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Dysregulated peripheral
proteome reveals NASH-specific
signatures identifying patient
subgroups with distinct
liver biology

Natalie Stiglund1, Hannes Hagström2,3, Per Stål2,3,
Martin Cornillet1*† and Niklas K. Björkström1*†

1Center for Infectious Medicine, Department of Medicine Huddinge, Karolinska Institutet, Karolinska
University Hospital, Stockholm, Sweden, 2Department of Upper GI, Karolinska University Hospital,
Stockholm, Sweden, 3Department of Medicine Huddinge, Karolinska Institutet, Stockholm, Sweden
Background and aims: Non-alcoholic fatty liver disease (NAFLD) is the most

common chronic liver disease. The prognosis may vary from simple steatosis to

more severe outcomes such as nonalcoholic steatohepatitis (NASH), liver

cirrhosis, and hepatocellular carcinoma. The understanding of the biological

processes leading to NASH is limited and non-invasive diagnostic tools

are lacking.

Methods: The peripheral immunoproteome in biopsy-proven NAFL (n=35) and

NASH patients (n=35) compared to matched, normal-weight healthy controls

(n=15) was studied using a proximity extension assay, combined with spatial and

single cell hepatic transcriptome analysis.

Results: We identified 13 inflammatory serum proteins that, independent of

comorbidities and fibrosis stage, distinguished NASH from NAFL. Analysis of co-

expression patterns and biological networks further revealed NASH-specific

biological perturbations indicative of temporal dysregulation of IL-4/-13, -10,

-18, and non-canonical NF-kb signaling. Of the identified inflammatory serum

proteins, IL-18 and EN-RAGE as well as ST1A1 mapped to hepatic macrophages

and periportal hepatocytes, respectively, at the single cell level. The signature of

inflammatory serum proteins further permitted identification of biologically

distinct subgroups of NASH patients.

Conclusion: NASH patients have a distinct inflammatory serum protein

signature, which can be mapped to the liver parenchyma, disease

pathogenesis, and identifies subgroups of NASH patients with altered

liver biology.
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Introduction

Non-alcoholic Fatty Liver Disease (NAFLD), the hepatic

presentation of the metabolic syndrome, is the most common

liver disease with a global prevalence estimated to 25% (1).

Hepatic steatosis is a hallmark of this disease that includes a

spectrum of pathological features ranging from benign steatosis to

development of cirrhosis, causing a need for liver transplantation

(2). Steatosis accompanied with inflammation is referred to as

nonalcoholic steatohepatitis (NASH) (3). Patients with NASH are

at a higher risk of developing hepatocellular carcinoma (HCC),

even without underlying fibrosis (2). Hepatic inflammation is

considered the main driving force behind fibrosis development

and disease progression (2), but the nature of the inflammation is

still largely unclear. Furthermore, it remains elusive why some

patients develop more severe disease while others do not. Indeed,

the interplay between NASH and a plethora of heterogeneous risk

factors, a diverse clinical presentation as well as unpredictable

outcomes suggests the existence of subgroups of NASH-patients

with distinct pathophysiology (4). Understanding how

inflammatory networks differ in NAFL and NASH would thus

aid in our understanding of NASH pathogenesis. Several studies

have assessed single cytokines in the serum of NASH patients, (e.g.

CCL2, TNF, and CXCL10 (5)), as well as a range of other

mediators such as microRNAs and genetic factors (6). However,

while some reports have investigated multiple inflammatory

mediators and identified several interesting targets (e.g.,

fibroblast growth factor (FGF-21), osteoprotegerin (OPG)) (7–

9), we still lack a broader understanding of how circulating and

intrahepatic inflammatory networks are altered in this disease.

Today, liver biopsy, an invasive procedure with considerable

side-effects, is needed to determine if a NAFLD patient has NASH

(10). This hamper both routine clinical management as well as the

ongoing clinical trials evaluating novel NASH and/or fibrosis

treatments. Previous efforts have commonly measured

individual (or a few) inflammatory mediators in NASH-patients

(5, 11–14), including cytokeratin (CK)-18, probably the most

evaluated biomarker of NASH (15, 16). It has also been
Abbreviations: ADA, adenosine deaminase; ALT, alanine aminotransferase;

AST, aspartate aminotransferase; BMI, body mass index; CCL1, chemokine (C-

C motif) ligand 2; CK-18, cytokeratin-18; CDCP1, CUB domain-containing

protein; CDT; carbohydrate deficient transferrin; CRP, C-reactive protein;

CXCL10, CXC-motif chemokine ligand 10; DEGs, differentially expressed

genes; ELISA, enzyme-linked immunosorbent assay; EN-RAGE, EN-receptor

for advanced glycation endproducts; FLt3L, FMS-like tyrosine kinase 3 ligand;

HCC, hepatocellular carcinoma; HDL, high-density lipoprotein; HGF,

hepatocyte growth factor; HOMA-IR, homeostatic model assessment; IL,

interleukin; LDL, low-density lipoprotein; NAFL, non-alcoholic fatty liver;

NAFLD, Non-alcoholic fatty liver disease; NAS, NAFLD activity score; NASH,

nonalcoholic steatohepatitis; NF-kb, nuclear factor kappa-light-chain-

enhancer of activated B cells; NPX, normalized protein expression; PEA,

proximity extension assay; ROC, Receiver Operating Curve; ST1A1,

sulfotransferase 1A1; SCF, stem cell factor; T2D, type 2 diabetes; THBS2,

Thrombospondin 2; TNF, tumor necrosis factor.
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challenging to determine what constitutes a NASH-specific

signature compared to what depends on under lying

comorbidities such as obesity, hypertension, type 2 diabetes

(T2D), or liver fibrosis, since all of these can contribute to

NAFLD progression (17, 18).

In this work, we first performed a comprehensive screening for

a large number of inflammatory serum proteins, using a

commercially available sensitive proximity extension assay (PEA)

technology, in a cohort of biopsy-verified NAFL and NASH-

patients. Our aim was to identify a disease-specific inflammatory

serum protein signature in NASH taking relevant comorbidities

into account. We further explored the identified inflammatory

NASH-signature by single cell and spatial hepatic transcriptomics

to gain insight into NASH pathobiology. The results are discussed

in relation to current knowledge of NASH biomarkers and in the

context of NAFLD pathogenesis.
Results

NASH patients have a similar biochemical
profile to NAFL patients except for signs of
increased inflammation

To assess the inflammatory imprint of NASH on circulating

proteins, serum was collected from 15 normal-weight healthy

controls, 35 patients with NAFL, and 35 patients with NASH

(Figure 1A). The cohorts were matched for age and sex. As

expected, body mass index (BMI) was higher in patients

compared to controls but not different between NAFL- and

NASH-patients. Similarly, the prevalence of comorbidities

associated with the metabolic syndrome, such as hypertension

and type 2 diabetes (T2D), was present in similar levels in NAFL

and NASH patients (Figure 1A). Instead, and expected, NASH-

patients presented with a higher NAFLD activity score (NAS) and

with increased levels of steatosis, lobular inflammation,

hepatocyte ballooning, and liver fibrosis (Figure 1B). Next, in

assessing 29 biochemical markers, covering glucose and lipid

metabolism, hormones, liver function, as well as inflammation,

only two inflammatory markers, total white blood cell count

(WBC) and high sensitive C-reactive protein (CRP) were

significantly elevated in NASH compared to NAFL patients

(Figures 1C, D and Figure S1). Finally, to assess the systemic

biochemical profile more globally in NAFL and NASH patients,

we performed hierarchical clustering of the 29 biochemical

markers analyzed (Figure 1E; Figure S2). While some

parameters (e.g., those related to obesity) clustered together in

both groups, there were also clusters of biochemical markers that

differed between the two patient groups (Figure 1E; Figure S2).

Altogether, this suggests that NASH patients have a separate

systemic imprint from NAFL and that the ongoing liver disease

can in fact be detectable in the periphery. However, while the

cluster analysis was able to distinguish differences between the

pooled groups, it did not assist in separating individual NAFL

from NASH patients based on routine biochemical tests.
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In-depth serum proteome analysis reveals
an altered inflammatory profile in
NASH-patients

Since the main difference between the patient cohorts related to

inflammatory markers, we next performed a deep serum proteome

analysis of 92 inflammatory proteins (out of which 67 could be

readily detected, see method section) using proximity extension

assay (PEA) technology. This revealed that NASH-patients had a

unique expression profile that was both distinct from NAFL-

patients and healthy controls (Figure 2A). In contrast, no
Frontiers in Immunology 03
significant differences were observed when comparing NAFL-

patients with healthy controls (Figure 2A). Surprisingly, most of

the significantly altered inflammatory serum proteins were present

at lower level in NASH compared to the other cohorts

(Figures 2B–D; Figure S3) except for sulfotransferase 1A1

(ST1A1) and stem cell factor (SCF), that were both found at

significantly higher levels in NASH (Figure 2D). While all the

altered serum proteins were involved in inflammatory processes,

few have previously been studied specifically in the context of

NASH. Altogether, 13 inflammatory serum proteins were

significantly altered in NASH compared to NAFLD and 7 when
B

C D E

A

FIGURE 1

NASH patients have a similar biochemical profile to NAFL patients except for signs of increased inflammation. (A) Cohort characteristics including cohort
size, age, BMI, sex as well as presence of comorbidities. Bars; median. (B) Stacked bar charts of histological features of NAFLD (n=35) and NASH patients
(n=35), including NAFLD activity score (NAS), steatosis, lobular inflammation, ballooning hepatocytes (19) as well as fibrosis score (15). Block arrows;
significantly larger fraction expression. (C) Heat map depicting median values of routine biochemical parameters for NAFL and NASH patients, in relation
to the normal clinical range. (D) Violin plot of the levels of white blood cells (WBCs) as well as high-sensitive CRP (hsCRP) between the two groups, with
median and quartiles indicated. (E) Heat map of hierarchical clustering of biochemical parameters. Cluster formation is based on the NASH-patients
(upper right quadrant) or NAFL patients (lower left quadrant). Cluster analysis have been performed using Euclidian distances and Ward’s method. Color
bars indicate the classification of the parameters (see Figure S2 for details). Where applicable, *p-value of <0.05, ***p-value of <0.001, ns represents not
significant. Parameters were analyzed using Mann-Whitney U-test (continuous) or Chi Square test (categorical).
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comparing NASH to healthy controls (Figure 2E; Figures S3A–C).

To assess whether the 13 inflammatory serum proteins that differed

comparing NAFL with NASH patients could be used to separate

NASH from NAFL patients, we performed hierarchical clustering

analysis (Figure 2F). While two major clusters were identified, these
Frontiers in Immunology 04
did not clearly separate the two cohorts (Figure 2F). However, since

the inflammatory serum proteins also grouped into several clusters

(Figure 2F), this suggested redundancy and indicated that more

refined modelling of these altered factors might lead to a better

separation of the two patient groups.
B C D

E F

A

FIGURE 2

In-depth serum proteome analysis reveals an inflammatory serum protein signature in NASH-patients (A) Volcano plots depicting the ratio and p-
values of measured cytokines in healthy controls (HC) compared to NASH-patients (left), healthy controls compared to NAFL patients (middle), and
NAFL-patients compared to NASH-patients (right). Red dots; significantly elevated serum proteins. Green dots; significantly reduced serum proteins.
Blue line; p-value of 0.05. Dotted line; the level of corrected p-values using the Benjamini-Yekutieli method of multiple correction with a Q of 5%
(see Materials and methods for more details). (B-D) Violin plots showing examples of significantly altered serum proteins between the indicated
groups. Elevated (red) or decreased (blue) serum proteins in NASH compared to other groups. (E) Venn-diagram of differentially expressed serum
proteins (F) Hierarchically clustered heat map of the 13 significantly altered cytokines in NASH- compared to NAFL-patients. Presented values reflect
the individual value of all included patients normalized by division with the median of the NAFL group. **p-value of < 0.01, ***p-value of <0.001.
ADA, adenosine deaminase.
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The NASH serum signature is independent
of specific comorbidities

Next, we assessed whether the identified inflammatory serum

protein signature was specific to NASH or associated with underlying

comorbidities (fibrosis, T2D, hypertension, obesity) or other factors

such as age and sex. When analyzing T2D, hypertension, obesity, age,

and sex in relation to all serum proteins, no significant differences

were observed (Figures 3A–D; Figures S4A, B). For fibrosis, when

comparing patients with low vs significant fibrosis (stage 0-1 vs stage

2-4), while correcting for multiple comparisons, two serum proteins

remained significantly different, aspartate aminotransferase (AST)

and CDCP1 (Figure 3A; Figures S4C, D). A subgroup analysis

revealed that AST indeed associated with higher levels of fibrosis,

independent of NAFL or NASH whereas CDCP1 was rather

dependent on NAFL or NASH (Figures S4E, F). This, together with

the fact that CDCP1 showed no negative correlation to the degree of

fibrosis but rather to NAFLD Activity Score (NAS) as a measurement

of disease activity (data not shown), suggested that CDCP1 levels

instead associated with active liver inflammation.

To further confirm that the identified inflammatory serum

protein signature was independent of fibrosis we analyzed RNA-

sequencing data of 34 NASH livers with low (n=15) or significant

fibrosis (n=19) based on the expression of collagen transcripts,

(Figures S4G, H). None of the serum proteins specifically changed

in NASH (Figure 2A) were differentially expressed in NASH livers

with low compared to significant fibrosis (data not shown). In

contrast, this analysis identified genes known to be involved in the

fibrotic process (THBS2), other genes previously identified in the

context of hepatic manifestation of the metabolic syndrome or

progressive fatty liver disease (UBD, IL32, CD24), as well as novel

genes (MIR4660, PHYH and PLA2G4C) that might be involved in

the fibrotic process specifically in NASH (Figure S4H).

In conclusion, the identified inflammatory serum protein

signature in NASH was independent of fibrosis, hypertension,

T2D, obesity, age, and sex.
Frontiers in Immunology 05
A combination of six inflammatory serum
proteins segregates NASH from NAFL

We next evaluated the efficacy of each of the individual

inflammatory serum proteins to differentiate NASH from NAFL

and healthy individuals. To this end, we performed Receiver

Operating Curve (ROC) analysis in which the individual

proteins reached sensitivities ranging from 37% to 63% at a 76%

specificity-level (Sp 76%)) and sensitivities from 9% to 43% at a

90% specificity-level (Sp 90%) (Figure 4A; Figure S5A). To

improve this outcome, we next combined several proteins in the

same analysis to increase both sensitivity and specificity. Using the

previously determined thresholds of the individual tests (Sp 76%

and 90%), and as an example, patients positive for 11 tests allowed

a sensitivity of 57% at a specificity 92% (Figure 4B). As expected,

this strategy also yielded a continuum of sensitivities (up to 94%)

and specificities (up to 100%), from low to high depending on the

number of tests but a gain in sensitivity was mirrored by a

decrease in specificity and vice versa (Figure 4B; Figure S5B).

This strategy also allowed for a significantly enhanced sensitivity

at very high specificity-level (96%) as compared to using only a

single protein in the analysis (Figure S5C). Since the hierarchical

clustering of soluble factors significantly different in NASH

compared to NAFL-patients suggested redundancy in how much

a single protein contributes to separating the two groups

(Figure 2F), we performed a logistic regression analysis. This

identified ADA, FLt3L, EN-RAGE, IL-18, IL-6, and ST1A1 as

the best combination of inflammatory serum proteins in

segregating NASH from NAFL. Here, again, with a varying

number of positive tests, a continuum of performances was

evident (Figure 4C). However, a sensitivity of 74% at a 82%

specificity-level could be achieved and this was higher than any

single test (Figures 4D, E).

Overall, these results demonstrate the clinical potential of using

the six identified inflammatory serum proteins in distinguishing

NASH from NAFL.
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NASH associates with perturbations in
co-expression patterns of inflammatory
serum proteins

To gain more insights into NASH pathogenesis, we next set out

to identify disease-specific signatures of serum proteins by

analyzing the inter-dependency of the inflammatory serum

proteome. First, we performed a correlation analysis of all

measured serum proteins (Figure S6A). Based on this matrix we

generated residual plots, comparing NASH to NAFL and healthy

controls, that we finally performed hierarchical clustering on. This

allowed us to identify clusters of deregulated inflammatory serum

proteins specific to the different disease stages (Figures 5A–D;

Figure S6B). We found four distinct clusters of deregulated

cytokines that differed between NAFL and NASH patients as well

as two clusters that separated NASH-patients from healthy controls.

Of note, by assessing the association between inflammatory serum

proteins, disturbances also emerged between NAFL patients and

healthy controls that were not detected when only the expression

patterns of single proteins were considered. Finally, we performed

pathway analysis based on inflammatory serum proteins from the

identified dysregulated clusters (Figure 5E). The pathway analysis

indicated a temporal deregulation of type 2 immunity (IL-4, IL-13

axis) as well as IL-10, IL-18, and non-canonical NF- kb signaling in

NASH, where dysregulation of IL-18 and non-canonical NF-kb
signaling was specific for NASH patients (Figure 5E). In summary,

we here demonstrate that perturbations in systemic co-expression
Frontiers in Immunology 06
patterns of inflammatory serum proteins reveal a map of distinct

signaling pathways in NAFL and NASH.
Mapping the NASH inflammatory serum
protein signature onto the liver
parenchyma at the single-cell level

Given the constant bidirectional exchange between liver and

circulation, we hypothesized that the inflammatory serum protein

signature also could be mapped to the liver parenchyma and distinct

subsets of intrahepatic cells. To explore what cell types could be linked

to the serum protein signature, we first analyzed publicly available

single cell RNAseq data from two human healthy livers (Figure 6A).

This analysis revealed that a specific population of myeloid cells

expressed S100A12 (EN-RAGE), IL18, and SULT1A1 (ST1A1)

transcripts. This population co-expressed S100A8, S100A9, VCAN,

and LYZ, but not CD5L, MARCO, and VCAM1 (Figure S7A)

therefore corresponding to the recently described inflammatory

macrophages (20) and/or tissue monocytes (21). In addition,

SULT1A1 (ST1A1) transcripts were detected in a subset of

hepatocytes exhibiting a periportal signature with co-expression of

ASS1, Alb, Sds, Hsd17b13, and CPS1 (Figure 6A; Figure S7B), but none

of the pericentral hepatocyte markers Glul, Gulo, Lect2, or Gstm3 (data

not shown). Thus, these results associate a periportal subset of

hepatocyte as well as inflammatory tissue macrophages/monocytes to

the NASH-specific inflammatory serum protein signature.
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Disturbances in inflammatory
serum proteins linked to intrahepatic
NASH pathogenesis

After having concluded that many of the inflammatory serum

proteins that made up the NASH-signature were expressed in the

liver we next set out to investigate their association more specifically

to NASH in the liver. First, we performed a biological network

analysis using RNAseq data from 152 liver biopsies of patients with

suspected NAFLD and/or candidates for bariatric surgery, from a

public available data repository (GSE83452 (18)). This revealed that

a majority of the 17 identified inflammatory serum proteins that

were differentially regulated in NASH (Figure 2) indeed have
Frontiers in Immunology 07
known connections in the liver suggesting that they might be part

of a biological network deregulated in NASH (Figure 6B). To

evaluate if such a network was perturbed in NASH livers, we

analyzed the liver transcriptome according to presence of NASH

(n=104) or non-NASH (n=43) (GSE83452 (18)). Correlation

analysis showed that several of the identified inflammatory serum

proteins were transcriptionally associated in the liver of NASH-

patients but not in non-NASH livers (Figure 6C). Since biological

sampling of NASH patients often occur late in the disease process,

we also turned to human primary liver organoids to gain insight

into the early dynamics of NASH pathogenesis. In this system,

organoids, made up of primary liver cells such as hepatocytes,

hepatic stellate cells, and macrophages, are exposed to a lipotoxic
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FIGURE 5

NASH associates with perturbations in co-expression patterns of serum cytokines. (A) Hierarchically clustered residual plots of correlation matrices
of cytokine expression in NASH-, NAFL-patients, and healthy controls respectively. Clusters indicate differentially co-expressed cytokines between
NASH-patients and healthy controls (HC) (left), NASH-patients and NAFL-patients (middle), and NAFL-patients and healthy controls (right).
(B–D) Examples of differentially co-expressed serum proteins in (B) NASH-patients compared to healthy controls (HC), (C) NASH- compared to
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milieu over a period of ten days (20). As compared to control

organoids, we observed that transcript levels of IL18 were not

altered in NASH organoids, which is in line with the results from

the pathway analysis that suggest a later dysregulation of IL-18

signaling (Figure 5E). Instead, SULT1A1 (ST1A1) as well as the

periportal marker Hsd17b13 were significantly upregulated in

NASH organoids (Figure 6D). These results remained significant
Frontiers in Immunology 08
after correction for multiple pericentral hepatocyte markers

indicating a perturbation of the pericentral/periportal hepatocyte

transcriptional program (Figure 6D).

Taken together, this show that the inflammatory serum protein

signature of NASH can be linked to disease pathogenesis in the liver

and that deregulation in hepatocytes (ST1A1) might occur before

appearance of the broader NASH-specific inflammatory signature.
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FIGURE 6

Inflammatory serum protein signature identifies distinct subgroups of NASH patients. (A) Visualized cell clusters from single-cell RNA-sequencing of healthy
human liver (n=2) as well as the individual expression of the genes S100A12, IL18, SULT1A1, and the hepatocyte-related genes ASS1 and Hpx. (B) Biological
network analysis of transcriptomes from liver biopsies (n=152). (C) Correlation matrix of the expression of 18 deregulated inflammatory serum proteins in
the transcriptomes in NASH (n=104) compared to non-NASH livers (n=43). (D) Transcript levels of the genes IL18, SULT1A1, and the periportal marker
Hsd17b14 in human primary organoids of NASH-development, compared to control organoids. *p-value < 0.05, ***p-value < 0.001, ****p-value <
0.00001, ns, not significant. (E) Hierarchical clustering based on expression of the indicated six genes based on the transcriptome of 104 liver biopsies from
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The inflammatory serum protein
signature identifies distinct subgroups of
NASH-patients

Finally, we asked whether the six identified inflammatory serum

proteins that were superior in separating NASH from NAFL

(Figure 4C) could be used to understand NASH heterogeneity.

Using RNA sequencing data from 104 NASH livers from the

previously mentioned data set (GSE83452 (18)), we performed a

hierarchical clustering analysis based on expression of these six

serum proteins. This analysis identified eight distinct clusters of

patients (Figure 6E). In performing pair-wise analysis of

differentially expressed genes (DEGs) in-between the clusters, we

noted that many of them had a similar liver transcriptome but that

some clusters, such as A, B, F, and G, differed considerably in their

transcriptomes (Figure 6F; Figure S8A). Of note, a main difference

between clusters A and B compared to F and G was high vs low

SULT1A1 (ST1A1) expression. As a control, when only stratifying

patients based on high vs low SULT1A1 (ST1A1) expression, few, if

any, significant differences in gene expression were noted (Figures

S8A, B) suggesting that the refined classification of patients based

on the six serum proteins specifically allowed the identification of

these subgroups of patients. Furthermore, when modelling random

clusters of patients (same size as those identified by the six

inflammatory serum cytokines) and comparing them against each

other, few DEGs were found (Figure S8D), suggesting biological

relevance of clusters and DEGs identified based on the

inflammatory serum cytokine signature. Assessing DEGs among

the most differing NASH-patient clusters revealed that two-thirds

of all genes were located to the protein coding compartment

(Figure 6G). Moreover, this analysis identified specific biological

pathways as well as tentative druggable genes and transcription

factor binding motifs that were unique to each of the most distinct

clusters (Figure 6H).

In summary, the inflammatory serum protein signature

identified in NASH is not only coupled to the disease

pathogenesis within the liver but also suggests a heterogeneous

pathophysiology in NASH with distinct subgroups of patients.
Discussion

NAFLD is becoming an increasing health problem worldwide

due to severe long-term outcomes such as liver failure and HCC.

Yet , chal lenges remain in understanding the disease

pathophysiology to allow for novel therapies to be developed and

with respect to optimal diagnosis and monitoring of NASH

patients. Indeed, NASH is a major outcome in many ongoing

pharmacological studies, however NASH is ill-defined and suffers

from sampling errors. An objective marker for NASH would

therefore be important. Our work presents a broad assessment of

the peripheral proteome in NASH-patients from which we

identified a NASH-specific inflammatory serum protein signature

that could aid in separating NASH- from NAFL-patients. It further

pinpointed several cytokine-signaling pathways that were altered

throughout the NAFLD disease process. Finally, by overlaying the
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NASH-signature onto liver transcriptomes of a large group of

NASH patients, we uncovered several clusters of patients with

distinct liver biology. Thus, by performing an in-depth

assessment of the peripheral immunoproteome, we here provide

new insights into NASH pathophysiology.

Intriguingly, our study reports decreased levels of several pro-

inflammatory cytokines in NASH that have been associated with

the metabolic syndrome, such as IL-6 and IL-18. While increased

levels of IL-18 have been observed in several models of obesity and

the metabolic syndrome (22–24), the data on IL-18 in NAFLD have

been far more ambiguous. In mice, IL-18 deficient mice develop

hyperlipidemia and subsequent NASH (25, 26). Other studies have

demonstrated increased levels of intrahepatic IL-18 in mice and

humans (27, 28). However, data from patients with NAFLD is

scarce and previous studies have not always differentiated between

NAFLD or NASH-patients, nor taken the presence of obesity into

account as a possible confounding factor (29, 30). However, the few

studies that have previously assessed circulating levels of IL-18 in

NAFL compared to NASH patients and taken the metabolic status

of patients into consideration have not been able to demonstrate

any differences (30, 31). It is plausible that our use of the novel PEA

technology, which is more sensitive compared to standard enzyme

linked immunosorbent assay (ELISA) (32, 33), combined with our

sizeable and controlled cohort allowed us to demonstrate a

previously unappreciated difference in IL-18 levels in NASH-

patients. Interestingly, this is in line with results in murine

models that highlights the importance of IL-18 in negatively

regulating NAFLD/NASH development through inflammasome

activation mediated by gut microbiota (34). Similar to IL-18, pro-

inflammatory IL-6 has previously been linked to NAFLD

development (13, 35, 36). While some studies display increased

IL-6 in NASH compared to NAFL-patients (11), others report

results in line with our findings with a tendency towards lower

levels in NASH (35). Our results, suggesting heterogeneity in the IL-

6 expression, as well as the strong association between IL-6 and

visceral adiposity (37, 38), could provide an explanation to these

conflicting results.

Our results highlight six inflammatory serum proteins that

differ between NAFL and NASH-patients (ST1A1, ADA, Flt3L,

EN-RAGE, IL-6, IL-18). Human sulfotransferase 1A1 (ST1A1) is an

important enzyme in several biological process (sulfate conjugation

of neurotransmitters, hormones, drugs and xenobiotics) (39). While

found highly enriched in liver tissue, ST1A1 has not been described

in NAFLD/NASH nor other liver diseases previously. However,

inflammatory factors can increase the activity of ST1A1, which

together with the increased levels in NASH suggest that it would be

an interesting target for monitoring inflammatory processes.

Adenosine deaminase (ADA) is a key enzyme in purine

metabolism and is important for the maintenance of the immune

system. Decreases in ADA might result in dysfunction within

cellular immunity (40), which is a known component of NASH.

It can also reduce the levels of adenosine and increase glycolysis

(41). The serum activity of one of the two ADA isoforms (ADA2)

has recently been associated to fibrosis development in NAFLD

patients, possibly due to a shift in macrophage polarization towards

profibrotic, type 2 macrophages (42). While our results demonstrate
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lower levels of total ADA in NASH-patients compared to NAFL,

probably highlighting important roles besides its role in fibrosis

development, this emphasizes ADA as an interesting molecule for

NAFLD development and emphasizes the need of future studies to

fully elucidate its role. FMS-like tyrosine kinase 3 ligand (Flt3L) is a

cytokine and growth factor that is important for replenishment and

homeostasis of immune cells as well as regulating DC function, also

in the context of ameliorating liver injury (43). Flt3L also positively

correlate to the levels of myocardial fat deposition in NAFLD

patients (44). However, to the best of our knowledge, there are no

previous reports on the role of Flt3L in NASH. Our results also

show a decrease in EN-RAGE (also known as S100 calcium-binding

protein A12, S100A12). Metabolic dysfunction increases the

formation of advanced glycation end-products (AGEs), which can

contribute to liver damage (45). Soluble receptors (sRAGEs) can act

as decoy receptors thus preventing activation of the AGE/RAGE

axis that contributes to inflammation (46). sRAGE negatively

correlate with ALT in NAFLD patients and lower levels of

sRAGEs are present in individuals with metabolic disease (46).

Taken together, our identified inflammatory serum protein

signature novel proteins that have previously not been specially

studied in a NAFL/NASH context but that have functions linked to

metabolism and inflammation suggesting relevant roles for them in

NASH. However, how they compare to other biomarkers of NASH

remains to be further studied.

NAFLD is multifactorial disease, thought to be driven by a

multitude of parallel processes such as hepatocyte death, wound

healing, continuous fibrogenesis/fibrinolysis, angiogenesis, as well

as inflammation (47). One aspect of the lipotoxicity that affects

NASH-livers is the capacity to interact with and modify signaling

pathways that regulates metabolism, stress, and inflammatory

responses (47). Our pathway analysis revealed several disturbed

signaling pathways during NAFLD development. One highlighted

target was NF-kb signaling, that regulates the expression of several

pro-inflammatory cytokines, including IL-6. During insulin

resistance, a common feature of NASH, the expression of NF-kb
in the liver is increased and NF-kb is closely linked to hepatic

insulin resistance (45). Thus, our results on disturbances in NF-kb
signaling are in line with previous hypothesis on how NF-kB is

involved in the pathogenesis of insulin resistance and NASH, thus

again highlighting the importance of NF-kB signaling in NASH.

NAFLD is a heterogeneous disease with a fluctuating disease

progression. The degree of steatosis as well as liver inflammation

can show a dynamic progression, shifting between NAFL and

NASH over time, which is difficult to assess using infrequent

biopsies. However, fibrosis deposition remains a more stable

measurement than the hepatic inflammation (2). Thus, it is likely

that the patients are sampled at different time-points since the

disease debut and in different stages of the disease. Despite this, our

identified NASH-signature was independent of the stage of fibrosis.

This is a strength, since there is a lack of non-invasive tools to

measure the more rapidly fluctuating hepatic inflammation, in

contrast to several existing strategies to measure intrahepatic

fibrosis. When new treatments have been tested on NASH
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noted (48). This raises the possibility that subgroups of patients

might exist with distinct underlying biology. Indeed, by clustering

whole liver transcriptome data from a large cohort of NASH-

patients based on expression of the six identified inflammatory

serum proteins, we identified subclusters of patients showing

distinct liver biology as well as different imputed responses to

treatments. It is plausible that future clinical trial design in NASH

could be informed by knowledge about such patient heterogeneity.

Certain limitations of our study should be considered. First, the

usage of a pre-selected panel of inflammatory serum proteins

instead of more unbiased approaches such as proteomics.

However, this was within the aim of the design to in depth study

the inflammation in NASH and in large focus on the inflammatory

component of NASH. Of course, other pathophysiological

processes are important in NAFLD, e.g. fibrosis development,

angiogenesis, oxidative stress. Second, how our proposed serum

protein signature compare to other NASH biomarkers needs to be

further assessed in future studies. Third, our cohorts were relatively

small and the study design cross-sectional. While the study design

provides an interesting correlation between histological features and

serum proteins, how, and if these serum proteins correlate to

clinical outcomes remain to be further studied. Forth, large

multicenter clinical trials would be able to investigate how the

identified heterogeneity of NASH detected in our study would relate

to clinical outcomes as well as treatment responses.
Conclusions

We have performed a large and detailed analysis of serum

proteome changes in NASH patients. In addition to identifying an

inflammatory serum protein signature that was specific to NASH

and not associated with liver fibrosis or other comorbidities, we also

associate this to specific and aberrant cytokine signaling pathways

in NASH-patients. Finally, we highlight the role of hepatic

macrophages and periportal hepatocytes in the pathogenesis of

NASH and identify subpopulations of NASH-patients with distinct

liver biology which could help to understand the heterogeneity of

the disease.
Materials and methods

Study design and cohort characteristics

The study was approved by the regional ethics committee in

Stockholm (Dnr: 2013/2285-31/3, Dnr: 2006-229-31-3) and oral

and written informed consent was obtained from all participants.

Serum from 15 healthy controls was collected from Skanstull Blood

Donor Center, Stockholm. Exclusion criteria were presence of type

2 diabetes, BMI>25, or elevated ALT. Serum as well as clinical data

from patients were collected at routine visits at the out-patient clinic

at the Division of Hepatology, Department of Upper GI, Karolinska
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University Hospital, Stockholm, Sweden. All patients had biopsy-

verified NAFL (n=35) or NASH (n=35), no other liver diseases nor

a weekly alcohol consumption of less than 30g for men and 20g for

women. In addition, information on comorbidities was collected.

Type 2 diabetes (T2D) was defined as a registered diagnosis in

patient charts, a non-fasting glucose value of ≥180 mg/dl or a fasting

glucose value of ≥126 mg/dl, or having any anti-diabetic medication

prescribed. Hypertension was defined as a registered diagnosis in

patient charts, a resting blood pressure of ≥140/90 mmHg, or

having any anti-hypertensive medication prescribed (49).
Sensitive quantification of serum proteins
by proximity extension assay

Serum protein data was generated using the commercial

proximity extension assay technology (PEA, ProSeek, Olink AB,

Uppsala). In more detail, 25ml serum per patient was aliquoted into

a 96-well V-plate and frozen down at -80C until analysis. Next, 92

pre-selected cytokines from a commercial platform (Inflammation

panel from Olink Proteomics) were analyzed using PEA. The

specificity and sensitivity of the assay as well as the method for

normalization and quantification of the data was at length described

by Assarsson et al (50). In short, serum proteins were detected by

paired oligonucleotide-coupled antibodies, which when in

proximity after binding to a serum protein becomes the target of

a polymerase that creates unique sequences. These unique surrogate

markers can then be quantified using real-time PCR (50). One

advantage of the method is increased sensitivity compared to

multiplex immunoassays and due to the detection of only

matched DNA pairs the risk of antibody cross-reactivity, as seen

e.g. in ELISA multiplex assays, is lower. The assay utilizes internal

controls to assess interplate variation as well as being utilized for

normalization. Out of 92 serum cytokines tested for, 67 were

detected in the analyzed samples, due to technical reasons. An

additional four cytokines were excluded from downstream analysis

due to more than 10% of samples being below the cutoff limit of

minimum detection. Thus, only serum proteins that were detected

in >90% of the samples were analyzed. Data is presented as

normalized protein expression (NPX), which has been corrected

for technical variation.
Assessment of peripheral
biochemical parameters

Several routine biochemical variables were collected at the same

day as the serum sample. Standard measurements of liver function

were assessed, including levels of alanine (ALT), aspartate

aminotransferase (AST), and bilirubin. All patients were negative

on hepatitis virus serology. Glucose metabolism was evaluated using

fasting glucose, insulin, and HbA1c. Fasting glucose was measured

after 6h of fasting and HOMA-IR was calculated. Lipid metabolism

assessment included triglycerides, LDL, HLD, and apolipoproteins
Frontiers in Immunology 11
A. In addition, the height and weight of the patients, including hip

and waist circumference, was measured by a nurse and used for

calculation of BMI (kg/m2). P-Ethanol and CDT was measured and

used as an objective evaluation of excessive alcohol use.
Histological evaluation of liver biopsies

All biopsies were scored by an experienced liver pathologist

according to NAFLD activity score (NAS) (where NASH was

defined as a NAS ≥5) (19). Steatosis was graded according to the

frequency of hepatocytes with cytoplasmic lipid accumulation,

where 0 points (0) represents <5% steatosis which is incompatible

with a NAFLD diagnosis (5%, 0p; 5%-33%, 1p; 33%-66%, 2p; 66%,

3p). Lobular inflammation was scored with 0-3 points according to

number of inflammatory foci/200x field (no inflammatory foci, 0p;

2 foci/200 field, 1p; 2-4 foci/200 field, 2p; >4 foci/200 field, 3p).

Ballooning was also measured according to NAS on a 2-point scale

where 0p represents no ballooning hepatocytes, 1p represents few

ballooning hepatocytes and 2 p represents many cells. Fibrosis stage

was scored according to the Kleiner classification on a 5-point scale

(F0–F4) (19, 51).
Analysis of publicly available
transcriptomic datasets

Several publicly available data repositories were used to validate

our results. Detailed methods descriptions for these datasets can be

found in the respective publications as listed below. In Figure 6A,

publicly available single cell RNAseq data from two human healthy

livers, sequenced in order to perform a comprehensive atlas of

immune cells were used to map our serum proteins to cells of origin

in the liver (20). The cells were derived from human donor livers

that were considered healthy enough to undergo liver

transplantation. The single cell RNA sequencing analysis was

performed using Panglao DB (6806 cells and 4190 cells generated

on 10X chromium platform (GSM3178786, GSM3178782 (20)).

The raw data can be found at he Gene Expression Omnibus at the

National Institute of Health (https://www.ncbi.nlm.nih.gov/geo/).

Publicly available transcriptome data from NASH livers was used to

analyze the transcripts of our protiens of interest in Figure 6. The

data was generated from 152 patients who underwent gastric bypass

surgeries. After histological assessment, using the NASH Clinical

Research Network (NASH CRN) Scoring System, where the

presence of NASH was defined according to Chalasani et al.

necessitating the combined presence of steatosis, ballooning and

lobular inflammation, they were divided into 44 non- NASH, 104

NASH, and 4 undefined (52). The transcriptome was obtained by

Affymetrix Human Gene 2.0ST array (GSE83452 (52)). To further

validate our results in an early model of NASH we utilized publicly

available data on liver organoids (Figure 6D). In short, the

organoids were created by in vitro co-culure of primary
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hepatocytes, hepatic stellate cells and macrophages, which were

exposed to lipotoxic stress factors (glucose, insulin and free fatty

acids) (53). The trancriptomic data was generated by Illumina

HiSeq 2000 platform (GSE89063 (53))
Strategy for data and statistical analysis

Differences between groups were assessed by Mann-Whitney or

Chi Square tests wherea<0.05 was considered as significant. Correction
for multiple comparisons was performed using two-stage linear step-up

procedure of Benjamini, Kriger and Yekutieli and Q-value threshold for

significance was set at 5%. Coefficients of correlation were computed

using the Spearman rank method and residual plots were generated by

substraction of these coefficients. Paired proportions for diagnosis tests

were compared using Mc Nemar test. These analyses were performed

using Prism Version 8.3 (GraphPad Software Inc; USA). Hierarchical

clustering (using Euclidian distances and ward method) and logistic

regression were computed in R (R Core Team). Cluster analysis have

been performed using Euclidian distances and Ward’s method due to

the absence of arbitrary seeding, the maximized of inter-cluster

variance, and the minimized intra-cluster variance. Pathway analysis

was performed using the Reactome (54). Network analysis was

performed using Cytoscape (3.7.2). The differential gene expression

analysis was perform using iDEP (55), and drug gene interactions were

identified using the drug gene interaction database (56).
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5. Wong VW-S, Adams LA, Lédinghen V, Wong GL-H. & sookoian, s. noninvasive
biomarkers in NAFLD and NASH [[/amp]]mdash; current progress and future
promise. Nat Rev Gastroentero (2018) 15:461–78. doi: 10.1038/s41575-018-0014-9

6. Kawaguchi T, Shima T, Mizuno M, Mitsumoto Y, Umemura A, Kanbara Y, et al.
Risk estimation model for nonalcoholic fatty liver disease in the Japanese using
multiple genetic markers. PloS One (2018) 13:e0185490. doi: 10.1371/
journal.pone.0185490

7. Yang M, Xu D, Liu Y, Guo X, Li W, Guo C, et al. Combined serum biomarkers in
non-invasive diagnosis of non-alcoholic steatohepatitis. PloS One (2015) 10:e0131664.
doi: 10.1371/journal.pone.0131664

8. Shen J, Chan HL-Y, Wong GL-H, Choi PC-L, Chan AW-H, Chan H-Y, et al.
Non-invasive diagnosis of non-alcoholic steatohepatitis by combined serum
biomarkers. J Hepatol (2012) 56:1363–70. doi: 10.1016/j.jhep.2011.12.025

9. Niu L, Geyer PE, Albrechtsen NJW, Gluud LL, Santos A, Doll S, et al. Plasma
proteome profiling discovers novel proteins associated with non-alcoholic fatty liver
disease. Mol Syst Biol (2019) 15:e8793. doi: 10.15252/msb.20188793

10. Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M, et al. Global
epidemiology of nonalcoholic fatty liver disease–meta-analytic assessment of prevalence,
incidence, and outcomes. Hepatology (2016) 64:73–84. doi: 10.1002/hep.28431

11. Braunersreuther V, Viviani GL, Mach F, Montecucco F. Role of cytokines and
chemokines in non-alcoholic fatty liver disease.World J Gastroentero (2012) 18:727–35.
doi: 10.3748/wjg.v18.i8.727

12. Roh Y-S, Seki E. Chemokines and chemokine receptors in the development of
NAFLD. Singapore: Springer (2018) p. 45–53. doi: 10.1007/978-981-10-8684-7_4

13. Mirea A-M, Tack CJ, Chavakis T, Joosten LAB, Toonen EJM. IL-1 family
cytokine pathways underlying NAFLD: towards new treatment strategies. Trends Mol
Med (2018) 24:458–71. doi: 10.1016/j.molmed.2018.03.005

14. Ajmera V, Perito ER, Bass NM, Terrault NA, Yates KP, Gill R, et al. Novel
plasma biomarkers associated with liver disease severity in adults with nonalcoholic
fatty liver disease. Hepatology (2017) 65:65–77. doi: 10.1002/hep.28776

15. Vilar-Gomez E, Chalasani N. Non-invasive assessment of non-alcoholic fatty
liver disease: clinical prediction rules and blood-based biomarkers. J Hepatol (2018)
68:305–15. doi: 10.1016/j.jhep.2017.11.013

16. Wong VW-S, Wong GL-H, Choi PC-L, Chan AW-H, Li MK-P, Chan H-Y, et al.
Disease progression of non-alcoholic fatty liver disease: a prospective study with paired
liver biopsies at 3 years. Gut (2010) 59:969. doi: 10.1136/gut.2009.205088

17. Arrese M, Arab J, Barrera F, Kaufmann B, Valenti L, Feldstein A, et al. Insights
into nonalcoholic fatty-liver disease heterogeneity. Semin Liver Dis (2021) 41:421–34.
doi: 10.1055/s-0041-1730927

18. Bessone F, Razori MV, Roma MG. Molecular pathways of nonalcoholic fatty
liver disease development and progression. Cell Mol Life Sci (2019) 76:99–128. doi:
10.1007/s00018-018-2947-0

19. Kleiner DE, Brunt EM, Natta MV, Behling C, Contos MJ, Cummings OW, et al.
Design and validation of a histological scoring system for nonalcoholic fatty liver
disease. Hepatology (2005) 41:1313–21. doi: 10.1002/hep.20701

20. MacParland SA, Liu JC, Ma X-Z, Innes BT, Bartczak AM, Gage BK, et al. Single
cell RNA sequencing of human liver reveals distinct intrahepatic macrophage
populations. Nat Commun (2018) 9:4383. doi: 10.1038/s41467-018-06318-7

21. Ramachandran P, Dobie R, Wilson-Kanamori JR, Dora EF, Henderson BEP,
Luu NT, et al. Resolving the fibrotic niche of human liver cirrhosis at single-cell level.
Nature (2019) 575:512–8. doi: 10.1038/s41586-019-1631-3

22. Fischer CP, Perstrup LB, Berntsen A, Eskildsen P, Pedersen BK. Elevated plasma
interleukin-18 is a marker of insulin-resistance in type 2 diabetic and non-diabetic
humans. Clin Immunol (2005) 117:152–60. doi: 10.1016/j.clim.2005.07.008

23. Hung J, McQuillan BM, Chapman CML, Thompson PL, Beilby JP. Elevated
interleukin-18 levels are associated with the metabolic syndrome independent of
obesity and insulin resistance. Arterioscler Thromb Vasc Biol (2005) 25:1268–73. doi:
10.1161/01.ATV.0000163843.70369.12

24. Trøseid M, Seljeflot I, Arnesen H. The role of interleukin-18 in the metabolic
syndrome. Cardiovasc Diabetol (2010) 9:11–1. doi: 10.1186/1475-2840-9-11

25. Yamanishi K, Maeda S, Kuwahara-Otani S, Watanabe Y, Yoshida M, Ikubo K,
et al. Interleukin-18–deficient mice develop dyslipidemia resulting in nonalcoholic fatty
liver disease and steatohepatitis. Transl Res (2016) 173:101–114.e7. doi: 10.1016/
j.trsl.2016.03.010

26. Netea MG, Joosten LAB, Lewis E, Jensen DR, Voshol PJ, Kullberg BJ, et al.
Deficiency of interleukin-18 in mice leads to hyperphagia, obesity and insulin
resistance. Nat Med (2006) 12:650–6. doi: 10.1038/nm1415

27. Xiang X, Feng D, Hwang S, Ren T, Wang X, Trojnar E, et al. Interleukin-22
ameliorates acute-on-chronic liver failure by reprogramming impaired regeneration
pathways in mice. J Hepatol (2020) 72:736–45. doi: 10.1016/j.jhep.2019.11.013

28. Lake AD, Novak P, Fisher CD, Jackson JP, Hardwick RN, Billheimer DD, et al.
Analysis of global and absorption, distribution, metabolism, and elimination gene
Frontiers in Immunology 13
expression in the progressive stages of human nonalcoholic fatty liver disease. Drug
Metab Dispos (2011) 39:1954–60. doi: 10.1124/dmd.111.040592

29. Flisiak-Jackiewicz M, Bobrus-Chociej A, Tarasów E, Wojtkowska M, Białokoz-
Kalinowska I, Lebensztejn DM, et al. Predictive role of interleukin-18 in liver steatosis
in obese children. Can J Gastroenterol Hepatol (2018) 2018:3870454. doi: 10.1155/2018/
3870454

30. Vecchiet J, Falasca K, Cacciatore P, Zingariello P, Dalessandro M, Marinopiccoli
M, et al. Association between plasma interleukin-18 levels and liver injury in chronic
hepatitis c virus infection and non-alcoholic fatty liver disease. Ann Clin Lab Sci (2005)
35:415–22.

31. Tapan S, Dogru T, Kara M, Ercin CN, Kilciler G, Genc H, et al. Circulating levels
of interleukin-18 in patients with non-alcoholic fatty liver disease. Scand J Clin Lab
Invest (2010) 70:399–403. doi: 10.3109/00365513.2010.500675

32. Lundberg M, Eriksson A, Tran B, Assarsson E, Fredriksson S. Homogeneous
antibody-based proximity extension assays provide sensitive and specific detection of
low-abundant proteins in human blood. Nucleic Acids Res (2011) 39:e102–2. doi:
10.1093/nar/gkr424

33. Greenwood C, Ruff D, Kirvell S, Johnson G, Dhillon HS, Bustin SA, et al.
Proximity assays for sensitive quantification of proteins. Biomol Detect Quantificat
(2015) 4:10–6. doi: 10.1016/j.bdq.2015.04.002

34. Henao-Mejia J, Elinav E, Jin C, Hao L, Mehal WZ, Strowig T, et al.
Inflammasome-mediated dysbiosis regulates progression of NAFLD and obesity.
Nature (2012) 482:179–85. doi: 10.1038/nature10809
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38. Jorge ASB, Andrade JMO, Paraıśo AF, Jorge GCB, Silveira CM, de Souza LR,
et al. Body mass index and the visceral adipose tissue expression of IL-6 and TNF-alpha
are associated with the morphological severity of non-alcoholic fatty liver disease in
individuals with class III obesity. Obes Res Clin Pract (2018) 12:1–8. doi: 10.1016/
j.orcp.2016.03.009

39. Falany CN. Molecular enzymology of human liver cytosolic sulfotransferases.
Trends Pharmacol Sci (1991) 12:255–9. doi: 10.1016/0165-6147(91)90566-B

40. Cristalli G, Costanzi S, Lambertucci C, Lupidi G, Vittori S, Volpini R, et al.
Adenosine deaminase: functional implications and different classes of inhibitors. Med
Res Rev (2001) 21:105–28. doi: 10.1002/1098-1128(200103)21:2<105::AID-
MED1002>3.0.CO;2-U

41. Dangana EO, Michael OS, Omolekulo TE, Areola ED, Olatunji LA. Enhanced
hepatic glycogen synthesis and suppressed adenosine deaminase activity by lithium
attenuates hepatic triglyceride accumulation in nicotine-exposed rats. BioMed
Pharmacother (2019) 109:1417–27. doi: 10.1016/j.biopha.2018.10.067

42. Jiang ZG, Sandhu B, Feldbrügge L, Yee EU, Csizmadia E, Mitsuhashi S, et al.
Serum activity of macrophage-derived adenosine deaminase 2 is associated with liver
fibrosis in nonalcoholic fatty liver disease. Clin Gastroenterol H (2018) 16:1170–2. doi:
10.1016/j.cgh.2017.11.028

43. Zhou C, Wang R, Cheng D, Zhu Y, Cao Q, Lv W, et al. FLT3/FLT3L-mediated
CD103+ dendritic cells alleviates hepatic ischemia-reperfusion injury in mice. via
activation treg Cells BioMed Pharmacother (2019) 118:109031. doi: 10.1016/
j.biopha.2019.109031

44. Lovric A, Granér M, Bjornson E, Arif M, Benfeitas R, Nyman K, et al.
Characterization of different fat depots in NAFLD using inflammation-associated
proteome, lipidome and metabolome. Sci Rep-uk (2018) 8:14200. doi: 10.1038/
s41598-018-31865-w

45. Chen Z, Yu R, Xiong Y, Du F, Zhu S. A vicious circle between insulin resistance
and inflammation in nonalcoholic fatty liver disease. Lipids Health Dis (2017) 16:203.
doi: 10.1186/s12944-017-0572-9

46. Palma-Duran SA, Kontogianni MD, Vlassopoulos A, Zhao S, Margariti A,
Georgoulis M. Serum levels of advanced glycation end-products (AGEs) and the decoy
soluble receptor for AGEs (sRAGE) can identify non-alcoholic fatty liver disease in
age-, sex- and BMI-matched normo-glycemic adults. Metabolis (2018) 83:120–7. doi:
10.1016/j.metabol.2018.01.023

47. Machado MV, Diehl AM. Pathogenesis of nonalcoholic steatohepatitis.
Gastroenterology (2016) 150:1769–77. doi: 10.1053/j.gastro.2016.02.066

48. Cardoso A, Figueiredo-Mendes C, Villela-Nogueira CA, Sanyal AJ. New drugs
for non-alcoholic steatohepatitis. Liver Int (2020) 40:96–101. doi: 10.1111/liv.14354

49. Hagström H, Nasr P, Ekstedt M, Hammar U, Stål P, Hultcrantz R, et al. Fibrosis
stage but not NASH predicts mortality and time to development of severe liver disease
in biopsy-proven NAFLD. J Hepatol (2017) 67:1265–73. doi: 10.1016/
j.jhep.2017.07.027
frontiersin.org

https://doi.org/10.1038/s41575-019-0144-8
https://doi.org/10.1038/s41575-018-0009-6
https://doi.org/10.1038/s41575-018-0009-6
https://doi.org/10.1038/s41575-018-0014-9
https://doi.org/10.1371/journal.pone.0185490
https://doi.org/10.1371/journal.pone.0185490
https://doi.org/10.1371/journal.pone.0131664
https://doi.org/10.1016/j.jhep.2011.12.025
https://doi.org/10.15252/msb.20188793
https://doi.org/10.1002/hep.28431
https://doi.org/10.3748/wjg.v18.i8.727
https://doi.org/10.1007/978-981-10-8684-7_4
https://doi.org/10.1016/j.molmed.2018.03.005
https://doi.org/10.1002/hep.28776
https://doi.org/10.1016/j.jhep.2017.11.013
https://doi.org/10.1136/gut.2009.205088
https://doi.org/10.1055/s-0041-1730927
https://doi.org/10.1007/s00018-018-2947-0
https://doi.org/10.1002/hep.20701
https://doi.org/10.1038/s41467-018-06318-7
https://doi.org/10.1038/s41586-019-1631-3
https://doi.org/10.1016/j.clim.2005.07.008
https://doi.org/10.1161/01.ATV.0000163843.70369.12
https://doi.org/10.1186/1475-2840-9-11
https://doi.org/10.1016/j.trsl.2016.03.010
https://doi.org/10.1016/j.trsl.2016.03.010
https://doi.org/10.1038/nm1415
https://doi.org/10.1016/j.jhep.2019.11.013
https://doi.org/10.1124/dmd.111.040592
https://doi.org/10.1155/2018/3870454
https://doi.org/10.1155/2018/3870454
https://doi.org/10.3109/00365513.2010.500675
https://doi.org/10.1093/nar/gkr424
https://doi.org/10.1016/j.bdq.2015.04.002
https://doi.org/10.1038/nature10809
https://doi.org/10.1007/s11695-007-9087-1
https://doi.org/10.1111/j.1572-0241.2007.01774.x
https://doi.org/10.1111/j.1572-0241.2007.01774.x
https://doi.org/10.3390/ijms18081649
https://doi.org/10.3390/ijms18081649
https://doi.org/10.1016/j.orcp.2016.03.009
https://doi.org/10.1016/j.orcp.2016.03.009
https://doi.org/10.1016/0165-6147(91)90566-B
https://doi.org/10.1002/1098-1128(200103)21:2%3C105::AID-MED1002%3E3.0.CO;2-U
https://doi.org/10.1002/1098-1128(200103)21:2%3C105::AID-MED1002%3E3.0.CO;2-U
https://doi.org/10.1016/j.biopha.2018.10.067
https://doi.org/10.1016/j.cgh.2017.11.028
https://doi.org/10.1016/j.biopha.2019.109031
https://doi.org/10.1016/j.biopha.2019.109031
https://doi.org/10.1038/s41598-018-31865-w
https://doi.org/10.1038/s41598-018-31865-w
https://doi.org/10.1186/s12944-017-0572-9
https://doi.org/10.1016/j.metabol.2018.01.023
https://doi.org/10.1053/j.gastro.2016.02.066
https://doi.org/10.1111/liv.14354
https://doi.org/10.1016/j.jhep.2017.07.027
https://doi.org/10.1016/j.jhep.2017.07.027
https://doi.org/10.3389/fimmu.2023.1186097
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Stiglund et al. 10.3389/fimmu.2023.1186097
50. Assarsson E, Lundberg M, Holmquist G, Björkesten J, Thorsen SB, Ekman D,
et al. Homogenous 96-plex PEA immunoassay exhibiting high sensitivity, specificity,
and excellent scalability. PloS One (2014) 9:e95192. doi: 10.1371/journal.pone.0095192

51. Brunt EM, Kleiner DE, Wilson LA, Belt P, Neuschwander-Tetri BA, (CRN)
NCRN, et al. Nonalcoholic fatty liver disease (NAFLD) activity score and the
histopathologic diagnosis in NAFLD: distinct clinicopathologic meanings.
Hepatology (2011) 53:810–20. doi: 10.1002/hep.24127
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