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Background: The MTHFR (methylenetetrahydrofolate reductase) rs1801133 polymorphism leads to higher circulating levels of homocysteine, which is related to several liver diseases. We aimed to evaluate the relationship between MTHFR rs1801133 polymorphism and liver fibrosis progression in HCV-infected patients.

Methods: We conducted a preliminary retrospective cohort study in 208 non-cirrhotic HCV-infected patients. These subjects had at least two liver stiffness measurements (LSM), which were assessed using transient elastography, and no patient had cirrhosis at baseline. We analyzed the association between MTHFR rs1801133 and outcome variables using Generalized Linear Models.

Results: HCV-infected patients were 47 years old, around 54% were males, a low frequency of high alcohol intake (13.5%) or prior use of intravenous drugs (10.1%). A total of 26 patients developed cirrhosis (LSM1 ≥ 12.5) during a median follow-up of 46.6 months. The presence of the rs1801133 C allele showed an inverse association with the LSM2/LSM1 ratio (adjusted AMR = 0.90; 95%CI = 0.83–0.98; p = 0.020) and the cirrhosis progression (adjusted OR = 0.43; 95%CI = 0.19–0.95; p = 0.038). Besides, rs1801133 CT/CC genotype had an inverse association with the LSM2/LSM1 ratio (adjusted AMR = 0.80; 95%CI = 0.68–0.95; p = 0.009) and the cirrhosis progression (adjusted OR= 0.21; 95%CI = 0.06–0.74; p = 0.015).

Conclusions: MTHFR rs1801133 C allele carriers presented a diminished risk of liver fibrosis progression and development of cirrhosis than rs1801133 T allele carriers. This statement supports the hypothesis that MTHFR rs1801133 polymorphism appears to play a crucial role in chronic hepatitis C immunopathogenesis.
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INTRODUCTION

According to the world health organization, viral hepatitis is a significant public health problem that causes 1.34 million deaths per year due to chronic liver disease (720,000 by cirrhosis) and primary liver cancer (47,000 by hepatocellular carcinoma) (1). Globally, around 71 million people suffer chronic hepatitis C (CHC) and the development of the previously described events is frequent (2, 3), even after a sustained virological response (SVR) to treatment with direct-acting antivirals (DAAs) (4, 5). The pathogenic mechanisms involved in the progression of fibrosis and cirrhosis depends, among others, on the genetic background of individuals, including several single nucleotide polymorphisms (SNPs) (6, 7).

The staging of liver fibrosis provides essential clinical information that allows the adequate management and prognosis of CHC patients (8). The liver biopsy has been used to grade the necroinflammatory activity and to stage fibrosis, together with rating scales like METAVIR, which stratify fibrosis as: (i) F0, no fibrosis; (ii) F1, mild fibrosis; (iii) F2, significant fibrosis; (iv) F3, advanced fibrosis; and (v) F4, cirrhosis (9). Nevertheless, non-invasive approaches, as the transient elastography or FibroScan, have been widely used to the liver fibrosis assessment, with excellent accuracy in advanced fibrosis and cirrhosis (10). In this context, the evaluation of liver stiffness measurement (LSM), an intrinsic physical property of liver parenchyma, provides quantitative data that correlates with fibrosis stage in CHC (11).

The methylenetetrahydrofolate reductase (MTHFR) gene encodes an enzyme that plays an important role in the folate metabolism, allowing the conversion from homocysteine to methionine (12). The rs1801133 SNP (also named C677T) is a non-synonymous variant A (Ala) > V (Val) (missense variant) (13). The substitution A > V in the aminoacid 222 (Ala222Val) produces a decrease of the activity of MTHFR protein and an elevation of plasma homocysteine levels (13). Hyper-homocysteinemia was related to several diseases, including hepatocellular carcinoma, steatosis, and cirrhosis (14–16), and also the development of liver fibrosis in CHC (17). There are a few articles published about MTHFR rs1801133 in CHC patients. MTHFR C677T polymorphism has been related to hepatic steatosis (18) and development of liver fibrosis (16, 17), but no association was found in other articles in patients infected with HCV (19–21). Additionally, this polymorphism could also be related to a direct profibrogenic effect, modifying the action of proteins implicated in the degradation of collagen (22).

The main objective in the current study was to investigate the association of MTHFR rs1801133 polymorphism with the progression of liver fibrosis and cirrhosis development, evaluated by LSM, in patients with CHC.



MATERIALS AND METHODS


Study Population

A preliminary retrospective study was performed in 208 patients from the Hospital Virgen de la Salud (Toledo, Spain). All patients suffered from chronic hepatitis C and were enrolled between 2008 and 2016, as previously described (see Supplementary Figure 1) (23).

We selected the patients according to these criteria: (i) available DNA sample; (ii) detectable plasma HCV RNA at baseline and during follow-up; and (iii) baseline LSM (LSM1) and final LSM (LSM2) available with a separation of 12 months at least. Regarding the exclusion criteria, we considered: (i) liver cirrhosis at baseline (F4; LSM1 ≥ 12.5 kPa); (ii) coinfection with human immunodeficiency virus or hepatitis B virus; and (iii) autoimmune liver disease.

The study was conducted with the consent of all patients and following the 1975 Declaration of Helsinki. It was approved by the Institutional Review Board of the Instituto de Salud Carlos III (“Comité de Ética de la Investigación y Bienestar Animal” –April 4, 2013).



Clinical Data

As described previously (24), clinical and epidemiological data were collected from medical records. These data included virological, demographic, clinical, and laboratory data. Clinical guidelines available at that time (25, 26) were followed to perform the clinical management of patients during the follow-up.

At baseline, we only included non-responder patients (patients treated for HCV infection before the study), although it was possible to administrate the HCV therapy before or after being included in the study. During the follow-up, the monitoring was stopped when a patient started the HCV therapy and obtained an SVR.



DNA Genotyping

Genomic DNA obtained from 200 microliters of peripheral blood was extracted using the QIAsymphony DNA Mini Kit (Qiagen, Hilden, Germany). MTHFR rs1801133 polymorphism was genotyped at the CeGen (Spanish National Genotyping Center; http://www.cegen.org/). Agena Bioscience's MassARRAY platform (San Diego, CA, USA) and the iPLEX® Gold assay design system were used according to the method described by Gabriel et al. (27).



Evaluation of Liver Fibrosis

The hepatic fibrosis was evaluated using the transient elastography (FibroScan, Echosens, Paris, France), by a trained hepatologist and with a single machine, as we previously described (24). LSM has a range of 2.5 to 75 kilopascals (kPa). When the interquartile-range-to-median ratio for at least 10 successful measurements was <0.30, it was considered reliable. The cut-offs of LSM proposed by Castera et al. were followed for the stratification of patients: (i) <7.1 kPa (F0–F1—absence or mild fibrosis); (ii) 7.1–9.4 kPa (F2—significant fibrosis); (iii) 9.5-12.4 kPa (F3—advanced fibrosis); and (iv) ≥12.5 kPa (F4—cirrhosis) (28).



Outcome Variable

We analyzed how LSM values changed during the follow-up, considering: (i) the date of the first LSM (LSM1) and (ii) the date of the last LSM (LSM2), or the date when the HCV therapy started in responder patients who cleared HCV infection. For this propose, we consider two outcome variables: (1) LSM2/LSM1 ratio; (2) the cirrhosis progression (F4; LSM ≥ 12.5 kPa) measured as +1 [if a patient with LSM <12.5 kPa (F ≤ 3) changed to LSM ≥12.5 kPa (F4)] or 0 (if a patient with F ≤ 3 did not evolve to F4).



Statistical Analysis

To compare independent groups, we used the Mann-Whitney U test for continuous variables and the Chi-square test or Fisher's exact test for categorical variables. In the case of paired measurements, we used the Sign test for categorical variables and the Wilcoxon signed-rank test for continuous variables.

We used Generalized Linear Models (GLM) according to recessive, dominant, and additive inheritance models for the genetic association study with the aim of comparing the outcome variables according to MTHFR rs1801133. First, we used a GLM with a gamma distribution (log-link) to analyze continuous variables (LSM2/LSM1 ratio) and a GLM with a binomial distribution (logit-link) to analyze dichotomous variables (progression to cirrhosis). These tests provide the arithmetic mean ratio (AMR) or difference between groups, and the odds ratio (OR) or probability of occurrence of an event. The most relevant patient characteristics were used to adjust the GLM tests: gender, age, diabetes, high alcohol intake, injection drug use, time since HCV diagnosis, HCV genotype, baseline LSM, time of follow-up, HCV antiviral therapy before baseline and during the follow-up (patients who failed therapy), and other SNPs previously described in this study population (PNPLA3 rs738409 (29), MERTK rs4374383 (30), IL7RA rs6897932 (24), and DARC rs12075 (23). To avoid overfitting the statistical models, we made a previous selection of covariables with the Stepwise algorithm, retaining covariables with a p-value <0.20 at each step.

For all statistical tests, we used the Stata 15.0 (StataCorp, Texas, USA) and SPSS 24.0 (SPSS INC, Chicago, IL, USA). Statistical significance was defined as p < 0.05 and all p-values were two-tailed.




RESULTS


Characteristics of the Patients

The baseline characteristics of our study population are described in Table 1. HCV-infected patients were 47 years old, around 54% were males, a low frequency of high alcohol intake (13.5%) or prior use of intravenous drugs (10.1%). HCV genotype 1 was the predominant (85.3% of patients), 22.6% of patients previously failed the interferon therapy, and 71.6% of patients had LSM <7.1 kPa. Concerning rs1801133 genotypes, 29 patients were TT genotype, 112 were CT genotype, and 67 were CC genotype. No significant differences in baseline characteristics were found among rs1801133 genotypes, except for prior injection drug use (p = 0.008).


Table 1. Epidemiological and clinical characteristics of HCV-infected patients at baseline.
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Characteristics of MTHFR rs1801133 Polymorphism

Table 2 describes the allelic and genotypic frequencies of the rs1801133 SNP, which showed <5% of missing values, was in Hardy-Weinberg equilibrium (p = 0.252) and had a minimum allele frequency more than 40%. We compared the genetic frequencies between patients included in this study and the Iberian population in Spain (IBS), a population of healthy subjects published by the 1,000 Genomes Project website (http://www.1000genomes.org/home). No significant differences were found for alleles (p = 0.940) or genotypes (p = 0.665).


Table 2. Allelic and genotypic frequencies and Hardy Weinberg Equilibrium test for MTHFR rs1801133 polymorphism in HCV-infected patients compared to Iberian population (data from 1,000 Genomes Project Phase 3) (http://grch37.ensembl.org/index.html).
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MTHFR rs1801133 SNP and Related Liver Fibrosis Progression

The mean follow-up time (the period between the LSM1 and the LSM2) for all patients was of 46.6 months. In this context, we found a decrease in the proportion of patients with a low stage of fibrosis (F0–F1; p < 0.001), whereas both LSM values and the rate of patients who developed an F4 stage raised (p < 0.001) (Table 3).


Table 3. Clinical characteristics related to hepatic fibrosis in patients with chronic hepatitis C during the follow-up.
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We did not find significant differences among rs1801133 genotypes in the time intervals between the LSM1 and the LSM2 (48.5 months in TT genotype, 46.9 months in CT genotype, and 45.5 months in CC genotype; p = 0.921). We observed decreased values of the LSM2/LSM1 ratio and the rate of cirrhosis progression in rs1801133 T allele carriers (Table 4). Moreover, we analyzed the association between MTHFR rs1801133 polymorphism and liver fibrosis/cirrhosis progression through multivariate GLMs (Table 4, full description in Supplementary Table 1). The presence of the rs1801133 C allele showed an inverse association with the LSM2/LSM1 ratio (adjusted AMR = 0.90; 95%CI = 0.83–0.98; p = 0.020) and the cirrhosis progression (adjusted OR = 0.43; 95%CI = 0.19–0.95; p = 0.038). Besides, rs1801133 CT/CC genotype had an inverse association with the LSM2/LSM1 ratio (adjusted AMR = 0.80; 95%CI = 0.68–0.95; p = 0.009) and the cirrhosis progression (adjusted OR = 0.21; 95%CI = 0.06–0.74; p = 0.015) (Table 4).


Table 4. Association between MTHFR rs1801133 polymorphism and progression of liver fibrosis in patients with chronic hepatitis C (longitudinal analysis).
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DISCUSSION

The present study focused on the potential relationship of MTHFR rs1801133 polymorphism and the development of liver fibrosis and cirrhosis on HCV-infected patients, using two LSM values with an interval of at least 12 months. We observed that CT/CC genotype was related to a decreased risk of progression of liver fibrosis and the occurrence of cirrhosis.

The C677T genetic substitution at the MTHFR gene results in the Ala222Val replacement in the MTHFR protein, resulting in a thermolabile variant associated with lower activity, and therefore, higher circulating levels of homocysteine (13). Moreover, MTHFR rs1801133 SNP is in high linkage disequilibrium (LD) with other MTHFR SNPs, such as A1298C (rs1801131), also related to a decrease in MTHFR activity (31). The LD between the two SNPs is strong in the Spanish population (coefficient of LD = 0.98) (32), so we think that our results may be extrapolated to the A1298C variant and other MTHFR SNPs in LD with rs1801133.

The MTHFR rs1801133 SNP was previously linked to a long list of conditions and diseases, such as bone disorders, cardiovascular disease, thrombosis, neurological/neuropsychiatric conditions (33), pre-eclampsia, diabetes mellitus (34), longevity (35), and several types of neoplasia (36). Regarding liver diseases, the MTHFR rs1801133 polymorphism is related to altered lipid metabolism (37), which would contribute to the development of steatosis and fibrosis in HCV-infected patients (38), as well as the development of cirrhosis (14, 39–41). Furthermore, in CHC, the MTHFR rs1801133 variant has also been linked to liver fibrosis/cirrhosis (16, 17). Toniutto et al. described that recipients with the presence of MTHFR rs1801133 TT homozygote evolved with more frequency to a significant fibrosis degree during recurrent hepatitis C after liver transplantation (16). Similar to this, Adinolfi et al. described that the T allele is related to a higher prevalence of steatosis, accelerating the fibrosis development and liver disease progression (17). These analyses support that the MTHFR rs1801133 polymorphism and the subsequent hyperhomocysteinemia are associated with liver fibrosis among HCV-infected patients. However, there are also other articles that found no association between the MTHFR rs1801133 variant and liver fibrosis/cirrhosis (19–21). These articles, both those that showed an association and those that did not, had a cross-sectional design, and fibrosis was evaluated by biopsy. Our article, by contrast, had a longitudinal design that provides robustness to our data, and liver fibrosis was evaluated by transient elastography, which has excellent accuracy for cirrhosis diagnosis.

Other issues should be considered for the correct interpretation of the data. Firstly, we performed a retrospective study, which could induce ascertainment and selection biases. Secondly, the low sample size per group could limit the statistical power of the tests performed and increasing the rate of false positives. Therefore, further studies should be conducted to corroborate our preliminary findings on the potential use of MTHFR rs1801133 SNP as a predictive marker of liver fibrosis/cirrhosis progression in HCV-infected patients. Thirdly, the follow-up time (between LSM1 and LSM2) varied between different subjects, but 75% of the patients had more than 28 months of follow-up, and globally, all patients presented more than 12 months of follow-up. Besides, the time of follow-up in patients stratified by MTHFR rs1801133 genotypes was comparable. Fourthly, due to the retrospective design of our investigation, we did not take into account some important clinical variables, including obesity, abdominal ultrasound, metabolic syndrome, and pathological study of the liver (fibrosis, necroinflammation, and steatosis), among others; and biomarkers, such as HCV viral load, transaminases, platelet counts, APRI score, and FIB4 index, among others. We did not have access to these data at the time of the LSM. Moreover, we had not plasma samples available to measure concentrations of homocysteine. Finally, we included in the study more than 20% non-responders to previous interferon therapy, but this HCV therapy does not seem to protect against the progression of CHC in the long term studies (42).



CONCLUSION

In summary, in this preliminary study, our data suggest an association between MTHFR rs1801133 SNP and the progression of liver fibrosis and the development of cirrhosis in HCV-infected patients. Specifically, MTHFR rs1801133 C allele carriers presented a diminished risk of liver fibrosis progression and development of cirrhosis than rs1801133 T allele carriers. Further studies with higher numbers of patients would be needed to confirm the role of MTHFR in the immune-pathogenesis of CHC.
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Macrophages are essential components of the human host immune system, which upon activation facilitates a broad pallet of immunomodulatory events including release of pro- or anti-inflammatory cytokines and chemokines, restoration of immune homeostasis and/or wound healing. Moreover, some macrophage phenotypes are crucially involved in fibrogenesis through stimulation of myofibroblasts, while others promote fibrolysis. During the last decades, the role of resident liver macrophages viz. Kupffer cells and recruited monocytes/macrophages in acute and chronic liver diseases has gained interest and been extensively investigated. Specifically, the scavenger receptors CD163 and mannose receptor (CD206), expressed by macrophages, are of utmost interest since activation by various stimuli induce their shedding to the circulation. Thus, quantifying concentrations of these soluble biomarkers may be of promising clinical relevance in estimating the severity of inflammation and fibrosis and to predict outcomes such as survival. Here, we review the existing literature on soluble CD163 and soluble mannose receptor in liver diseases with a particular focus on their relationship to hepatic fibrosis in metabolic associated fatty liver disease, as well as in chronic hepatitis B and C.
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INTRODUCTION

The progression course from low grade hepatic inflammation and early stage fibrosis to manifest cirrhosis differs depending on disease etiology but also between subgroups within the same disease (1). With established cirrhosis follow substantial reductions in quality of life and survival, especially when decompensation develops with variceal bleeding, hepatic encephalopathy, ascites and/or hepatorenal syndrome or the development of liver cancer (2–4).

The pathomechanisms orchestrating disease progression and maintenance of inflammation and fibrosis are regulated through a complex interplay between immune cells. Resident liver macrophages viz. Kupffer cells along with recruited monocytes/macrophages are essential in the development and progression of liver diseases (5). Macrophages are key players of human innate immunity displaying an extensive array of membrane receptors, which mediate crucial immunomodulatory responses upon macrophage activation with both pro- and anti-inflammatory effects (6, 7). We review the value of two biomarkers of macrophage activation in liver diseases and their relationship to the degree of fibrosis, ultimately concluding with the potential clinical utility of these biomarkers. We briefly comment on macrophage-related therapeutic options.



MACROPHAGES AND LIVER FIBROSIS

Kupffer cells and recruited macrophages possess the ability to exert omnipotent immunomodulation, evident by both pro-fibrotic and anti-fibrotic effects in the liver (8). Traditionally, macrophages have been divided in two subgroups with either a “pro-inflammatory” M1 or “immune-regulatory” M2 phenotype. However, this dichotomous classification is a too simplified division of a highly heterogeneous group of differently activated and functioning immune cells as recently affirmed by advanced molecular sequencing techniques (8–11).

Pathogens reaching the hepatic immune environment initiate a pro-inflammatory response with Kupffer cells as essential partakers and a major source of inflammatory signaling molecules (12). Macrophage activation by pathogen-associated molecular patterns (PAMPs) through pattern-recognizing receptors (PRRs) including Toll-like-receptors is of utmost relevance in the immunological processes during chronic inflammation. Similarly, macrophages may be activated by damage-associated molecular patterns (DAMPs) (Figure 1) (13). The cytokines interleukin-12 (IL-12) and interferon-γ (IFN-γ) are known to initiate a pro-inflammatory response in macrophages, resulting in the release of tumor necrosis factor (TNF), IL-1β, IL-6, IL-12 and reactive oxygen species (7–9). Furthermore, the presence of a IFNL3-IFNL4 haplotype resulting in production of IFN-γ3 is recognized as a promoter of hepatic inflammation and fibrosis progression (14). Through the release of pro-inflammatory cytokines and chemokines, macrophages interplay with other immune cells including T cells, B cells, natural killer T cells and neutrophils (8, 15). Conversely, the release of modulatory cytokines such as IL-10, transforming growth factor β (TGF-β), IL-4 and IL-13, induced by adaptive and innate signals, is of key importance in dampening inflammation and promoting wound healing (7–9, 16). In this view, TGF-β potently stimulates hepatic stellate cell differentiation into myofibroblasts (17) responsible for fibrogenesis during bouts of hepatic inflammation. Myofibroblasts undergo persistent proliferation contributing to disease progression by synthesis of extracellular matrix components and potentiation of ongoing inflammation with the release of chemokines, cytokines and fibrogenic mediators (18–20). Upon dampening of liver injury, histoarchitecture restorative events become dominating with deactivation of myofibroblasts by apoptosis or phenotypic switch and activation of protective or restorative macrophages, which promote fibrosis resolution and tissue remodeling (8, 18, 21), although the mechanisms underlying this phenotypic switch have not been fully elucidated.


[image: Figure 1]
FIGURE 1. Macrophage activation by immunomodulatory events occurring in MAFLD and chronic HBV or HCV infections. The activation increase receptor shedding, which results in release of soluble CD163 and soluble MR to the circulation. Furthermore, cytokines and chemokines released by resident and recruited liver macrophages stimulate hepatic stellate cell differentiation into myofibroblasts consequently causing synthesis of extracellular matrix components. HBV, hepatitis B virus; HCV, hepatitis C virus; MAFLD, metabolic associated fatty liver disease; PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; sCD163, soluble cluster of differentiation 163; sMR, soluble mannose receptor.




MACROPHAGE ACTIVATION MARKERS

As discussed above, macrophages play a crucial role in both hepatic fibrogenesis and resolution of fibrosis, and several macrophage-released molecules are involved in these processes. Thus, plasma concentrations of such molecules may reflect the degree of fibrosis in liver diseases and help clinicians determine disease stage, prognosis, and response to intervention.

Scavenger receptors are expressed by macrophages as part of a large receptor panel accountable for regulation of endocytosis, phagocytosis, adhesion, and signaling. Some scavenger receptors are promising indicators of the inflammatory load in liver diseases and have a potential prognostic value (22). The most intensively studied proteins are cluster of differentiation 163 (CD163) and the mannose receptor (MR/CD206). CD163, a hemoglobin-haptoglobin scavenger receptor, is exclusively expressed by monocytes and macrophages (23, 24) and exerts its main biological function through elimination of hemoglobin-haptoglobin complexes during hemolysis (25). A soluble form (sCD163) is present in the plasma (26), and enzymatic receptor cleavage of CD163 by the TACE/ADAM17 system is highly upregulated in response to inflammatory stimuli, including the PAMP lipopolysaccharide (LPS) (27–30). The mannose receptor is primarily expressed by macrophages, dendritic cells and endothelial cells (31) and is involved in scavenging events including endogenous molecule clearance besides antigen presentation (32). Similar to sCD163, soluble mannose receptor (sMR) is present in plasma, and shedding by proteases is induced by PAMPs (Figure 1) (28, 33). Even though sCD163 and sMR share similarities regarding expression and stimuli leading to shedding, and their concentrations inter-correlate indicating concurrent shedding from activated macrophages, the biomarkers possess different immunogenic roles and may be differently regulated with fluctuations of serum concentrations in diverse immunological conditions (22). Furthermore, the very shedding intensity induced by various stimuli may differ between the two biomarkers (34).



MACROPHAGE ACTIVATION MARKERS IN LIVER DISEASES

The dynamic processes of hepatic inflammation have been extensively studied over the last decades with increasing focus on macrophage activation markers and their utility in staging the degree of ongoing inflammation and fibrosis, as well as predicting disease outcome. In this review, when discussing non-alcoholic fatty liver disease (NAFLD), we will use the recently introduced and more appropriate consensus nomenclature of metabolic associated fatty liver disease (MAFLD) (35, 36). As previously summarized and illustrated in (22, 37, 38) plasma levels of sCD163 are moderately elevated in MAFLD (39), chronic hepatitis B virus (HBV) and chronic hepatitis C virus (HCV) infections (40), Wilson's disease (41, 42), and primary biliary cholangitis (43), and clearly reflects disease severity in MAFLD, HBV and HCV (39, 40, 44–47). In further support of a correlation between sCD163 concentrations and liver disease severity sCD163 levels show significant reductions after lifestyle interventions in MAFLD (48, 49) and after antiviral therapy in HBV and HCV (46, 50, 51). In manifest cirrhosis, sCD163 levels are even higher with a dramatic stepwise increase in parallel with Child-Pugh- and MELD-scores (52). Moreover, sCD163 values predict the degree of portal hypertension (53, 54) and are associated with variceal bleeding and prognosis (55, 56). In cirrhotic patients with hepatocellular carcinoma, sCD163 levels associate significantly with overall survival (57, 58). Hepatic expression of CD163 is significantly increased in patients with acute viral hepatitis compared with chronic viral hepatitis (59). Accordingly, the most prominent elevations of plasma sCD163 are seen in acute liver injury with intense inflammation including alcoholic hepatitis (60, 61), acute liver failure (62, 63), and acute-on-chronic liver failure (ACLF) (64), where it shows great potential as an independent predictor of short-term mortality.

Similarly, sMR has become of increasing interest as a marker of inflammation in liver disease. In children with MAFLD, sMR is elevated compared with non-overweight controls (65). sMR mimics sCD163 in chronic HBV and HCV, with increasing plasma concentrations in association with incrementing severity of hepatic inflammation (51, 66) and persistent reduction after antiviral therapies (51, 67). sMR is substantially elevated in patients with cirrhosis with significant correlation with Child-Pugh-score (56). Furthermore, it is a predictor of long-term survival and for the occurrence of cirrhosis-associated complications including decompensating events such as ascites, hepatic encephalopathy, and upper gastrointestinal hemorrhage due to portal hypertension within 1 year (56). Lastly, patients suffering from acute liver injury due to acetaminophen overdose, acute cirrhosis decompensation, ACLF, and alcoholic hepatitis have markedly increased plasma levels of sMR with 2.5- to 5-fold higher median values compared with healthy individuals (64, 68, 69). In addition, combining the CLIF-C ACLF score and sCD163 improves the prediction of 90 days mortality, while sMR in addition to the CLIF-C acute decompensation (AD) score improves the prediction of 90 and 180 days mortality (64, 70).

In summary, multiple studies have documented that plasma concentrations of the macrophage activation markers sMR and especially sCD163 are reliable indicators of ongoing hepatic inflammation, and potential useful tools to predict disease outcome including mortality.



SCD163 AND SMR IN LIVER FIBROSIS

As outlined above, a pivotal event in the hepatic inflammatory response is activation of resident and recruited macrophages responsible for further signaling events and subsequently resulting in a spectrum of scenarios ranging from resolution of inflammation to maintenance or intensification of the response, activation of hepatic stellate cells with fibrosis development, and/or induction of fibrolysis. There is a solid foundation to consider sCD163 and sMR as important and clinically useful markers of inflammation in liver disease, but they may equally reflect fibrosis severity. The latter will be reviewed below with a specific focus on MAFLD and chronic HBV and HCV where the most robust data is available.


MAFLD

The prevalence of obesity is increasing worldwide leading to a substantially increased health care burden related to diseases associated with obesity. This includes MAFLD and MAFLD with steatohepatitis with or without fibrosis (1, 35, 36). MAFLD is related to insulin resistance, obesity, type 2 diabetes mellitus (71); and suggested to be the hepatic manifestation of the metabolic syndrome (72, 73). Key immunomodulatory events comprise hepatic lipid accumulation and increased translocation of bacterial components from the gut. If the lipid load surpasses the hepatic metabolic capacity, the dysregulated hepatic lipid metabolism will result in toxic lipid intermediates. These intermediates will be recognized as DAMPs by liver macrophages and initiate activation through PRRs. Gut derived bacterial components (e.g., LPS) potentiates this process, further increasing liver inflammation (Figure 1). A recent study of 40 non-diabetic and mostly non-obese patients with biopsy-proven MAFLD and varying severity of hepatic steatosis and fibrosis, indicated a link between adipose tissue insulin resistance and Kupffer cell activation since sCD163 concentrations associated with circulating free fatty acids, lipolysis rate and insulin resistance in adipose tissue (74). Persistent and excessive inflammation entails fibrogenic events including activation of myofibroblasts, which are highly dependent on release of inflammatory and pro-fibrotic cytokines such as TGF-β from activated Kupffer cells and recruited macrophages (74–76). Even though fibrosis progresses slowly in MAFLD (77) ~20% are rapid progressors (78), and there is an urgent need for improved tools to non-invasively diagnose and evaluate liver fibrosis as well as to predict progression risks and treatment effects.

In morbidly obese adults undergoing bariatric surgery and perioperative liver biopsy, sCD163 was significantly associated with the Kleiner fibrosis score. In addition, patients with a high fibrosis score had significantly higher preoperative sCD163 levels (39), an association confirmed in two independent cohorts of patients with biopsy-proven MAFLD (Figure 2A). sCD163 as a sole marker performed well in detecting advanced fibrosis, and the addition of sCD163 to the established and widely applied model NAFLD Fibrosis Score (NAFLD-FS) improved the predictive capacity of the latter (44). sCD163 and NAFLD-FS had comparable sensitivities, 84 and 80%, respectively, for predicting advanced fibrosis (F ≥ 3) using low cut-off values in an Australian cohort. However, in an Italian cohort the sensitivities of sCD163 and NAFLD-FS for predicting advanced fibrosis were much lower (~40%), though still comparable (44). Another research group reported a similar significant association between sCD163 and hepatic fibrosis in obese individuals undergoing bariatric surgery (45). Recently, results from 40 patients with MAFLD and available liver histology and sCD163 quantifications as well as a comprehensive metabolic assessment clearly demonstrated an association between sCD163 and the stage of fibrosis (74).
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FIGURE 2. Concentrations of sCD163 in MAFLD (A), chronic HBV infections (B) and chronic HCV infections (C) as well as concentrations of sMR in chronic HBV infections and chronic HCV infections (D) presented by means/medians, interquartile ranges as well as minimum and maximum values. In patients with MAFLD, chronic HBV infections and chronic HCV infections plasma levels of sCD163 increase with increasing fibrosis grade (F0-F4) (40, 44, 51, 67) with significantly higher levels in patients with fibrosis grades F3-F4 compared with patients with fibrosis grades F0-F2 (*p-value <0.001). Dotted lines represent upper and lower reference values for healthy controls (26, 34). MAFLD, metabolic associated fatty liver disease; HBV, hepatitis B virus; HCV, hepatitis C virus; sCD163, soluble cluster of differentiation 163; sMR, soluble mannose receptor.


In obese children undergoing lifestyle interventions, sCD163 was significantly higher at baseline compared with 1-year follow-up in children with a high level of a non-invasive surrogate measure for fibrosis [the Pediatric NAFLD Fibrosis Index (79)]. Following lifestyle intervention, sCD163 levels decreased in association with improvements in metabolic dysfunction (48). However, a recent study of sCD163 and sMR in children with MAFLD reported no significant associations between either sCD163 or sMR and fibrosis assessed from liver biopsies, which was in clear contrast with the results shown in adult cohorts and may suggest different mechanisms in terms of macrophage activation and fibrosis development in children compared with adults with MAFLD (65).



HBV and HCV

Chronic infection with HBV and HCV is maintained by continued release of viral components by infected cells (80, 81), thus interacting with the intrahepatic innate immune system including Kupffer cells and hepatic stellate cells (Figure 1). These are directly activated by HBV and HCV components in addition to an indirect stimulation by differentiated pro-fibrogenic liver macrophages (82, 83). Genetic studies have recently elucidated an association between sCD163 levels and expression of specific gene variants known to promote hepatic inflammation and fibrogenesis in patients with chronic HCV, thus supporting a pivotal role for Kupffer cell activation in the development and progression of hepatic fibrosis (14, 84). Several studies have measured sCD163 and sMR in chronically HBV and HCV infected individuals and related biomarker concentrations to fibrosis scores. In a small population of HCV patients assessed by the non-invasive FibroScan® sCD163 was associated with liver fibrosis (66). Data concerning liver histology and biochemistry from a large treatment-naïve cohort of 513 patients with chronic HCV and 200 patients with chronic HBV were published in 2014 (40). In general, HCV patients had higher sCD163 concentrations for the same fibrosis score as HBV patients. In both HCV and HBV, sCD163 increased in association with histological stages of fibrosis (Figures 2B,C). Supporting a direct association between sCD163 and fibrosis in HCV patients a CD163-HCV-fibrosis-score was superior to the common fibrosis scoring tools, APRI and FIB-4, for predicting significant fibrosis (40). The sCD163-based HCV fibrosis score has been successfully validated (50). A CD163-HBV-fibrosis-score was also presented and evaluated, but was not significantly superior to APRI and FIB-4 (40). Dultz et al. showed that chronic HBV patients with an Ishak fibrosis score ≥2 had significantly higher levels of plasma sCD163 than F0-F1 patients. Thus, sCD163 may be a useful biomarker to discriminate chronic HBV treatment-naïve patients with minimal fibrosis from patients with significant fibrosis (46). Recently, sCD163 and sMR were measured in a cohort of chronic HBV patients before and after nucleoside-analogue treatment (Figure 2D). The two macrophage activation markers showed a weak association with the Ishak fibrosis score (51). In this study, the CD163-HBV-fibrosis-score was validated and performed similarly to APRI and FIB-4 for prediction of significant fibrosis (51). A similar study of sCD163 and sMR in chronic HCV patients reported significant reductions of liver stiffness evaluated by transient elastography (FibroScan® or ARFI scan®) following antiviral treatment (Figure 2D). Concentrations of sCD163 and sMR correlated with liver stiffness at baseline and follow-up, though no consistent conclusion on the predictive value of the markers in relation to fibrosis severity was presented (67). Hence, the high baseline concentrations of sCD163 and sMR may not solely reflect fibrosis, since significantly higher viral load and alanine aminotransferase were present at baseline, indicating a considerable component of active liver inflammation.

In summary, there is a well-documented association between plasma concentrations of sCD163 and hepatic fibrosis in patients with chronic HBV and HCV, with a decline after antiviral treatment. The results for HCV are the most concordant.




CONCLUDING REMARKS

Plasma levels of sCD163 and sMR may be clinically useful as they directly reflect macrophage activation in liver diseases. Since macrophages play a significant immunomodulatory role in acute and chronic inflammatory liver disease, including an interplay with hepatic stellate cells, sCD163 and sMR have gained interest as potential markers of hepatic inflammation and fibrosis. Results from several studies in humans indicate usefulness of sCD163 and sMR in estimating the degree of ongoing inflammation in acute and chronic liver diseases in general and in assessing fibrosis severity in patients with MAFLD as well as chronic HBV and HCV infections. Since hepatic inflammation and fibrosis are inter-related events—both being consequences of the continuum of immunological activities in chronic liver diseases—the inflammatory burden must be considered as a possible limitation to the use of sCD163 and sMR as biomarkers of liver fibrosis. Moreover, sCD163 may be elevated in other diseases involving activation of monocytes and macrophages, including Gaucher disease (characterized by excessive macrophage proliferation), hemophagocytic syndrome, infectious diseases, chronic inflammatory diseases, and leukemia, and may be markedly elevated in septic patients (85), limiting its clinical utility. Pulmonary fibrosis may also result in elevations of circulating sCD163 (86). Hence, critical and thorough evaluation of the clinical setting is important before sCD163 and sMR are measured with the purpose of assessing liver fibrosis. However, in the urgent need for improved non-invasive disease scoring tools, especially concerning MAFLD and chronic viral hepatitis B and C, sMR and sCD163 possess great potentials toward being included in fibrosis assessments and may even reflect treatment effects. Further, from a therapeutic perspective, the membrane bound CD163 and perhaps MR may hold promise as entry molecules for liver macrophage-targeted drug delivery (87, 88). An advantage of CD163 is rapid internalization of ligands limiting systemic drug exposure (89) as well as providing a directed action of the applied drug (90). Consequently, intravenous injections of CD163-directed anti-IgG-dexamethasone conjugate in rats on a high fructose diet significantly reduced hepatic inflammation and fibrosis (88). However, future studies in humans are needed to further elucidate the therapeutic potential of macrophage receptors, thereby possibly extending the treatment options for patients with chronic liver diseases.
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An unsolved therapeutic problem in fibrosis is the overproduction of collagen. In order to screen the effect of anti-fibrotic drugs on collagen deposition, the Scar-in-a-Jar approach has been introduced about a decade ago. With macromolecular crowding a rapid deposition of collagen is seen, resulting in a substantial decrease in culture time, but the system has never been tested in an adequate way. We therefore have compared six different macromolecular crowders [Ficoll PM 70 (Fc70), Ficoll PM 400 (Fc400), a mixture of Ficoll 70 and 400 (Fc70/400), polyvinylpyrrolidone 40 (PVP40), polyvinylpyrrolidone 360 (PVP360), neutral dextran 670 (ND670), dextran sulfate 500 (DxS500), and carrageenan (CR)] under profibrotic conditions (addition of TGFβ1) with primary human adult dermal fibroblasts in the presence of 0.5 and 10% FBS. We found that (1) collagen deposition and myofibroblast formation was superior with 0.5% FBS, (2) DxS500 and CR results in an aberrant collagen deposition pattern, (3) ND670 does not increase collagen deposition, and (4) CR, DxS500, and Fc40/700 affected important phenotypical properties of the cells when cultured under pro-fibrotic conditions, whereas PVP40 and PVP360 did less or not. Because of viscosity problems with PVP360, we conclude that PVP40 is the most optimal crowder for the screening of anti-fibrotic drugs. Finally, the effect of various concentrations of Imatinib, Galunisertib, Omipalisib or Nintedanib on collagen deposition and myofibroblast formation was tested with PVP40 as the crowder.

Keywords: macromolecular crowding, drug testing, fibrosis, collagen, myofibroblast


INTRODUCTION

Most cells are embedded in a tissue-specific micro-environment composed of extracellular matrix (ECM) molecules. One of the structural components of the ECM is collagen. There are several types of collagen, with the fibrillar collagens (e.g., collagen type I, II, and III) being the most common ones. The precursor procollagen needs to be processed into mature collagen to enable the formation of supramolecular structures outside the cell. Especially in culture systems, this processing is time-consuming, and extended culture times are required to obtain a sufficient amount of extracellular matrix. Already in 1986 Bateman et al. (1) showed that the addition of neutral polymers in culture medium markedly enhanced the conversion of procollagen into collagen. They showed that the rate-limiting step in culture medium is the proteolytic cleavage of the N- and C-propeptides by propeptidases, and that adding polymers facilitated this proteolytic cleavage, which was confirmed by Hojima et al. (2). This system, which is due to macromolecular crowding (volume exclusion), has recently attracted considerable attention when it was re-invented in 2007 by Lareu et al. (3, 4).

Macromolecular crowding (MMC) is an easy and inexpensive tool to facilitate tissue engineering (5–7). It has been used to produce an extracellular micro-environment that boosts the potential of adult mesenchymal stem cells (8–13), such as enhancing adipogenic and osteogenic differentiation, and more effectively building constructs required for tissue engineering. Macromolecular crowding has further been used to improve (a) organotypic skin equivalents by promoting a functional dermal-epidermal junction in a condensed time frame (14), (b) the production of Bruch's membrane-like structures for culturing retinal pigment epithelial cells (15), and (c) bone and cartilage tissue engineering (16–18). Another interesting observation is, that the ECM produced by adult fibroblasts under MMC conditions is able to propagate human embryonic stem cells, even outperforming Matrigel (19). With respect to natural biomaterials, it was found that MMC not only enhances the polymerization rate of collagen type I, but also tunes fiber diameter and organization, a fact that can be explored for optimizing the properties of soft collagen hydrogels (20–23) or collagen films (planar constructs) (24, 25). Lastly, MMC has also been used for improving hydrogels derived from decellularized matrices (26).

A pathology with a serious burden to global health is fibrosis. At the molecular level fibrosis is, in essence, the accumulation of an excessive amount of ECM which mainly consists of collagen type I. It is stated that fibrotic phenomena play a major role in about 45% of all Western world death cases (27, 28). Despite decades of research, pharmacological treatments only modestly (if at all) attenuates the pathogenesis of fibrosis. Thus, there is a high need to develop anti-fibrotic drugs. Since the hallmark of fibrosis is the deposition of excessive amounts of collagen by activated fibroblasts (i.e., myofibroblasts) (29, 30), MMC might be a helpful tool for cellular drug screening, as it markedly shortens the culture time at which collagen deposition becomes visible. Indeed, MMC has been used for this purpose (5, 6, 31, 32), which is also known as the Scar-in-a-Jar system.

A variety of macromolecular crowders (MMCs) have been used to test the production of collagen by fibroblasts over time (3, 4, 6, 31–40). They are Ficoll PM 70 (Fc70), Ficoll PM 400 (Fc400), a mixture of Ficoll 70 and 400 (Fc70/400), polyvinylpyrrolidone 40 (PVP40), polyvinylpyrrolidone 360 (PVP360), neutral dextran 670 (ND670), dextran sulfate 10, dextran sulfate 500 (DxS500), carrageenan (CR), and polysodium-4-styrene sulfonate. Human fibroblasts used are WI-38 cells (embryonic lung fibroblasts) (3, 4, 6, 31, 38), WS-1 cells (embryonic dermal fibroblasts) (38, 39), adult dermal fibroblasts (37, 40), adult corneal fibroblasts (keratocytes) (34–36) and immortalized adult vocal fold fibroblasts (32). However, it should be stressed that it is the myofibroblast that is mainly responsible for the collagen deposition seen in fibrosis, not the fibroblast. As a consequence, testing of anti-fibrotic drugs with the Scar-in-a-Jar system should be done with myofibroblasts, or with fibroblasts that transform into myofibroblasts. The latter can be achieved by adding the strong profibrotic cytokine TGFβ1 into the culture medium (41, 42). The only reports that took this into consideration are those of Chen et al. (6, 31) and Graupp et al. (32), with DxS500 and Fc70/400 as MMCs. However, Chen et al. (6, 31) used embryonic lung fibroblasts; it is known that embryonic fibroblasts are phenotypically different from adult fibroblasts, as scarring does not occur in the embryo (43, 44). Also unfortunately, Graupp et al. (32) used immortalized adult vocal fibroblasts, not primary cells, and vocal fibroblasts are highly specialized cells. Thus, despite the advantages (short culture time in which collagen deposition as seen by optical analysis without the need for protein extraction) of the Scar-in-a-Jar principle, it seems that the system has never been tested or validated in a relevant setting.

We have compared the performance of six different MMCs (Fc70/400, PVP40, PVP360, ND670, DxS500, and CR) with primary human adult dermal fibroblasts under profibrotic conditions (presence of TGFβ1) in culture medium containing L-ascorbic acid 2-phosphate with 0.5 and 10% fetal bovine serum. These are the six MMCs that have been used in the past to accelerate collagen deposition (3, 4, 6, 31–40
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74%
43%
88%

Low cut-off
(s293)

5
69
6
82%
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41%
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SCD163, soluble CD163; TE, transient elastography.
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Italian cohort
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TE

TE + sCD163
Swedish cohort
sCD163

sMR

TE

TE + sCD163

TE 4+ sMR

TE + sCD163 + sMR

0,68 (0.57-0.78)
0.78 (0.68-0.87)
0.77 (0.68-0.86)

065 (0.51-0.79)
0.61(0.47-0.75)
0.76 (0.65-0.87)
0.75 (0.64-0.87)
0.74 (0.62-0.85)
0.76 (0.65-0.87)

sCD163, soluble CD163; TE, transient elastography; sMR, soluble mannose receptor.
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0.71(0.63-0.80)
0.76 (0.68-0.85)
0.73(0.65-0.82)
0.80 (0.72-0.88)°
0.76 (0.68-0.84)

0.70 (0.56-0.82)
068 (0.56-0.81)
064 (0.49-0.79)
0.74 (0.61-0.86)
066 (0.52-081)
0.76 (0.64-0.87)
063 (0.48-0.78)
0.76 (0.64-0.87)

Combinations with possible synergy between markers in bold.

sCD163, soluble CD163; NFS, NAFLD Fibrosis Score; sMR, soluble mannose receptor.

p < 0.05 compared with FIB-4.
Tp < 0.05 compared with NFS.
#p < 0.005 compared with sCD163
$p < 0.05 compared with SMR.

0.82(0.74-0901
0.70(0.59-081)
0.68(0.67-0.79)
0.83 (0.74-0.91)"
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0.75 (0.62-0.88)
082 (0.71-0.92)
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0.85 (0.76-0.95)
0.81(0.68-0.94)
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0.89 (0.82-0.97)
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089 (0.76-1.0)
0.74(0.40-1.0)
0.74 (0.44-1.0)
081 (0.57-1.00)
086 (0.69-1.00)

0.75 (0.62-0.89)
079 (0.66-0.93)
087 (0.76-0.94)
0.92 (0.85-0.99)¢
0.88(0.78-0.98)
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Age (years)
Sex [m/f (%))
BMI (kg/m?)
Diabetes [n (%))
Steatohepatitis (FLIP algorithm) [n (%))
Fibrosis stage [n (%]
0
1
2
3
4
F 22, NAS 4 and steatohepatitis [1 (%))
SCD163 (mg/L)
SMR (mg/L)
ALT (U/L)
AST (/L)
Albumin (g/L)
Platelets (x10°/L)

Italian cohort

(n=141)
4a3£11
106 (75%)/35 (25%)
28+4
34 (24%)
78 (55%)

50 (35%)
29(21%)
30(21%)
25 (18%)

7(5%)

31 (22%)
16(1.2-2.8)
66 (42-94)
36 (28-48)
46+4
23070

‘Swedish cohort

(n=70)
51414

48 (69%)/22 (31%)
B4
19 (35%)
49 (70%)

9(13%)
26/(37%)
14(20%)
8(11%)

13 (19%)

25 (36%)
3.4(23-48)
0.28(0.22-0.39)
68 (47-114)
47 (34-68)
3943
216+ 57

<0.001
0.31

<0.001
0.02
0.04

<0.001

0.03
<0.001
0.23
<0.001
<0.001
0.16

Parameters are presented as means  SD for normally distributed and medians (interquartil range) for non-normelly distributed variebles, and as totel number (%) for categorical variables.
BMI, Body Mass Index; FLIP, Fatty Liver Inhibition of Progression; sCD163, soluble CD163; sMR, soluble mannose receptor; ALT, alanine transaminase; AST, aspartate transaminase.
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sCD163, soluble CD163; TE, transient elastography; sMR, soluble mannose receptor.

0.71(0.63-0.80)
0.79(0.72-087)
0.79(0.72-0.86)

070 (0.56-0.82)
068 (0.56-0.81)
0.88 (0.80-0.97)
087 (0.78-0.96)
088 (0.79-0.96)
087 (0.78-0.96)

0.82 (0.74-0.90)
0.81(0.73 - 0.89)
0.85(0.78-0.92)

0.75(0.62-0.88)
0.82 (0.71-092)
0.90 (0.83-0.97)
0.90 (0.83-0.96)
089 (0.81-0.97)
0.89(0.82-097)

F4

089 (0.76-1.0)
0.95 (0.90-1.0)
097 (0.93-1.0)

0.75 (0.62-0.89)
0.79 (0.66-0.93)
0.87 (0.78-0.96)
0.86 (0.76-0.95)
0.85 (0.74-0.95)
0.84 (0.74-0.95)
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Characteristic

No.
Male
Age (years)
Time of HOV infection (years)
High alcohol intake
Prior injection drug use
HCV genotype (1 = 204)
1
3
4
5
Prior failed IFN therapy
Baseline LSM (kPa)
FO-F1 (<7.1kPa)
F2 (7.1-9.4 kPa)
F3 (9.5-12.4 kPa)

Al patients

208
112 (63.8%)
47.1(41.5, 57.6)
82(32:132)
28(13.5%)
21 (10.1%)

174 (85.3%)
14.(6.9%)
15 (7.4%)

1(05%)
47 (22.6%)
6.1(62:7.7)

149 (71.6%)

38(18.3%)
21(10.1%)

T

29
14 (48.33%)
46.96 (39.5; 57.3)

1(3.4%)

26 (92.9%)
1(3.6%)
1(3.6%)
0(0.0%)
6(20.7%)

6.6(6.2:7.5)

21 (72.4%)
5(18.2%)
3(6.8%)

MTHFR rs1801133 polymorphism

cT cc
112 67
65 (58%) 33(49.3%)
46.85 (41.3; 55.4) 48.2 (42,6, 60.8)
8.1(2.9;13.3) 9(2.7;18.3)
20 (17.9%) 7(10.4%)
18 (16.1%) 2(3%)
90 (82.6%) 58(86.6%)
9(8.3%) 4(6%)
9(8.3%) 5(7.5%)
1(0.9%) 0(0%)
26 (23.2%) 15 (22.4%)
616277 59(6.14;7.7)
79 (70.5%) 49 (73.1%)
22 (19.6%) 11(16.4%)
11(9.8%) 7(10.4%)

P-value

0423
0.088
0.959
0.087
0.008

0.366
0.641
0.698
0.958
0.961
0.928
0.873
0.904

Statis

non-perametric Mann-Whitney U test for continuous variables.
HCV. hepatitis C virus; IFN, interferon; kPa, kiopascal: LSM, liver stifness measure; MTHFR, methylenetetrehydrofolate reductese.

Significant differences are shown in bold.

: Values are expressed as absolute numbers (%) or median (percentile 25; percentie 75). P-values were estimated with Chi-square test for categorical variables and
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No.

Aleles T
c

Genotype T
cr
cc

HWE (p-value)

Statis

Chi-squared test.

HCV cohort

208
141 (44.1%)
179 (65.99%)
29(13.9%)
112 (53.8%)
67 (32.2%)
0252

1BS group P-value

107
95 (44.4%) 0940
119 (65.6%)
18 (16.8) 0665
59 (55.1%)
30 (28.0%)
0241

: Values are expressed as absolute numbers (%) p-values were estimated with

HCV, hepatitis C virus; HWE, Hardy Weinberg Equilibrium; IBS, Iberian populations in
in; MTHFR, methylenetetrahydrofolate reductase.
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Characteristic

LSM (kPa)

FO-F1 (<7.1kPa)
F2 (7.1-9.4 kPa)
F3 (9.5-12.4 kPa)
F4 (2125 kPa)

Baseline

6.1627.7)
149 (71.6%)
38(18.3%)
21(10.1%)
0(0%)

All Patients

End

6.8(55,9.4)
110 (52.9%)
47 (22.6%)
25 (12%)
26 (12.5%)

P-value

<0.001
<0.001
0.382
0571
<0.001

Statistics: Values are expressed as absolute numbers (%) or median (oercentie 25;
percentie 75). P-values were calculated with Sign test for categorical variables and
nonparametric Wicoxon test for continuous variables.
HCV; hepatits C virus; kPa, kiopascal; LSM, lver stifiness measurement; F > 2, significant

fibrosis; F = 3, advanced fibrosis; F4, cirrhosis.

Significant differences are shown in bold.
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MTHFR rs1801133 genotypes Unadjusted
Outcome ™ cr cc AMR (95%Cl) po
LSM2/LSM1
Additive 1.19(1.00; 1.43) 1.14 (0.95; 1.44) 1.10(0.89; 1.34) 0.85(0.77; 0.94) 0.001
Dominant 1.19(1.00; 1.43) 1.18 (0.95; 1.43) 0.77 (0.64; 0.93) 0.006
Progression to F4 b cr cc OR (95%Cl) po
Additive 7 (24.10%) 13 (11.60%) 6(9.00%) 055 (0.29; 1.04) 0,069
Dominant 7 (24.10%) 19 (10.60%) 037 (0.14;0.99) 0.047

Adjusted

aAMR (95%Cl)

0.90 (0.83; 0.98)
0.80 (0.68; 0.95)

aOR (95%Cl)

0.43 0.19; 0.95)
0.21(0.06;0.74)

I

0.020

0.009

I

0.038
0.015

Statistios: Values expressed as absolute numbers (%), median (oercentie 25; percentie 75), arithmetic mean ratio (AMF), odds ratio (OF), and 95% of confidence interval (95%C).
3P-values were calculated by univariate regression; ®P-values were calculated by multiveriate regression adfusted by the most importent clinical and epidemiological characteristics (see

statistical analysis section). Significant diifferences are shown in bold.

aAMR, adjusted arithmetic mean ratio; aOR, adjusted odds ratio; 95%CI, 95% confidence interval; p-value, level of significance; LSM, liver stifiness measure; F4, cirhosis; MTHFR,

methylenetetrahydrofolate reductase.
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Variables Patients, N (%)

Gender

Female 15(15.63)

Male 81(84.37)

Age (years)

<40 15(15.63)
41-50 22(22.92)
51-60 36(37.5)

61-70 19(19.79)

>70 4(4.16)

ALT (U/L)

<40 58(60.42)

>40 37(30.58)
AST(U/L)

<40 55(57.29)

>40 41(42.71)
ALB/GLB

>25 2(2.08)

10-25 91(94.79)

<10 3(3.13)

Total bilirubin(mol/L)

<17 67(69.79)

>17 29(30.21)
HBeAg

+) 17(17.71)

) 75(78.13)

None 44.17)

HBV DNA

<10 37(38.54)
104-10° 29(30.21)

>10° 18(18.75)

None 12(12.5)
Platelets (109/L)

Median (IQR) 181.5(148.75-181.5)
White blood cells (10°/L)

Median (IQR) 6.01(4.74-8.14)
NEUT% 59.00(50.50-68.25)
MO% 8.00(7.00-10.00)
LYM% 29.00(19.75-36.25)
Fibrosis

FO-1(Mid) 21(21.88)

F2-3 (Moderate) 34(35.41)
Fd(Severe/cirthosis) 41(42.71)

ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALB, albumin;
GLB, globulin.
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Demographic or Characteristics

Age (years)
ALT (UAL)
AST (UL)
Total bilirubin (umol/L)
ALB/GLB
White blood cells (10°/L)
NEUT%
MO%
LYM%
Platelets (10%/1)

“P-value < 0.05; ***P-value < 0.001.
r: Pearson corelation coefficient.

0.074
0.113
0.103
0.130
-0.299
-0.019
-0.024
0.080
—0.001
-0.043

CD163

P-value

0.473
0.276
0.325
0215
0.003*
0.859
0816
0.565
0.989
0.683

ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALB, albumin; GLB, globulin.

0.158
0.085
0.101
0.037
~0.445
0.027
—0.029
0.107
0.397
-0.074

ccL2

P-value

0.123
0.416
0.332
0.721
<0.001*
0.795
0.784
0.303
<0.001**
0.477
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Steatosis

Lobular inflammation

Ballooning

Fibrosis

Composite score for activity

Score

“ocwmnm=-0o®N o

NASH-CRN

<5%

5-33%

>33-67%

>67%

No foci

<2 foci/20X

2-4 foci/20X

>4 foci/20X

No ballooning

Few ballooned cells

Many ballooned cells

No fibrosis

1a Mild, zone 3
perisinusoidal/pericelular fibrosis
1b Moderate, zone 3
perisinusoidal/pericelular fibrosis
1¢ Portal/periportal fibrosis
Perisinusoidal/pericellular and
portal/periportal fibrosis

Bridging fibrosis

Cirrhosis

NAS = NAFLD Activity Score =
steatosis + ballooning + lobular
inflammation

SAF

<56%
5-33%
>33-67%
>67%

No foci

<2 foci/20X
>2 foci/20X

Normal hepatocytes

Clusters of rounded, pale
hepatocytes

Many enlarged (2X normal size)
hepatocytes

No fibrosis

Mild fibrosis perisinusoidal/pericelluiar

Perisinusoidal/pericellular and
portal/periportal fibrosis

Bridging fibrosis

Cirhosis

A= ballooning + lobular inflammation

NAS, NAFLD Activity Score; NASH CRN, Non-Alcoholic steatohepatitis clinical research network scoring system; SAF, Steatosis-Activity-Fibrosis.
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Non-invasive test References Meta-analysis Fibrosis stage Cut-off AUROC (95% Cl) Sensitivity (%) Specificity (%) PPV (%) NPV (%)

VCTE™ Hsu et al. (140) Yes >F1 62kPa 082(0.76-088) 66 67. 81 48
>F2 7.6kPa 087 (0.81-081) 76 80 72 8
>F3 88KkPa 084(0.78-0.90) I 78. 54 o1
=F4 11.8 kPa 0.83(0.74-0.94) 80 81. 34 97
MRE Liangand Li (141)  Yes >F1 Optimal values ~ 0.89 (0.86-0.92) 7 % NA.
>F2 couldnotbe 0,93 (0.90-0.95) 87 86
>F3 datermined 0.93 (0.90-0.95) 89 84
>F4 095 (0.93-097) %4 75
PSWE Jiang et al. (142) Yes >F2 Optimal values 0.86 70 84 NA.
could not be
>F3 Cotemmied 094 80 88
>F4 095 89 91
APRI Peleg et al. (143) No >F3 1 083 78 82 NA.
NFS Xiao et al. (144) Yes >F2 —14 072" (0.65-0.79) 66" 83" Y
>F3 —1.485 078" (0.75-081) 73 74 50 o2
=F4 -0.014 0.83"(0.76-0.89) 80 81 43 9
FIB-4 Xiao et al. (144) Yes >F2 037-3.25 075" (0.70-0.79) 64" 70 73 6t
>F3 151-2.24 080" (0.7-084) d 79" 66" 84
>F4 1.92-2.48 085" (081-089) 76" 82" 3 o
ELF Vaiiet al. (145) Yes >F2 77 081(0.66-089) % 34 NA.
FibroMeterNA"L0  Boursier et al. (146) No >F2 N.A. 0.76 Not available
=F3 0311 076 80 62 65 8
>F4 NA. 078 Not available
FIBC3 Boyle etal. (147) No >F3 ~-04 089 &3 80 74 88
NiS-4 Harison etal. (148)  No Exclude 036 81 63 NA T8
NASz4 and
zF2 080 (0.77-0.84)
Include NAS>4 0,63 87 51 79 NA
and =F2
*Mean values.

Table based on the most recent meta-analyses if available, or otherwise on the most robust studies.
VCTE™, vibration controlled transient elastography; MRE, magnetic resonance elastography; pSWE, point shear wave elastography; NFS, NAFLD fibrosis score; FIB-4, fibrosis-4 score;
ELF, enhanced liver fibrosis score; FIBC3, fibrosis C3 panel; kPa, kilopascal: Cl, confidence interval; PPV, positive predictive value; NPV, negative predictive value; N.A., not available.
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Cell type Species Molecules and signaling pathway Effect in fibrosis References

Thi7 Mouse 147 Pro-fibrosis (17, 18)
Human 147 Pro-fibrosis (20,23, 24)
Tho Mouse L9 Pro-fibrosis (18,34)
MAIT Mouse TNF, TORMR1 Pro-fibrosis (40)
Human IL-17A, TNF, TOR/MR1 Pro-fibrosis (14, 40)
Treg Mouse cD39 Anti-fibrosis (119
Human TGF-B Anti-fibrosis (@4)
IL-8, TGF-B, CTLA4 Pro-fibrosis (45, 47)
Th22 Mouse IL-22 Pro-fibrosis (48, 62)
IL-22 Anti-fibrosis (12,18, 61)
Human 122 Pro-fibrosis (62, 69)
NK Mouse IFN-y, RAE1/NKG20, NKp48, Lyd9 Anti-fibrosis (78,77, 79, 80)
Human IFN-y, TRAINKG20, FasL/NKG20, NKp46 Anti-fibrosis (75,76,79)
ILc2 Mouse IL-33/L-13 Pro-fibrosis 85)
ILC3 Mouse ILA7A, 1L-22 Pro-fibrosis (16)
wT Mouse IL-17A, COR6/CCL20, FasL. Pro-fibrosis (95,96, 98)
IFN-y Anti-fibrosis (©9)

Th, Helper T cell; IL, Interleukin; MAIT, Mucosa-associated invarient T cells; TCR, T cell receptor; MR, Major histocompatibilty complex MHC class I-related molecule; TGF-,
Transforming growth factor §; NK, Natural kille cells; IFN-y, Interferon y; RAE, Retinoic acid early induced transcript; NKG20, natural-Killr group 2, member D; TRAIL, tumor necrosis
factor-related apoptosis-inducing ligand: FasL, Fas ligand; ILC, innate lymphoid cells; CCR6, CC chemokine receptor 6; CCL20, CC chemokine ligand 20.
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Gene Protein  Forward sequence Reverse sequence
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Atfd ATF4  AAGGAGGAAGACAC — GTCCATGGGAAGAT
TeceTeT GTTCTGG

Acta2 a-SMA  ACTACTGCCGAGC COAATGAAAGATGG
GTGAGAT CTGGAA

Coltal COL1A1 TGACTGGAAGAGC ATCCATCGGTCATG
GGAGAGT creTeT

Edem? EDEM!  GGGGCATGTTCG CGGCAGTAGATGG
TCTTCGG GGTTGAG

Fn N CGGAGAGAGTGCC CGATATTGGTGAA
CCTACTA TCGCAGA

Hsp90b1 ~ GRP94 TCGTCAGAGCTGAT GOGTTTAACCCATCCA
GATGAAGT ACTGAAT

Hspa5 BP  GACTGCTGAGGCG AGCATCTTTGGTTG
TATTTGG CTTGTCG

Serpine1 PA-1  GCCAGATTTATCATCAAT GGAGAGGTGCACATCT
GACTGGG TTCTCAAAG

Serpinh1 HSP47  AGGTCACCAAGG CAGCTTCTCCTT
ATGTGGA CTCGTCGT

Syt HRD1  CGTGTGGACTTTAT CGGGTCAGGATGCTG
GGAACGC TGATAAG

Tnfrsf11b OPG  ACAGTTTGCCTGGG CTGTGGTGAGGTT
ACCAAA CGAGTGG

Xbp1 (spliced) XBP1 ~ CTGAGTCCGAATCA GTCCATGGGAAGATG
GGTGCAG TICTGG

Ywhaz 14-3-3;  TTACTTGGCCGA TGCTGTGACTGGTC

GGTTGCT CACAAT
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Protein

a-SMA

coLt

FKBPE5

HSP47

Lc3B

VCL

Primary antibody

Mouse anti-a-SMA
(A2547, 1:5000,
Sigma-Aldrich)

Rabbit anti-COL1
(ab34710, 1:2000, Abcam)
Rabbit anti-FKBP6S
(12172-1-AP, 1:500,
Proteintech, Manchester,
UK

Rabbit anti-HSP47
(@b109117, 1:2000, Abcarm)
Rabbit anti-LC3B
(ab51520, 1:3000, Abcam)
Mouse anti-VCL.
(sc-73614, 1:500, Santa
Cruz, California, USA)

Secondary antibody

Rabbit anti-mouse HRP
(P0260, 1:5000, Dako,
Santa Clara, USA)

Goat anti-rabbit

HRP (P0448, 1:2000, Dako)
Goat anti-rabbit HRP
(P0448, 1:2000, Dako)

Goat anti-rabbit HRP
(P0448, 1:2000, Dako)
Goat anti-rabbit HRP
(P0448, 1:2000, Dako)
Rabbit anti-mouse HRP
(P0260, 1:5000, Dako)
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