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Background: Human umbilical cord blood mononuclear cells (hUCBMNCs) show therapeutic effects on many inflammatory diseases. The deterioration of acute liver injury is attributed to excessive inflammatory responses triggered by damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs). Whether hUCBMNCs treatment is a promising strategy for acute liver injury/failure needs to be investigated.
Methods: Liver injury mice induced by PAMPs, DAMPs, or DAMPs plus PAMPs were developed. DAMPs included CCl4 (carbon tetrachloride), APAP (acetaminophen), and ConA (Concanavalin A). PAMPs included Klebsiella pneumoniae (K.P.) and Salmonella typhimurium (S. Typhimurium). DAMP plus PAMP-induced liver injury was developed by sequential CCl4 and K.P. administration. hUCBMNCs were injected intravenously.
Results: hUCBMNCs significantly prolonged mice survival time in DAMP plus PAMP-induced liver failure but had no benefit in bacteria-infected mice. hUCBMNCs significantly alleviated hepatic necrosis post CCl4/ConA insult. In CCl4-induced acute liver injury, peripheral levels of interleukin (IL)-22 were upregulated and liver regeneration was enhanced after treating with hUCBMNCs at 48h. The levels of p62 and LC3B-II, autophagy markers, were also upregulated in the hUCBMNC-treated group.
Conclusion: hUCBMNCs as a kind of cell therapeutic strategy could attenuate acute liver injury in mice, which is executed by enhancing autophagy and regeneration in the liver via inhibiting inflammatory responses and upregulating peripheral IL-22.
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INTRODUCTION
The incidence of acute liver failure (ALF) ranges from 1.4/10 000 (Escorsell et al., 2007) to 5.5/10 000 (Bower et al., 2007) worldwide. It is impossible for the liver to compensate in fulminant liver failure. The only feasible treatment option is liver transplantation (Chew et al., 2020). Thus, new therapeutic strategies for ALF in the reversible stage need to be explored. Inflammatory response and immune-mediated damage of hepatocytes play fatal roles during the deterioration from acute liver injury (ALI) to ALF (Wu et al., 2010). Necrosis of cells triggers the release of cellular contents with some of the endogenous compounds (alarmins) including heat shock proteins, DNA, RNA, and others, called damage-associated molecular patterns (DAMPs), which are able to activate innate immune cells (Scaffidi et al., 2002; Bianchi, 2007). The milieu of inflammation and necrosis in ALF is presumed to predispose patients to infection due to complement deficiency, and/or impaired function of polymorphonuclear or Kupffer cell (Chung et al., 2012). Bacteria release a set of pathogen-associated molecular patterns (PAMPs) such as lipopolysaccharide (LPS), which would be recognized by the innate and acquired immunity system (Bianchi, 2007). DAMPs/PAMPs activate the immune system and generate excessive inflammatory responses, which subsequently aggravate tissue damage and eventually result in liver failure or multiorgan failure (Mihm, 2018; Arroyo et al., 2020).
Cells as a direct therapeutic strategy open a new era for the remedy of many diseases (Yamanaka, 2020). Human umbilical cord blood mononuclear cells (hUCBMNCs) contain a variety of stem cells and low immunogenic immune cells, such as hematopoietic stem cells, endothelial stem cells, lymphoblasts, small embryonic stem cells, mesenchymal stem cells, lymphocytes and bone marrow cells, and can be isolated from human umbilical cord blood conveniently and easily (Weiss and Troyer, 2006). hUCBMNCs have been reported for the immunomodulatory effects on other inflammation-related diseases, such as renal tubulointerstitial fibrosis (Li et al., 2020), inflammation-induced preterm brain injury (Dalous et al., 2013), and LPS-induced acute kidney injury (Paton et al., 2019). However, whether hUCBMNCs have therapeutic effects on ALI/ALF remains to be elucidated. Thus, the present study aimed to investigate the application value and mechanisms of hUCBMNCs treatment in several DAMPs-/PAMPs-induced acute liver injury mouse models.
MATERIALS AND METHODS
Isolation and Identification of hUCBMNCs
The hUCBMNCs were provided by Shandong Cord Blood Bank (Shandong Qilu stem cell engineering Co., Ltd, Jinan, Shandong, China). Human umbilical cord blood samples were collected from healthy newborns with mothers’ consents as described previously (Rubinstein et al., 1995). The blood samples were negative for antibodies against hepatitis B virus, hepatitis C virus, cytomegalovirus, human immunodeficiency virus, and syphilis. hUCBMNCs were isolated from umbilical cord blood by centrifugation on lymphocyte separation medium (Ficoll, d = 1.077 g/ml; Eurobio) (Dalous et al., 2013) and washed twice in Dulbecco’s modified eagle medium (DMEM). hUCBMNCs of 5 × 107 cells were frozen in a sterile 5 ml cryovial with 10% dimethylsulfoxide. hUCBMNCs identified by China National Institutes for Food and Drug Control (NIFDC) showed major expression of CD38, CD4, CD5, and CD3 and expressed no less than 1% of CD34 (Feng et al., 2020). Details for the identification of hUCBMNCs are included in supplementary materials (Supplementary Table S1 and Supplementary Attachment S1) and representative flow cytometry plots of typical cells subsets in hUCBMNCs are shown in Supplementary Figure S1. hUCBMNCs from the same donor were used in each experiment. This study was approved by the Ethics Committee of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine.
Mouse Experiments
All animal experiments were performed on adult 8-week-old male C57BL/6J mice purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. Mice were kept in a cage (up to five mice per cage) and maintained in a light (12–12h light-dark cycle) and temperature (24 ± 1°C) controlled room with water and food freely available unless otherwise stated.
For PAMPs-induced liver injury, Klebsiella pneumoniae (K.P.) (ATCC, 43816, Manassas, United States) (500 CFU/mouse) (Xiang et al., 2020) or Salmonella typhimurium (S. Typhimurium) (ATCC, 14028s, Manassas, United States) (8 × 103 CFU/mouse) (Ren et al., 2019) was injected intraperitoneally to simulate bacterial infection in mice at appointed time points. For mouse models of DAMPs-induced liver injury, mice were injected intraperitoneally with CCl4 (1 μl/g, dissolved in olive oil, v/v 1:4) and APAP [350 mg/kg, dissolved in phosphate-buffered solution (PBS)] (Bird et al., 2018). For ConA-induced acute liver injury model, mice were injected intravenously with ConA (12 mg/kg, dissolved in PBS) (He et al., 2021). For DAMPs plus PAMPs-induced liver injury model, CCl4 (0.4 μl/g, dissolved in olive oil, v/v 1:4) and K.P. (500 CFU/mouse) were administrated sequentially (Xiang et al., 2020). IL-22 neutralizing antibody (R&D system, Minnesota, United States) (PBS as carrier) was administrated intravenously 2 h before CCl4 injection in hUCBMNCs-treated mice (1μg/mouse/time point) (Ji et al., 2017), as well as 20 and 44 h post CCl4 injection. Mice administrated with PBS served as a control group. All mouse experiments were approved by the Institutional Animal Care and Use Committee of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine (Supplementary Attachment S2).
Treatments of hUCBMNCs in Mouse Models
hUCBMNCs (8 × 106 cells/ml) suspended in PBS were prepared in advance. In CCl4 plus K.P.-induced liver injury mouse model, CCl4 and K.P. were administrated intraperitoneally at 0 and 24 h, and hUCBMNCs (1 × 106 cells/mouse) were administrated intravenously at 22 h for pre-treatment or 26 h for treatment. hUCBMNCs were also used to treat the bacterial infection-induced liver injury with K.P. or S. Typhimurium. In CCl4- or APAP-induced acute liver injury mouse models, mice were injected intravenously with hUCBMNCs (1 × 106 cells/mouse) or PBS (as a control treatment) 2 hours (2 h) post insult. Blood and liver tissues were collected at 24, 48, and 72 h post CCl4 insult and mice were injected intraperitoneally with BrdU (Bromodeoxyuridine/5-bromo-2′-deoxyuridine) 2 h before they were sacrificed. In APAP model, blood and liver tissues were collected at 6, 12, 24, and 48 h post APAP injection. In ConA-induced acute liver injury model, mice were injected intravenously with hUCBMNCs (1 × 106 cells/mouse) or PBS (as control) 1 h post ConA injection and were sacrificed for the collection of blood and liver tissue at 4, 6, 9 h post insult. Intact right lobe of the liver was fixed in 10% formalin overnight for the paraffin section (Xiang et al., 2012) and the rest of liver tissue was frozen in −80°C. Sera diluted 10 times were sent to the Department of Laboratory Medicine of Ruijin hospital, Shanghai Jiao Tong University School of Medicine for the test of alanine transaminase (ALT) or aspartate transaminase (AST).
The following methods are described in Supplementary Material S1: Western blotting; Real-time quantitative polymerase chain reaction (RT-qPCR); Hematoxylin & eosin (H&E) staining; BrdU staining; Determination of mouse serum interleukin 22 (IL-22); Determination of malondialdehyde (MDA) in mouse liver tissue; Determination of multi-inflammatory cytokines in mouse serum.
Statistical Analysis
Mean ± standard error (SEM) was used to describe the distribution of the data. Means for continuous variables were compared using paired or unpaired Student t-test between the two groups when the data were normally distributed. A p-value less than 0.05 was considered statistically significant.
RESULTS
hUCBMNCs Treatment Prolonged Survival Time in the DAMP Plus PAMP-Induced Liver Injury Mouse Model
Intravenous infusion of hUCBMNCs was applied 2 h before or after K.P. injection in CCl4 plus K.P.-induced acute liver injury mice. In the group of 2 h after K.P. injection, the application of hUCBMNCs showed an improved survival rate (p < 0.05) compared with the PBS group (Figure 1A). However, in the group of 2 h before K.P. injection, the survival rate showed no significant difference between the two groups (Figure 1B). To observe the exact function of hUCBMNCs in DAMP- or PAMP-induced inflammatory processes, we applied hUCBMNCs or PBS to PAMP-induced liver injury by using K.P. infection (Figure 1C) and found that there was no significant difference in survival rate between the two groups. hUCBMNCs treatment was also used in S. Typhimurium infection mouse model, and no significant difference was found as well (Supplementary Figure S2). These results indicated that hUCBMNCs might improve the damage of hepatocytes in DAMP-induced liver injury.
[image: Figure 1]FIGURE 1 | hUCBMNCs treatment prolonged mice survival time in DAMPs plus PAMPs-induced liver injury. (A) hUCBMNCs showed a therapeutic effect on CCl4 plus Klebsiella pneumoniae (K.P.) -induced liver injury. CCl4 (0.4 μl/g) plus K.P. (500 CFU/mouse) were administrated at 0 and 24h, respectively, to induce acute liver injury, and hUCBMNCs (n = 20) or PBS (n = 20) was applied at 26h for the observation of therapeutic effects. (B) Pretreatment of hUCBMNCs on CCl4 plus K.P.-induced liver injury hardly improved the mice survival. CCl4 (0.4 μl/g) plus K.P. (500 CFU/mouse) was administrated at 0 and 24h, respectively, to develop liver injury model, and hUCBMNCs (n = 10) or PBS (n = 10) was applied at 22h for the verification of preventative effects. (C) hUCBMNCs had no therapeutic effects on K.P.-induced liver injury. K.P. (500 CFU/mouse) was administrated intraperitoneally at 0h, and hUCBMNCs (n = 7) or PBS (n = 8) was applied at 2h post infection. *, p < 0.05.
hUCBMNCs Improved DAMP-Induced Acute Liver Injury in CCl4/ConA-Treated Mice
To verify the hypothesis that hUCBMNCs played a protective role in DAMP-induced liver injury, three kinds of acute liver injury mouse models induced by DAMPs were developed and hUCBMNCs were infused intravenously (Figures 2A,D,G). hUCBMNCs dramatically improved liver damages in CCl4-induced liver injury mouse model (Figure 2B) and ConA-induced liver injury mouse model (Figures 2E,F). However, hUCBMNCs did not alleviate liver damage in APAP-induced liver injury mouse model (Figures 2H,I). For CCl4-induced liver injury, although ALT levels showed no significant changes at the appointed time points, there was a significant difference in necrotic areas of liver H&E staining images at 24 h between the two groups post CCl4 injection (Figure 2B). H&E staining demonstrated that necrotic areas and degrees of necrosis were both ameliorated in the hUCBMNCs-treated group compared to the control group at 24h post CCl4 insult (Figure 2B). ALT levels, as a regular marker for assessing the severity of liver damage, were not significantly improved at 24, 48, and 72h post CCl4 insult (Figure 2C).
[image: Figure 2]FIGURE 2 | hUCBMNCs treatment improved CCl4/ConA-induced liver injury but did not improve APAP-induced liver injury. (A–C) hUCBMNCs treatment alleviated liver necrosis in CCl4-induced liver injury (PBS, n = 5/time point; hUCBMNCs, n = 5/time point). (A) Schematic experiment timeline of hUCBMNCs in CCl4-induced acute liver injury. (B) H&E staining (40×) and the percentage of necrotic areas of mice liver at 24, 48, and 72 h post CCl4 injection. Necrotic areas are circled with black dashed lines. (C) Serum ALT levels of mice at 24, 48, and 72 h post CCl4 insult. The bars represent mean ± SEM. (D–F) hUCBMNCs treatment alleviated liver necrosis in ConA-induced liver injury (PBS, n = 4/time point; hUCBMNCs, n = 4/time point). (D) Schematic experiment timeline of hUCBMNCs in ConA-induced acute liver injury. (E) H&E staining (100×) and the percentage of necrotic area of mice liver at 6 h, 9 h post ConA injection. Necrotic areas were circled with black dashed lines. (F) Serum ALT levels of mice at 4, 6, and 9 h post ConA injection. (G–I) hUCBMNCs treatment did not alleviate liver necrosis in APAP-induced liver injury (PBS, n = 4/time point; hUCBMNCs, n = 4/time point). (G) Schematic experiment timeline of hUCBMNCs in APAP-induced liver injury. (H) H&E staining (40×) of mice liver at 6, 12, 24, 48 h post APAP injection. (I) Serum ALT levels of mice at 6, 12, 24, and 48 h post APAP injection.
In ConA-induced acute liver injury, hUCBMNCs treatment significantly downregulated the necrotic areas [%] (Figure 2E) and ALT levels at 9h post insult (p < 0.01) were decreased correspondingly (Figure 2F). However, hUCBMNCs treatment did not improve APAP-induced acute liver injury significantly. The levels of liver necrosis areas (Figure 2H) and serum ALT (Figure 2I) in the APAP model were not improved after the treatment of hUCBMNCs, as well as mRNA levels of inflammatory cytokines (Supplementary Figure S3A). In addition, the phosphorylation levels of regeneration-associated phosphorylation of STAT3 (p-STAT3) protein were not enhanced in the liver but phosphorylation of ERK (p-ERK) was activated at 24h in the hUCBMNCs group after APAP insult (Supplementary Figure S3B).
hUCBMNCs Alleviated Liver Inflammation and Oxidative Stress in CCl4/ConA-Induced Acute Liver Injury
Since inflammatory response and oxidative stress were two main pathological processes contributing to the deterioration of liver injury (Reyes-Gordillo et al., 2017), we assumed that hUCBMNCs treatment would attenuate the levels of inflammation and oxidative stress in both CCl4- and ConA-induced liver injury.
To confirm this hypothesis, hepatic mRNA levels of inflammatory markers were measured by RT-qPCR. hUCBMNCs treatment significantly suppressed mRNA expression of pro-inflammatory cytokines of II6, Tnfα, Ifng, II17a except for II1b in CCl4-induced liver injury at 48 h (Figure 3A). Moreover, the expression of Cxcl1 and Cxcr1 markedly declined after hUCBMNCs treatment at 48h (Figure 3A), but the expression levels of inflammatory markers were not decreased at 24 h (Supplementary Figure S4). F4/80, a mouse-specific macrophage marker, was also downregulated at the mRNA level compared with the control group at 48 h. Interestingly, mRNA levels of anti-inflammatory cytokines IL-4 and IL-10 were also decreased after the treatment of hUCBMNCs. Although hUCBMNCs treatment did not influence mRNA expression of inflammatory cytokines in ConA-induced liver injury (Supplementary Figure S5), protein levels of inflammatory cytokines such as TNF-α, IFN-γ, IL-17A, IL-1α, MCP-1, IL-12p70, and IL-22 were downregulated in our experiment (Figure 3B).
[image: Figure 3]FIGURE 3 | hUCBMNCs treatment suppressed inflammation and oxidative stress in mice liver in CCl4-induced acute liver injury and ConA-induced liver injury. (A) mRNA levels of liver representative inflammatory markers in hUCBMNCs and control groups at 48h post CCl4 injection (n = 5/time point, experiments were repeated for 3 times). (B) Protein levels of serum inflammatory cytokines in ConA-induced liver injury mouse model at 4, 6, and 9h (n = 5/time point). (C) Malondialdehyde (MDA) expression in liver tissue at 24, 48,and 72h post CCl4 insult (n = 5/time point, experiments were repeated for 3 times). (D) mRNA expression levels of Duox2 and Nox3 in liver at 24, 48, and 72h post CCl4 injection (n = 5/time point, experiments were repeated for 3 times). The bars represent mean ± SEM.
Subsequently, we determined the levels of oxidative stress in mice liver. The expression of MDA in liver homogenate supernatants was measured by MDA Assay Kit, and the levels of MDA were significantly decreased in the hUCBMNCs treatment group at 48h post CCl4 insult (p < 0.01) (Figure 3C). We further detected the expression of ROS-related oxidant enzymes and found that mRNA expression levels of NADPH oxidase Duox2 and Nox3 were decreased at 48h post CCl4 insult in the hUCBMNCs treatment group (Figure 3D).
hUCBMNCs Played a Protective Role Against CCl4-Induced Acute Liver Injury via Upregulating IL-22
Improved necrosis of hepatocytes was demonstrated in hUCBMNCs-treated mice with CCl4-induced liver injury and ConA-induced liver injury. Whether liver regeneration was enhanced in these mice required further confirmation.
In CCl4-induced mouse liver injury model, BrdU staining was performed on liver slices in mice. The percentage of BrdU-positive (BrdU+) hepatocytes was counted per ×200 field. Notably, hUCBMNCs treatment enhanced liver regeneration at 48 h post CCl4 injection. BrdU + hepatocytes were increased in the hUCBMNCs group compared to the control group at 48 h (p < 0.01) (Figures 4A,B). Subsequently, Western blotting results showed that the phosphorylation of STAT3 (p-STAT3) was strongly activated in the hUCBMNCs group at 48 h (p < 0.05) (Figure 4E), but the expression levels of phosphorylation of STAT1 (p-STAT1) at 24 and 48 h were not significantly different between the PBS treatment group and the hUCBMNCs treatment group (Supplementary Figure S6). Marginal activation of p-ERK protein in the hUCBMNCs group was also found compared with the control group at 48 h (Figure 4E). In ConA-induced mouse liver injury model, there were no significant differences of p-STAT1 and p-STAT3 at 6 and 9 h between the PBS treatment group and the hUCBMNCs treatment group (Supplementary Figure S7). IL-6 and IL-22 are both described as pro-proliferative cytokines in liver regeneration and the two cytokines signal through activation of STAT3 pathway (Schmidt-Arras and Rose-John, 2016; Xiang et al., 2020). The mRNA levels of IL-6 in liver were significantly decreased under the treatment of hUCBMNCs (Figure 3A). Thus, serum IL-22 levels were determined by using ELISA. Compared to PBS group, serum IL-22 levels were elevated under the treatment of hUCBMNCs at 48h. Usually, in normal mice, serum IL-22 is maintained at a low level (∼10 pg/ml) (Xu et al., 2014). After CCl4 injury, serum IL-22 levels were elevated both in PBS (∼40 pg/ml) and hUCBMNCs (∼30 pg/ml) groups at 24h. However, IL-22 levels declined to baseline (∼10 pg/ml) at 48h in the PBS group (Figure 4C). Interestingly, in the hUCBMNCs group, serum IL-22 levels were upregulated and maintained around 20 pg/ml (p < 0.001) at 48h (Figure 4C). Activation of caspase-3 protein was attenuated at 24 h under hUCBMNCs treatment (Figure 4D). But there was no significant difference in hepatocyte apoptosis at 48 and 72 h between the two groups via TUNEL staining (Supplementary Figure S8).
[image: Figure 4]FIGURE 4 | hUCBMNCs treatment promoted liver regeneration at 48h post CCl4 injection via IL-22. (A) BrdU staining of liver slices at 24 h, 48 h post CCl4 injection (PBS, n = 5/time point; hUCBMNCs, n = 5/time point). (B) Percentage of BrdU positive hepatocytes. (C) Serum IL-22 levels in the hUCBMNCs group (n = 4/time point) and the control group (n = 4/time point). (D,E) Western blotting results of proteins and relative protein expression in liver regeneration and apoptosis pathways, including p-STAT3, STAT3, processed-caspase 3, pro-caspase 3, p-ERK, ERK, and GAPDH at 24 h (D) and 48 h (E) post CCl4 injection (n = 5/time point, experiments were repeated for 3 times). The bars represent mean ± SEM.
hUCBMNCs Treatment Enhanced Autophagy of Hepatocyte and Promoted Liver Repair
Autophagy is widely involved in many pathophysiological courses, especially in oxidative stress and inflammation (You et al., 2015). We have previously found that IL-22 could protect drug-induced liver injury by enhancing autophagy (Lai et al., 2015; Mo et al., 2018). Therefore, we further explored whether enhanced autophagy would contribute to the protective effects of hUCBMNCs against CCl4-induced liver injury.
A series of autophagy-related genes (ATG) regulate and participate in the process of autophagy. To confirm the involvement of autophagy in hUCBMNCs treatment in CCl4-induced liver injury, expression of ATG in the liver was detected by RT-qPCR. mRNA expression levels of Binp3, Pik3c3, Ctsb, Becn1, Bnip3l were significantly elevated at 24 h in the hUCBMNCs group compared with the control group (p < 0.01) (Figure 5A). Additionally, hUCBMNCs treatment induced enhanced expression of hypoxia-inducible factor 1α (Hif1α) (p < 0.05) (Figure 5B), which could interact with BINP3 to promote autophagy and exert beneficial effects on liver repair after damage (Zhang et al., 2019). Further assessment of autophagy markers was performed by Western blotting (Figures 5C,D), and expression levels of LC3B-II and p62 were significantly increased under hUCBMNCs treatment at 48 h (Figure 5E).
[image: Figure 5]FIGURE 5 | hUCBMNCs treatment enhanced hepatocellular autophagy at mRNA and protein levels. (A) mRNA levels of autophagy-related genes (ATG) in liver at 24 and 48h post CCl4 injection (n = 5/time point, experiments were repeated for 3 times). (B) Liver mRNA level of hypoxia inducible factor 1α (Hif1α) (n = 5/time point, experiments were repeated for 3 times). (C,D) Western blotting results of proteins in autophagy pathway in the liver, including p-AMPK, AMPK, p62, LC3B-I and LC3B-II at 24h (C) and 48h (D) post CCl4 injection (n = 5/time point, experiments were repeated for 3 times). (E) Relative protein expression of LC3B-II/LC3B-I, p62/GAPDH at 24 and 48 h post CCl4 insult (n = 5/time point, experiments were repeated for 3 times). The bars represent mean ± SEM.
Blocking IL-22 Could Partly Impair the Therapeutic Effects of hUCBMNCs
To confirm whether the upregulated peripheral IL-22 would contribute to the promoted liver regeneration and enhanced autophagy after hUCBMNCs treatment, we blocked peripheral IL-22 by administrating neutralizing IL-22 antibody synchronously. Liver H&E staining suggested that IL-22 neutralizing antibody impaired the therapeutic effects of hUCBMNCs (Figure 6A).
[image: Figure 6]FIGURE 6 | Blocking IL-22 impaired the therapeutic effects of hUCBMNCs. (A). H&E staining (×40) and necrotic areas percentage of mice liver at 24 h, 48 h post CCl4 injection in the anti-IL-22 group and the control group (4 mice each group). (B) Serum ALT and AST levels of mice at 24 h, 48 h post CCl4 injection in the anti-IL-22 group and the control group (4 mice each group). (C) Expression of p-STAT3, p62, LC3B, and GAPDH of mice liver at 24 h, 48 h post CCl4 injection in the anti-IL-22 group and the control group (4 mice each group, experiments were repeated for 3 times). The bars represent mean ± SEM.
Serum ALT and AST levels were higher in the anti-IL-22 treatment group than that in the control group at 48h (Figure 6B). In addition, the expression levels of regeneration-related protein p-STAT3 were declined at 48h in anti-IL-22 mice (Figure 6C). The expression levels of autophagy-related protein p62 were also downregulated at both 24 and 48 hours after treating with anti-IL-22 antibody (Figure 6C). There were no significant differences of LC3B-II/LC3B-I (Figure 6C).
DISCUSSION
To our knowledge, the present study is the first investigation to utilize hUCBMNCs to treat acute liver injury in mouse models induced by DAMPs or PAMPs. The hepato-protective role of hUCBMNCs was surprisingly found in CCl4/ConA-induced acute liver injury model. We have provided the first evidence that hUCBMNCs could alleviate DAMPs-induced liver injury including CCl4-/ConA- except APAP-induced liver injury. The hepatoprotective effects of hUCBMNCs were demonstrated as intensified pro-regeneration and enhanced autophagy in the liver, which turned out to be partly via upregulation of peripheral IL-22 level (Figure 7).
[image: Figure 7]FIGURE 7 | The working model for the protective roles of hUCBMNCs in acute liver injury/failure. hUCBMNCs treatment as a kind of cell therapeutic strategy could attenuate CCl4-induced acute liver injury/failure in mice with hepatoprotective role, which is executed by enhancing autophagy and regeneration in the liver via inhibiting inflammatory responses and upregulating peripheral IL-22.
Cell therapies provide unprecedented opportunities for intractable diseases and injury (Yamanaka, 2020). The combined disciplines of cell and gene therapy and tissue engineering, broadly known as regenerative medicine, have the potential to revolutionize the treatment of diseases (De Luca et al., 2019). Mesenchymal stem cells (MSCs) have been the main subject of clinical trials for the functions of immunoregulation (Tasso and Pennesi, 2009), differentiation potential (Musina et al., 2006), pro-regeneration (Jackson et al., 2010), and anti-infective property (Shaw et al., 2021). Both hUCBMNCs and MSCs can be isolated from cord blood. hUCBMNCs have already presented with immunoregulation function in a variety of diseases (Alvarez-Mercado et al., 2008; Paton et al., 2019; Feng et al., 2020; Li et al., 2020). In the present study, hUCBMNCs treatment was revealed to play a protective role by improving survival rate in DAMPs plus PAMPs-induced liver injury mice. However, in PAMPs-induced liver injury mice, hUCBMNCs showed no protective effects on mouse models with bacterial infection including K.P. or S. Typhimurium, which indicated that hUCBMNCs treatment might have beneficial effects on DAMP-induced liver injury. Cell therapy as an emerging therapeutic strategy has been applied for many intractable liver diseases, such as acute liver injury, acute-on-chronic liver failure (Dwyer et al., 2021), and diabetic hepatocyte damage in mice (Nagaishi et al., 2014). It is reported that cells could successfully reach the liver after administrating intravenously in mice (Starkey Lewis et al., 2020). Several studies have shown that labeled cells can migrate to the injured liver by APAP and alleviate liver injury (Resaz et al., 2011; Nagaishi et al., 2014; Starkey Lewis et al., 2020). For hUCBMNCs treatment, we have no evidence showing that these cells would surely migrate to the liver in the present study, and we will perform this in the further study with cell labeling and tracking techniques.
CCl4- or APAP-induced acute liver injury mouse model is the representative animal model of hepatotoxin-mediated acute liver injury (Forbes and Newsome, 2016). The core pathological processes in both models are oxidative stress and inflammatory response (Reyes-Gordillo et al., 2017). In our study, hUCBMNCs treatment exerted hepatoprotective effects on CCl4-induced acute liver injury mice but could hardly improve the necrosis in APAP-induced mice, which is consistent with the effects of MSCs on APAP mice model (Ryu et al., 2014). Nonetheless, hUCBMNCs treatment indeed reduced the expression of p-ERK activation in the pathogenesis of APAP-induced liver damage. This indicated that hUCBMNCs could alleviate APAP-induced liver injury at the protein level. For ALT levels, though there were no statistically significant differences between the hUCBMNCs treatment group and the control group in CCl4- or APAP-induced liver injury mouse model, the elevated ALT levels could demonstrate the liver damage in the two models. In CCl4-induced liver injury model, ALT levels were elevated at 24 h and reached a peak level at 48 h, which indicated that liver damage already occurred at 24 h (Liu et al., 2015). However, in APAP-induced liver injury, ALT levels were elevated at 6h in our experiment. In fact, it was reported that serum ALT levels were elevated at 0.5 h and reached the peak at 24h in APAP-induced liver injury (Yi et al., 2021). Therefore, hepatic necrosis can be found at 6 h in APAP-induced liver injury. However, calculations based on the total amount of ALT in the damaged liver indicate that the increase in the serum ALT activity cannot be explained simply by leakage from necrotic cells (Hauss and Leppelmann, 1958; Freidman and Lapan, 1964). Poor correlation between the degree of necrosis and the magnitude of serum ALT levels has often been reported (Rees and Sinha, 1960). Thus, hepatic histopathologic changes are always needed as the gold standard to confirm liver necrosis (Khalifa and Rockey, 2020). In liver H&E staining, the necrotic areas of mice liver at 24h post CCl4 injection were significantly decreased in the hUCBMNCs treatment group, though there was no significant difference of ALT levels between the two groups.
ConA-induced T-cell-mediated liver injury is a well-established model for investigating autoimmune or viral fulminant hepatitis with acute immune response playing a pivotal role in mediating liver damage (Wang et al., 2012). Immunosuppression therapy has an obvious effect on autoimmune hepatitis (Mieli-Vergani et al., 2018). In the present study, hUCBMNCs treatment demonstrated a dramatic attenuation of ConA-induced liver injury. Unlike hUCBMNCs in CCl4-induced liver injury, improved liver function and necrosis were both shown in ConA-induced liver injury. A previous study demonstrated that glucocorticoids, as immunosuppressants, have opposing effects on CCl4-induced liver injury and ConA-induced liver injury (Kwon et al., 2014). hUCBMNCs, reported for the immunomodulatory functions, showed hepatoprotective effects both on CCl4- and ConA-induced acute liver injury in the present study. Therefore, hUCBMNCs treatment would provide an alternative therapeutic strategy in clinical practice. The underlying mechanism of hUCBMNCs on ConA-induced liver injury needs to be further explored.
Our study showed that hUCBMNCs alleviated the levels of inflammatory responses and oxidative stress in the liver at 48 h post-CCl4 injection. The process of oxidative stress induces cells death involved a wide range of DAMPs (Jaeschke, 2011; Yang and Tonnesseen, 2019), and then activates innate immune cells to release abundant of inflammatory cytokines. The aggravation of inflammatory response would contribute to systemic inflammatory response syndrome (SIRS), and eventually lead to multiple organ failures (Rolando et al., 2000). Our study revealed that hUCBMNCs treatment alleviated both inflammatory responses (II6, Tnfa, Ifng, II17a, II1b, Cxcl1, Cxcr1, F4/80) and oxidative stress in CCl4-induced liver injury. Further experiments uncovered that NADPH oxidase Duox2 and Nox3, leading to accumulation of peroxides (Babior, 2004), were also downregulated at mRNA levels at 48h in the hUCBMNCs group. These results demonstrated the promising and inspiring therapeutic values for acute liver injury of hUCBMNCs treatment.
Besides, it was exciting that hUCBMNCs enhanced the phosphorylation levels of STAT3 protein, which would promote liver regeneration in CCl4-induced acute liver injury (Gao, 2005). And BrdU staining also confirmed the effect of pro-regeneration in hUCBMNCs treated mice at 48 h. IL-6 is a critical pro-regenerative factor and acute-phase inducer. IL-6 activates downstream signal through p-STAT3 in the liver, which confers resistance to liver damage (Schmidt-Arras and Rose-John, 2016). However, it was reported that mRNA and protein levels of IL-6 were both inhibited after treatment of hUCBMNCs (Rosenkranz et al., 2012; Yu et al., 2021), which are parallel to our study. The inhibition of IL-6 expression by hUCBMNCs in the early stage of liver injury would theoretically lead to the inhibition of liver regeneration which might be harmful for liver repair. However, the elevated levels of serum IL-22 could partly illustrate the activation of p-STAT3 in the liver. In addition, the attenuated phosphorylation levels of STAT3 (p-STAT3) after blocking peripheral IL-22 could partly demonstrate the pro-regenerative effect of hUCBMNCs. IL-22, a member of the IL-10 family, is mainly produced by innate lymphoid cells, Th17 cells, and Th22 cells (Radaeva et al., 2004; Xiang et al., 2012; Dudakov et al., 2015; Gao and Xiang, 2019). The function of IL-22 is mainly mediated via the activation of the Jak1/Tyk2-STAT3 pathway by binding to the heterodimeric receptors of IL-22R1 and IL-10R2 (Kong et al., 2013). IL-22 was mainly reported for its robust effects of pro-regenerative and hepatoprotective roles (Pan et al., 2004; Radaeva et al., 2004). Interestingly, compared to PBS treatment, hUCBMNCs treatment upregulated serum IL-22 in CCl4-induced liver injury mouse model, but downregulated serum IL-22 in ConA-induced liver injury mouse model. Considering that serum IL-22 was reduced to ∼10 pg/ml in the PBS treatment group, mildly elevated serum IL-22 in CCl4-induced liver injury mice might possibly be secreted by hUCBMNCs. It was reported that IL-22 was mainly produced by lymphoid cells (Dudakov et al., 2015). Our flow cytometry results of the constituents of hUCBMNCs manifested that there were activated T cells in hUCBMNCs, including NK cells and CD4+ T cells. These cells could secret IL-22, which would contribute to the increased serum level of IL-22 and the promoted liver regeneration at 48 h (Xiang et al., 2020).
Autophagy is a crucial process for maintaining cellular homeostasis (Dunlop et al., 2014), and many genes are involved in autophagy regulation. We further explored the expression of autophagy-related genes (ATG) in mouse liver. The expression levels of Binp3, Pik3c3, Ctsb, Becn1, and Bnip3l were significantly elevated under the treatment of hUCBMNCs. Among these targets, BECN1 and PIK3C3 are involved in the initiation of autophagy (Feng et al., 2014). BECN1 is reported as a direct transcriptional target of STAT3, and the phosphorylation of STAT3 after IL-6 administration could inhibit BECN1 expression at mRNA and protein levels (Miao et al., 2014). But in the present study, hUCBMNCs treatment promoted the phosphorylation of STAT3 at 48 h and did not suppress mRNA expression of BECN1. Further investigation is still needed. BINP3 and BINP3L proteins are crucial for hypoxia-induced autophagy (Bellot et al., 2009). Elevated HIF-1α has a protective effect on hepatocytes in liver injury (Khan et al., 2017). hUCBMNCs treatment promoted the expression of HIF-1α. BNIP3, a HIF-1α interacting protein, which was known to play a fundamental role in response to hypoxia (Zhang et al., 2019), was also increased at the mRNA level after hUCBMNCs treatment. LC3B-II protein, the cleaved and lapidated form of autophagy protein LC3B, is a widely known marker of autophagy (Dikic and Elazar, 2018). In our study, the expression of LC3B-II and p62 was significantly enhanced. These elevated expression levels of autophagy-related genes and autophagy proteins strongly suggested that autophagy played a role in the hepatoprotective effects after hUCBMNCs treatment.
In the present study, hUCBMNCs showed various effects on CCl4-induced liver injury. In our opinion, hUCBMNCs treatment might alleviate CCl4-induced liver injury through the elevation of peripheral IL-22 (Figure 7). With low immunogenicity (Kang et al., 2020), hUCBMNCs are more convenient to obtain from cord blood compared to MSCs, and the functions of hUCBMNCs with anti-inflammation, pro-regeneration and enhancement of autophagy in CCl4-induced hepatotoxin-mediated liver injury highlight that hUCBMNCs could be an alternative optimal cell therapy strategy for patients with liver injury or liver failure.
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