholinesterase (ChE) were measured on a cobas®
8000 modular automatic analyzer system using standard meth-
ods (Roche Diagnostics, Mannheim, Germany): ALTPM,
ASTPM, LDHI2, and ChE2 as established.”® AST, ALT, LDH
activity is expressed in U/, ChE activity is expressed in kU/L
The activity of Glo1 in tissues was measured spectrophoto-
metrically with a Libra S12 UV/Visible Spectrophotometer
(Biochrom Ltd., Germany) by detecting the formation of
S-D-lactoylglutathione at 240 nm as established.” The
S-D-lactoylglutathione extinction coefficient of 3.1 mM™'
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cm™' was used for calculations. The activity of Glol is
expressed as U/mg protein. The BCA protein assay (Thermo
Fisher Scientific, Germany) was used for the quantitation of
total protein per sample.

Measurement of LOOH and a-dC compounds

The parameters were measured spectrophotometrically with
a Libra S12 UV/Visible Spectrophotometer (Biochrom Ltd.,
Germany). The level of LOOH was measured by the ferrous-
xylenol orange (FOX) method at 580 nm by using cumene hydro-
peroxide as a positive standard.*’ The levels of LOOH are given as
nanomoles of cumene hydroperoxide equivalents per gram of wet
mass.

Detection of a-dC compounds was performed based on
their interaction with the Girard-T reagent in 30 mM sodium
tetraborate buffer (pH 9.2). The optical density of the complex
formed was determined at 325 nm using the extinction coeffi-
cient of 18.8 mM ™" cm ™" for Girard’s hydrazone derivative of
glyoxal as established.”*" The results are presented as nano-
moles of glyoxal equivalents per gram of wet mass.

Flow cytometry (FACS) staining and analysis

Single-cell suspensions from the liver and blood were prepared
as previously described.’®**** Isolated single-cell suspensions
were blocked with anti-CD16/32 (clone 93, Biolegend,
California, San Diego, USA). Cell suspensions were further
stained with the following antibodies: anti-CD68 (clone FA-
11), anti-CD3 (clone 17A2), anti-PD-1 (clone 29F.1A12), anti-
CD4 (clone GK1.5), anti-CD1lc (clone N418), anti-CD25
(clone PC61), anti-CD44 (clone IM7), anti-NK1.1 (PK136),
anti-Ly6G (clone 1A8), anti-CD146 (clone ME-9F1), and anti-
IFN-y (clone XMG1.2) all obtained from the Biolegend. Anti-
CD8 (clone 53-6.7) and anti-CD54 (clone 3E2) were obtained
from the BD Bioscience. Anti-RAGE (clone 697023) was
obtained from the R&D Systems. All antibodies are listed in
Supplementary Table 1A (see Supplementary Data file).

Acquisition of FACS samples was performed using an LSRII
FACS analyzer (BD, Franklin Lakes, NJ, USA). The obtained
data were analyzed using Flow]Jo software (Tree Star, Becton,
Dickinson & Company, USA).

Immunofluorescent Stainings of Frozen Liver Tissue
Sections

Frozen liver tissue sections were fixed in ice-cold acetone for
10 min and permeabilized (0.1% Triton™ X-100, 0.1% sodium
citrate) for 2 min at 4°C. Sections were blocked with PBTB
buffer (phosphate-buffered saline with 0.2% Triton-100
(PBT), 0.2% bovine serum albumin (BSA), 5% normal goat
serum) for 30 min at room temperature and incubated with
a mix comprising primary antibodies overnight at 4°C.
Murine liver sections were stained with the mix of primary
antibodies: anti-RAGE (1:100; ab228861, Abcam, UK) and
anti-EOMES (1:200; 14-4875-82, eBioscience, USA). The sec-
ondary, fluorescent-conjugated antibodies: Alexa Fluor 647-
conjugated goat anti-rabbit and Alexa Fluor 568-conjugated
goat anti-rat (both used at 1:500 dilution, Invitrogen, USA)
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and a primary FITC-conjugated anti-mouse CD8a (1:100;
100705, Biolegend, USA) antibody were applied in
the second mix for 2 h at room temperature. All antibodies
used for the immunofluorescent staining are listed in
Supplementary Table 1B (see Supplementary Data file).
Thereafter, sections were counterstained with 4',6-diami-
dino-2-phenylindole (DAPI, 0.1 pg/ml, Sigma-Aldrich,
USA) in PBS for 10 min at room temperature. Finally, sam-
ples were mounted using 70% glycerol. Fluorescent images
were obtained using Zeiss LSM 700 confocal laser-scanning
microscope (40x objective). Images were analyzed using ZEN
2011 and Image] software.

Statistical data analysis

All studied biochemical and immunological indices were
tested for normality and homogeneity of variances using
the Kolmogorov-Smirnov and Levine test, respectively. Not
normally distributed data were subjected to Box-Cox trans-
formation. The effects of both PLDs and HCC on the stu-
died parameters were estimated using one-way ANOVA.

Normalized, Box-Cox transformed data were subjected to
the principal component analysis (PCA) to identify the pat-
terns of responses of the biochemical and immunological para-
meters studied in NAFLD. Discriminant function analysis was
used to determine which variables discriminate among NAFLD
and OIS groups and Mahalanobis square distances from each
of the group centroids was computed to classify studied
groups. Pearson’s test was used to assess correlations between
the studied indices. Graphical presentation and statistical ana-
lysis of the data were performed using GraphPad Prism
(Version 5.0, GraphPad software). PCA and discriminant ana-
lyses were conducted using Statistica v. 12.0 (IBM Corp.,
Armonk, NY, USA) software.

If not otherwise stated, the unpaired student’s ¢-test was used
for all other statistical analyses to calculate significant differences
among experimental and control groups. Experiments were
repeated two-four times and data were pooled. Data are shown
as mean + standard error of the mean (SEM) with P < .05
considered statistically significant. Significance levels were
denoted as *P < .05, P < .01, and P < .001.

Results
Precancerous and cancerous liver disease models

We selected three liver disease models (two precancerous ones
and one cancerous) in which we studied the interrelation
between a-dC and RAGE.

To induce the first type of PLD, the NAFLD, we used HFD
provided to animals ad libitum 14 weeks long as described and
characterized in**~>* (Figure 1a). Control mice were kept on NCD.

The second PLD was induced via stable transposon-based
overexpression of oncogenic NRAS®"?" directly in hepatocytes
of wild type mice, leading to OIS in murine livers, as estab-
lished in our previous study’® (Figure 1b-c).

HCC was induced by overexpression of oncogenic
NRAS%"?Y in hepatocytes of p19*7”" mice, in which senescence

is disabled/bypassed, ** resulting in full-blown liver tumor
development within 4 weeks, as established®~>* (Figure 1d).

HFD provoked liver injury in mice, that further
increased in HCC

We first compared two PLD models (NAFLD and OIS) and
HCC in terms of general inflammation and detected several
biochemical parameters in the plasma of mice. In NAFLD
PLD, intake of HFD provoked metabolic alterations in mice,
disclosed as a higher level of glucose (by 30%), and cholesterol
(by 40%) in plasma when compared to the corresponding
controls (Figure 2a-b). The decreased level of glucose (by
27%) was observed in the HCC mouse model (Figure 2a). In
addition, the hepatic inflammatory value in the liver, namely
the AST/ALT ratio, was remarkably increased in the HFD
group (by 44%) compared to the NCD-fed control and also
not significantly increased in HCC (Figure 2c and
Supplementary Figure 2). All other parameters, like lactate,
LDH, and ChE were similar between the NCD and HFD
groups (Figure 2d-f). LDH dramatically increased (by 74%)
in the plasma of HCC mice (Figure 2e). In contrast, no clear
difference between groups in OIS PLD (Figure 2) was reflected.
Metabolic changes were also predominantly observed in
NAFLD and not in OIS PLD as described in the next section
(Figure 3).

Mild carbonyl stress was detected in liver, heart and
muscles of mice with NAFLD and HCC

Following the lines of metabolic alterations, we further tested
the parameters of oxidative and carbonyl stress in mice and
measured concentrations of a-dC compounds in tissues and
plasma. Importantly, in NAFLD, HFD led to the appearance of
signs of oxidative and carbonyl stress in mice (Figure 3a-m). In
particular, significantly elevated a-dC levels were found in the
liver (by 37%) and heart (by 35%), and not significantly in
muscles of mice with NAFLD (Figure 3a, d, g and
Supplementary Table 2A). In kidney or plasma of NAFLD
animals a-dC kept in line with the corresponding controls
(Figure 3j, m, and Supplementary Table 2A). The obtained
results further clearly demonstrated the increase of a-dC not
only in NAFLD but also in HCC livers (by 70%) (Figure 3a).
Although not significant, a-dC were also elevated in the heart
and significantly increased in muscles of mice with HCC
(Figure 3d and g, respectively). Interestingly, and in consis-
tence with NAFLD data, increased a-dC were not detected in
the plasma of mice with HCC (Figure 3m). In addition, the
LOOH level (parameter of oxidative stress) significantly
increased in the liver of HCC mice (by 25%) (Figure 3b) and
was reduced by 64% in hearts of HFD animals (Figure 3e), but
kept in line with the corresponding controls in all other cases
(Figure 3b, e, h, k). No other significant changes between
studied indices were observed in NAFLD and HCC, including
Glo1 as a component of the detoxification system (Figure 3¢, f,
i, 1). All metabolic changes were detected exclusively in NAFLD
PLD and in HCC whereas, in OIS PLD, metabolic parameters
were at the levels of the respective controls (Figure 3a-m).
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Figure 1. Vectors and experimental design.a, For inducing NAFLD, 3 weeks-old female C57BL/6J mice were exposed to a 60% high-fat diet (HFD) for 14 weeks. The
control group was fed with a normal chow diet (NCD) composed of 10% kcal of fat. Shown are representative pictures of livers after NCD and HFD, respectively. b,
NRASC12V/P38A or NRASC™Y transposon constructs were delivered with SB13 into C57BL/6J or p19*™ mice to induce (c) OIS or (d) HCC development, respectively.
Representative pictures of livers with (a) NAFLD, (c) OIS and (d) HCC, and the corresponding controls. HDI - hydrodynamic tail vein injection, SB13 - Sleeping Beauty 13
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.05, **P < .01.

RAGE strongly increased on CD8", CD4*, NK, and NKT
cells in HCC livers

We next investigated whether we can detect receptor for AGEs
(RAGE) on stroma cells as well as different liver-infiltrating
immune cell populations in mice with premalignant (NAFLD,
OIS) and malignant (HCC) liver disease. Using a gating strat-
egy, shown in Figure 4a, we gated on several populations of
lymphocytes (CD8*, CD4", CD3™ NK1.1%, and CD3" NK1.1%).
Remarkably, a dramatic increase of RAGE was detected in
the adaptive immune cell compartment, i.e., in CD8" T cells
(Figure 4b) comprising 57% in tumor-bearing versus 43% in
tumor-free animals. Interestingly, in NAFLD, upregulation of
RAGE was primarily demonstrated on CD8" and not on CD4"
T cells (Figure 4b and c, respectively). In lymphocytes belong-
ing to the innate immune cell compartment, i.e., natural killer
(NK) and natural killer T (NKT) cells, we again detected
a strong increase of RAGE in HCC livers (Figure 4d and e,
respectively). Interestingly, in OIS values of RAGE on CD8"
T cells and NK/NKT cells remained similar to controls
(Supplementary Figure 3A). Importantly, the increase in
RAGE on CD8" T cells, NK, and NKT cells was present only
locally in situ in NAFLD and significantly more pronounced in
HCC livers (Figure 4b-e, Supplementary Table 2B, e.g., for
CD3™ NK1.1" RAGE", P = .013944). This observation, how-
ever, was not consistent with lymphocytes in the blood

(Supplementary Figure 3B-E). Only NK and NKT cells in the
blood of NAFLD mice demonstrated upregulation of RAGE
(Supplementary Figure 3D-E) with significant differences
shown only for NK cells in the NAFLD group
(Supplementary Figure 3D).

We have also characterized several other cell populations, i.e.,
CDl11c¢" DC, Ly6G" neutrophils (N®), CD68" macrophages
(M®), CD146" CD54 liver sinusoidal endothelial cells (LSECs),
and CD146 CD54" hepatic stellate cells (HSC), in livers of mice
with NAFLD, OIS, and HCC using the gating strategy shown in
Supplementary Figure 4A. DC did not show any significant RAGE
upregulation in both, liver, and blood in NAFLD and HCC mice
(Supplementary Figure 4B-C). Moreover, none of the N®, MO,
LSEC, and HSC cells investigated in situ in livers showed
a significant upregulation of RAGE in NAFLD and HCC livers
as determined via flow cytometry (Supplementary Figure 4D-E).
As expected, in OIS we also could not detect any RAGE upregula-
tion as shown for DC (Supplementary Figure 5).

We finally tested the presence of RAGE on liver stroma cells.
We first gated on hepatocytes via FSC-A and SSC-A character-
istics, thereafter we excluded all lymphoid cells (lymphocytes,
N®, M®, DC, LSECs, HSCs, etc.) using the staining of pan-cell
receptors (Figure 5a). Surprisingly, RAGE expression was
neither detected in NAFLD nor in HCC on liver stroma cells
(Figure 5b, Supplementary Table 2B).
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Data are presented as mean + SEM, n = 5-9. *P < .05.
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Figure 4. RAGE was strongly upregulated on CD8", NK and NKT cells in HCC livers. a, Gating strategy to define RAGE expression on CD8", CD4*, NK, and NKT cells.
Single-cell suspensions were obtained from precancerous (NAFLD, OIS) and cancerous (HCC) livers. Cell suspensions were stained and analyzed via the indicated surface
and intracellular markers using multicolored FACS analysis. b-e, Shown are frequencies of RAGE™ cells among (b) CD3* CD8" T, (¢) CD3* CD4™ T, (d) CD3™ NK1.17 NK, (e)
CD3* NK1.1" NKT lymphocyte populations in livers of mice with NAFLD and HCC. Data were analyzed using unpaired student’s t-test. Shown are mean + SEM, with
n = 5-6 per group. *P < .05, **P < .01.
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RAGE" lymphocytes demonstrated significant
upregulation of CD44 and PD-1 in NAFLD and HCC
livers

In the next step, we aimed to characterize and detect the activa-
tion/inhibitory status of main “RAGE upregulators,” i.e., RAGE"
lymphocytes in livers of NAFLD- and HCC-harboring animals.
Using the gating strategy shown in Figure 6a, we found that
RAGE" CD8" T cells showed a significant increase in CD44
expression in NAFLD/HCC and PD-1 expression in HCC
(Figure 6b). Similarly, CD4" T cells in HCC significantly increased
CD44 and PD-1 (Figure 6¢). In HCC, PD-1 upregulation in
RAGE" CD8" and in RAGE" CD4" T cells comprised a corre-
sponding 3.7- and 4-fold increase, whereas in NAFLD-bearing

mice, no significant differences were registered (Figure 6b and c,
respectively).

Remarkably, both RAGE" NK and NKT cells significantly upre-
gulated PD-1 in HCC livers (3.6-fold for NK, and 4.6-fold for NKT,
as shown in Figure 6d and e, respectively). In HCC, NKT cells also
significantly upregulated CD44 (Figure 6e).

We further checked the activation marker CD25 and intra-
cellular IFN-y in RAGE™ CD8" and CD4" T cells. In both
NAFLD and HCC livers, CD8" T cells demonstrated an acti-
vated phenotype with an upregulation of CD25 and IFN-y. The
differences to control groups, however, were not significant
(Supplementary Figure 6A). Importantly, RAGE"™ CD4"
T cells strongly upregulated IFN-y in NAFLD livers but did
not show any increase in CD25 in comparison to healthy
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Figure 6. RAGE™ T, NK, and NKT cells showed a significant increase in CD44 and PD-1 in livers of mice with NAFLD and HCC. a, Gating strategy to identify and characterize
the phenotype of RAGE" cells in NAFLD and HCC livers. b-e, Overview of receptors (CD44, PD-1) on (b) RAGE" CD3* CD8" T, (c) RAGE* CD3* CD4" T, (d) RAGE* CD3~
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mean * SEM, with n = 5-6 per group. *P < .05, **P < .01, ***P < .001.

controls (Supplementary Figure 6B). Neither IFN-y nor sig-
nificant upregulation of CD25 was observed in RAGE™ CD4"
T cells in HCC livers (Supplementary Figure 6B). RAGE™ NK
and NKT did not demonstrate any increase in CD25 or IFN-y
expression in NAFLD and HCC livers (data not shown).

We aimed to further evaluate the function of CD8" RAGE"
T cells and tested the presence of the transcription factor
EOMES on these cells using an immunofluorescent staining
of frozen murine liver tissue sections. Although not significant,
we could detect upregulation of EOMES on CD8" RAGE"
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T cells in HCC in murine samples and not in mice with
NAFLD (Supplementary Figure 7).

Multivariate statistical analysis proved a direct link
between liver inflammation markers, increase in a-dC
compounds, and RAGE" overexpression on immune
cells in NAFLD

We further aimed to study interrelations between biochemical and
immunological parameters measured in this study in liver diseases.
To achieve this aim, we performed first the discriminant analysis
and compared data between two PLD models. The discriminant
analysis showed that the NRAS®'?Y/P*4/NRAS“?Y animals
grouped closely together in the plane of the Root 2, when
NAFLD groups from NCD and HFD showed significant estrange-
ment according to Mahalanobis square distance (Figure 7a). The
OIS and NAFLD groups significantly separated from each other
along the Root 1 axis (Figure 7a).

We further compared the interrelation between biochemical
and immunological parameters in NAFLD using the principal
component analysis (PCA). PCA is generally used to visualize
relatedness between studied indices.* PCA distinguished two
main principal components (factors) with the eigenvalues >2
(Figure 7b, Supplementary Table 3). Factor 1 (25.24% of the
variation) had high positive loadings (>0.6) of the oxidative stress
parameter, namely LOOH in the heart. Factor 1 had high negative
loading of several biochemical and immune parameters, includ-
ing: a-dC level in liver and heart, AST/ALT ratio, glucose con-
centration in plasma, CD3~ NKI1.1" RAGE', RAGE" CD8"
CD44". Factor 2 (17.27% of the variation) had a high positive
loading of CD3" CD8" RAGE', CD3" CD4" RAGE', CD3"
NK1.1" RAGE*. CD3" CD8" RAGE" and Hepatocytes RAGE"
possessed factor loading very closed to the most reliable one (>
+0.57). Importantly, parameters allocation along factor 1 empha-
sizes close relation and a cluster between signs of carbonyl stress
(a-dC), liver inflammation (AST/ALT), and RAGE overexpres-
sion on particular immune cells (RAGE" CD8" T cells, including
a CD44" population, and RAGE" NK cells) in mice with NAFLD
(Figure 7b, Supplementary Table 3).

Further, in order to identify interactions between biochemical
and immunological parameters specific to carbonyl stress, we
used the Pearson correlation test. It revealed a clear association
between a-dC, particularly in liver, and RAGE" CD4" IFN-y",
CD3" CD8" RAGE", CD3™ NKI1.1" RAGE" (Supplementary
Table 4, e.g.,, CD3” NK1.1" RAGE" (L) vs. a-dC (L) r = 0.04933,
P =.038). AST/ALT ratio and a-dC compounds in NAFLD livers
revealed the highest rate of positive/negative correlations to bio-
chemical and immunological indices.

Elevated a-dC levels were detected in sera of patients
with NAFLD, NASH and in HCC tissues

In the next step, we aimed to analyze sera of patients with
NAFLD and NASH and detected a strong and significant
increase of a-dC in those patients in comparison to healthy
controls (Figure 8a). In addition, an increase of transaminases
has been observed in patients with NAFLD (AST 37.20 +
6.953 U/L; ALT 56.60 + 14.83 U/L) and NASH (AST 52.20 +
7.618 U/L; ALT 85.40 + 26.09 U/L).

Further, we analyzed available liver tissue material obtained
after RO HCC resections. Although not significant, levels of a-
dCs were found upregulated in HCC in comparison to tumor-
free liver tissue of the same patient (Figure 8b).

Discussion

In the present study, we investigated the interplay between liver
inflammation, metabolic parameters, oxidative/carbonyl stress,
and NAFLD as well as liver cancer progression. Following the
summarized pathways of generation and detoxification of a-dC
compounds and their direct connection with a downstream
activation of RAGE, we studied the expression levels of several
metabolic markers in NAFLD and compared them to OIS. Our
data clearly demonstrate that HFD consumption induces more
severe liver injury than OIS. HCC showed the most severe liver
injury (increased AST/ALT and high LDH). Further, we
detected increased levels of a-dC compounds in livers, hearts,
and muscles of mice with NAFLD and HCC. Our data obtained

a Serum b Liver
T 1.07 *% T 51
5 A E) E
(2]
£ 0381 *kk 2 41
2 K
3 0.6 Als 2 i ;
O 3 .01 (S 3 [ ]
I3 T
52 Ciay & 32 T
] A ] mE
5 0.41 5 21 !
> [ ] 2
(o)} [e)] ..
[ Q
—g 0.2 . S 17
£ s £
0.0
Control NAFLD NASH Tumor-free HCC

Figure 8. A significant increase of serum a-dCs was detected in NAFLD and NASH patients in comparison to healthy donors. Elevated a-dC were demonstrated in
HCC liver tissues in comparison to non-cancerous liver tissues. Shown is the level of a-dCs measured in: a, serum of NAFLD and NASH patients in comparison to healthy
donors; b, frozen tumor-free and HCC liver tissues obtained upon HCC surgeries. Data are presented as mean = SEM, n = 5. **P < .01, ***P < ,001.



in patients with NAFLD and NASH further provide evidence
for increased levels of a-dC levels detected systemically in
patients sera. We also detected higher a-dC levels in resected
HCC tissues, however, the latter data still has to be compared
to healthy liver tissues, which remains highly limited material.

Essentially, all changes in metabolic and oxidative stress
markers were observed in NAFLD only, but not in OIS,
which was also consistent with our discriminant analysis show-
ing strong differences among HFD-fed and healthy groups,
whereas such differences were not supported in OIS.
Importantly, almost all previous studies declared increased
glucose, cholesterol, lactate, AST/ALT, and LDH levels not
only in NAFLD but also in HCC using several murine models
and human studies as summarized in Supplementary Table 5.
These reports are consistent with our data with few exceptions,
which could be related to the specificities of the respective
animal models. Among carbonyl stress, the level of protein
carbonyls is the most measured marker of interest and usually
increased in both clinical and experimental models.*>™*" The
decreased level of glucose that we observed in HCC is further
consistent with previous reports.*®*’

We also found that the LOOH level was reduced in the
hearts of HFD animals. This finding is contrary to the previous
studies which have suggested that lipid peroxides consistently
increase in both clinical and experimental measurements in
murine and human NAFLD/NASH models.”® However, almost
all data regarding an increase in lipid peroxidation in NAFLD
was obtained using liver tissue samples.”" Therefore, the pat-
tern of lipid peroxidation in the heart and its contribution to
oxidative stress in NAFLD remained unclear. Moreover, in
recent decades some authors among them Jaeschke and
Woolbright™* emphasized on the relativism of lipid peroxida-
tion as a unique marker of severity of oxidative stress and
injury, because it might not directly reflect the profundity of
reported damage. Our findings about LOOH in the heart pre-
sented here shed new light on the role of oxidative stress in the
pathogenesis of NAFLD and we hope these findings will get the
attention of cardiologists. It is worth pointing out that the
LOOH level was increased in HCC livers. The latter findings
are in line with previous reports in human samples and murine
models.”

We further performed a PCA analysis and confirmed that in
liver and heart, a-dC composed a joint group with AST/ALT as
a marker of liver injury and significantly correlated with each other
in the NAFLD model. Importantly, we also confirmed higher
levels of a-dC in the NRASGIZV/pI 9" HCC model. Obviously,
the close relation between a-dC and inflammation discloses sys-
temic metabolic disorders under NAFLD. However, only a few
studies have focussed on the enhancement of dicarbonyls and
AGEs at NAFLD.> In particular, plasma and liver levels of
MGO were increased in RAGE™™ mice fed with a Western-type
diet.> Also, it has been shown that HFD was associated with
increased AGE levels in the liver, heart, and kidney of rats.>®

The role of AGEs, RAGE, and particularly their interaction has
been in focus last decades due to the potential regulation of the
NF-«B inflammatory pathway by AGE-RAGE. To our knowledge,
this is the first study to investigate the interdependence between
RAGE, a-dC (as the precursors of AGEs), and inflammatory
indices on the one hand and progression of PLD (NAFLD) and
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HCC on the other. The liver has been recently recognized as an
important metabolic center of AGEs in the body."” To date, there
are already several literature overviews supporting a direct link
between oa-dC - AGE/AGE-proteins and the activation of
RAGE'®" as well as a recent review on colorectal cancer describ-
ing the involvement of AGEs and their precursors (a-dC) and,
especially, RAGE in cancer progression.”’

RAGE, a multiligand cell surface receptor, has been reported to
correlate with the poor therapeutic outcomes and malignancy of
HCC as comprehensively reviewed by Takino et al.”® Moreover, in
the same study, the researchers underlined that interactions
between toxic AGEs and RAGE-induced oxidative stress, which
may in turn lead to adverse effects in tumor cells and HSC during
liver disease progression.”® In their study, Li and colleagues con-
firmed RAGE overexpression in HCC and its important role in
cancerous disease progression, associated with proliferation and
resistance to sorafenib.”” Although it has been reported that RAGE
is expressed in HSC, hepatocytes, and hepatoma cells, **°" our data
for HCC and NAFLD do not demonstrate RAGE on hepatocytes.
Importantly, in full-blown malignant liver disease (HCC), our
results confirmed the RAGE overexpression primarily on immune
cells (CD8" T cells, NK, and NKT), but not on stroma cells. These
data are in line with a report showing RAGE overexpression in
CD45" inflammatory cells (liver-infiltrating leukocytes) and not in
hepatocytes.®” In the majority of NAFLD and HCC studies pub-
lished so far, > however, RAGE was tested in whole liver tissue and
a thorough characterization of particular “RAGE cellular upregu-
lators” was not performed (see Supplementary Table 5 for an
overview). As mentioned above, our study newly identifies the
main players in NAFLD and HCC in terms of RAGE upregulation.
Among many cell populations tested, we detected RAGE upregu-
lation predominantly on three cell populations: CD8" T cells, NK,
and NKT in both, NAFLD and (even more pronounced) in the
malignant liver disease (HCC) progression.

Our results on RAGE" CD8" T cells are in line with the study of
Akirav et al. demonstrating RAGE overexpression on CD4" and
CD8" T cells in another chronic metabolic disorder, i.e., in patients
with type 1 diabetes.** In our work, being strongly upregulated in
HCC livers, RAGE" CD8" T cells seem to possess an activated
phenotype, strongly overexpressing the activation/memory mar-
ker CD44°>% and the immune checkpoint marker PD-1. PD-1
expression is normally up-regulated following T cell
activation.®*®” Our data on RAGE expression on CD44" T cells
are consistent with the work of Kierdorf et al.>> While overexpres-
sing PD-1, RAGE" CD8" T cells also showed (not significantly) an
increase in the activation marker CD25 and in IFN-y secretion in
both NAFLD and HCC. Generally and confirmed by a vast
amount of studies, CD8" T cells overexpressing PD-1 in NAFLD
and HCC demonstrate an exhaustion phenotype and disability in
cytotoxic killing.®*® Further, the upregulation of EOMES
detected by us on CD8" RAGE" T cells in HCC and not in
NAFLD tissue suggests that these cells possess an exhausted phe-
notype particularly in liver cancer. The latter hypothesis is sup-
ported by several research studies.”””" It remains to be defined in
future validation studies whether RAGE expression on PD-17
CD8" T cells interferes and/or impacts their cytotoxic capacity.

Similarly to RAGE™ CD8" T cells, NK, and NKT cells which
showed significant upregulation in RAGE in malignant livers in
our study, also exhibited a strong upregulation in PD-1 expression
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on both cell types, and the activation marker CD44% was
enhanced on NKT in HCC livers. It has been reported that the
activation receptor CD44 can also play a leading role in metabolic
diseases.”” Such, in obese patients and also in rodent models, CD44
expression has been demonstrated to augment in liver tissue and
to correlate with liver steatosis and type 2 diabetes.”>’>”
Therefore, the role of CD44 and activation of NKT and T cells
still needs to be tested in follow-up studies.

Importantly, PCA analysis demonstrated a direct link between
RAGE" CD8" (also CD44" population), RAGE" NK cells, liver
inflammation markers, and a-dC compounds in liver and heart in
NAFLD. Our results are in conflict with previous findings indicat-
ing that RAGE deficiency does not affect NASH and atherosclero-
sis in Western-type diet-fed Ldlr”~Ldlr’~ RAGE™~ mice.”® This
discrepancy may be reasonably attributed to the differences in the
animal models used, namely RAGE-deficiency. It is important to
mention that several studies recognized the role of RAGE in liver
diseases, ®~* including a very recent report on RAGE contribu-
tion to acute liver injury.”*

Although RAGE or the AGE/RAGE pathway have been
already suggested as a potential target for therapeutic interven-
tion in NASH and HCC, *®°*%? our data extend the previous
view and suggest that a targeted neutralization of a-DC and
RAGE in livers may promise a stronger therapeutic potential.
However, the latter still needs to be confirmed experimentally.

Potential applications in the future may include the sys-
temic and local detection of a-dC compounds and RAGE
(over-) expression on immune cells (CD8" T, NK, NKT) in
liver biopsies as biomarkers of disease progression (as shown in
Graphical Abstract). However, a direct confirmation from the
clinical specimen (in sera and liver biopsies obtained from
NAFLD, NAFLD-related HCC patients, and healthy donors)
will be required and will be performed in the follow-up studies.

In summary, our data provide evidence for a direct link
between upregulation of a-dC compounds and overexpression
of RAGE on CD8" T and NK cells locally in the liver in NAFLD
and in liver cancer progression. This finding can be considered for
the future translational application using both a-dC compounds
and RAGE as biomarkers of NAFLD and HCC progression and as
molecules for a targeted therapeutic intervention.
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