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Abstract 

Excessive release of interleukin-1β (IL-1β) is well-known to provoke cascades of 

inflammatory responses thus contributing to the pathogenesis of alcohol-induced 

steatohepatitis (ASH), but the cellular mechanism that regulates IL-1β release during 

ASH remains unclear. Herein, we identified that gasdermin D (GSDMD) membrane 

pore is critical in mediating IL-1β hypersecretion from chronic ethanol or 

acetaldehyde-stimulated macrophages. Deletion of GSDMD reduced IL-1β release 

and ameliorated alcoholic steatohepatitis in vivo. These findings uncovered a novel 

mechanism regarding the IL-1β release in ASH, and also indicated the therapeutic 

potential of IL-1β blockade. Interleukin-1 receptor antagonist (IL-1Ra) is protective to 

ASH by blocking IL-1β, but it has a short biological half-life (4-6 h) and lower liver 

concentrations. Thus, we constructed a therapeutic plasmid pVAX1-IL-1Ra-ApoAI 

(pVAX1-IA) encoding IL-1Ra anchored to the liver-targeting protein apolipoprotein 

A-I (ApoAI), and developed hepatocyte-specific nanobiologics (Glipo-pVAX1-IA) by 

galactose functionalization for local and prolonged expression of IL-1Ra in liver. Data 

presented here showed that Glipo-pVAX1-IA facilitated efficient uptake of gene 

cargos by hepatocytes. The biodistribution studies confirmed a predominant 

hepatocytes internalization, but a minimal kupffer cells uptake of Glipo-pVAX1-IA 

following intravenous injection. The locally secreted IL-1Ra attenuated 

alcohol-induced steatohepatisis and infiltration of inflammatory cells. Together, our 

results unraveled the critical role of GSDMD membrane pore in IL-1β hypersecretion 

and highlighted the hepatocyte-specific Glipo-pVAX1-IA nanobiologics as a 



promising therapeutic strategy for ASH. 
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1. Introduction 

Alcohol consumption causes approximately 3.3 million deaths (5.9% of total) 

worldwide each year, in which alcoholic liver disease (ALD) occupies the most 

majority [1]. Alcohol-induced steatohepatitis (ASH) is a life-threatening inflammatory 

disorder that occurs in ALD patients with a recent excessive alcohol consumption, 

characterized by massive lipid accumulation and dysregulated inflammatory 

responses in liver [2,3]. Therapeutic options including glucocorticoids, 

phosphodiesterase inhibitors and anti-tumor necrosis factor-α (TNF-α) agents are now 

available, but very little success has been achieved in the therapy of ASH [4,5]. Thus, 

works aim at explore novel therapeutic strategies are urgently required. Recently, the 

proinflammatory cytokine interleukin-1β (IL-1β) has received special attentions for its 

role in initiating the cascade of events leading to ASH [6-11]. It participates in lipid 

synthesis in hepatocytes, and promotes the infiltration of inflammatory cells and 

secretion of other cytokines in liver. In particular, genetic deletion of regulators of 

IL-1β maturation protected mice from alcohol-induced liver injury and steatosis [7]. 

These studies provided evidences for the significant role of IL-1β in the development 

of ASH. Therefore, understanding the cellular mechanism that regulates the IL-1β 

release and development of IL-1β-targeted therapeutics would be important for ASH 

treatment. 

IL-1β is not secreted through the conventional endoplasmic reticulum 

(ER)-Golgi route of protein secretion, and the mechanism of its release in ASH 

remains unclear [12]. Few latest studies from several groups have demonstrated that 



the cytosolic gasdermin D (GSDMD) can be activated and translocated to plasma 

membrane where the GSDMD-N polymer formed membrane pores, which are critical 

for release of mature IL-1β [13-15]. However, it is not well-understood if GSDMD 

also mediates IL-1β release in ASH, which would be addressed with GSDMD-/- mice 

in the current study. 

The importance of IL-1β in the pathogenesis of ASH implied the therapeutic 

potential of IL-1β blockade. Interleukin-1 receptor antagonist (IL-1Ra) functions as a 

competitor of IL-1β to block interleukin-1 receptor type 1 (IL-1R1)-mediated 

intracellular signaling pathway [16]. The remarkable anti-inflammatory efficacy of 

IL-1Ra has already been well documented, and its clinical trial on severe acute 

alcoholic hepatitis is currently ongoing (NCT01809132) [17]. However, some 

limitations are required for attention to optimize the practical applications of IL-1Ra. 

The most important limitation of IL-1Ra is its short half-life (4-6 h) due to the rapid 

clearance from kidney [18,19]. To cope with this problem, several attempts have been 

made to extend the persistence of IL-1Ra in the circulation, either by development of 

pegylated IL-1Ra or fusion it with other large proteins such as elastin-like 

polypeptides [20,21]. Nonetheless, these modifications are compromised by the lack 

of hepatic tropism, a character that is preferential for treating liver diseases. Moreover, 

systemic administration of IL-1Ra is accompanied by the risk of decreased host 

defenses due to the widespread spread of IL-1R1 [22,23]. Therefore, strategies that 

combine both sustained release of IL-1Ra and increased liver tropism are urgently 

needed.  



Apolipoprotein A-I (ApoAI), an important component of high-density 

lipoproteins, has been proposed as a promising candidate for selective liver targeting 

[24]. Upon binding of scavenger receptor class B type I (SR-BI) that efficiently 

expresses on the cell membrane of hepatocytes, ApoAI facilitates the delivery of 

cholesterol from peripheral organs to hepatocytes [25]. It has been demonstrated that 

ApoAI predominately distributed in the liver after systemic administration [26]. 

Moreover, linkage of ApoAI to other proteins, such as interferon-α, interleukin-15 and 

interleukin-22, showed promising liver targeting, prolonged duration and reduced 

immunological side effects [27-29]. Inspired by these attractive features, we 

hypothesized that IL-1Ra anchored to ApoAI may both prolong the lifetime of IL-1Ra 

and realize liver targeting, but is devoid of side effects induced by widespread IL-1R1 

blockade.  

In order to increase the active uptake of hepatocytes, we took advantage of 

galactose, which has strong affinity to asialoglycoprotein receptor (ASGPR) on 

hepatocytes [30-32]. We firstly tethered IL-1Ra to ApoAI to construct a eukaryotic 

expression plasmid pVAX1-IL-1Ra-ApoAI (pVAX1-IA) and developed 

hepatocyte-specific nanobiologics (Glipo-pVAX1-IA) for local and prolonged 

expression of IL-1Ra to prevent ASH. In the nanobiologics, cationic liposomes 

composing of 1, 2-dioleoyl-3-trimethylammonium-propane (DOTAP) and cholesterol 

provided positive-charge for encapsulation of negatively charged pVAX1-IA, and 

galactose modification on lipid bilayer was to facilitate hepatocyte-specific delivery 

of therapeutic IL-1Ra. Furthermore, the stability, kinetic behaviors and the potential 



therapeutic efficacy of the nanobiologics were also evaluated. Results from our study 

highlighted that Glipo-pVAX1-IA would be a promising therapeutic approach to treat 

ASH. Taken together, the current study elucidated the cellular mechanism that 

regulates IL-1β release and also developed IL-1β-targeted therapeutics for ASH. 

2. Methods 

2.1. Materials 

DOTAP and 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) were 

obtained from Avanti Polar Lipids (Alabaster, Canada). 

Galactose-polyethyeneglycol34000-NHS (Galactose-PEG-NHS) and 

polyethyeneglycol34000-NHS (PEG-NHS) were obtained from JenKem Technology 

(Beijing, China). Cholesterol was obtained from Sigma-Aldrich (St. Louis, USA). 

Plasmid pCMV- enhanced green fluorescent protein (EGFP) was from Beyotime 

Institute of Biotechnology (Haimen, China). FAM-FLICA Caspase-1 Assay Kit was 

purchased from ImmunoChemistry (Minnesota, USA). Leukocyte Activation Cocktail 

(with Gologi Plug) and percoll were obtained from BD Bioscience (Franklin Lakes, 

USA). The eukaryotic expression plasmid pVAX1, lipofectamine 2000, Hoechst 

33342, lyso-tracker green, and TOTO-3 were obtained from Thermo Fisher (Waltham, 

USA). For western blot and immunohistochemical analysis, antibodies against 

GSDMD (ab209845), IL-1Ra (ab124962), ApoAI (ab52945) and Gr-1 (ab25377) 

were from Abcam (Cambridge, UK), and IL-1β (12242), β-actin (4970) and GAPDH 

(51332) were from Cell Signaling Technology (Danvers, USA).  

2.2. Mice and animal model 



Mice were grown under specific pathogen free conditions, and all procedures 

involving animals were carried out according to standards approved by the Animal 

Ethical Committee of School of Pharmacy at Fudan University. GSDMD-/- mice on 

the C57BL/6 background had been described before [13]. Nine to ten weeks old, 

female wide type (WT) or GSDMD-/- mice on the C57BL/6 background were exposed 

to Lieber-DeCarli liquid diet (TP4030D, Trophic, China) with 5% ethanol for 10 days 

plus a single binge ethanol (5 g/kg body weight). For control mice, an isocaloric 

alcohol-free diet (TP4030C, Trophic, China) was given in the identical manner, and a 

single binge of isocaloric dextrin maltose were then administrated by gavage. Various 

nanobiologics were intravenously injected at a dose of 50 µg of pVAX1-IA every 

three day. Mice were sacrificed at 9 h post ethanol gavage, and serum and liver tissues 

were carefully harvested. The levels of IL-1β and interleukin-17A (IL-17A) in serum 

and liver were assessed using ELISA kit following the manufacturer’s instruction. 

2.3. Immunofluorescence analysis 

Paraffin-embedded liver sections were deparaffinized and antigen-retrieved for 

immunofluorescence analysis. Specimens were incubated with hamster anti-IL-1β 

(Sc-12742, Santa Cruz Biotechnology) and rabbit anti-GSDMD (abx340202, Abbexa) 

antibody at 4°C overnight, and then stained with AF647-goat anti-Armenian Hamster 

IgG (ab173004, Abcam) and AF488-goat anti-rabbit IgG (ab150077, Abcam) 

antibody for 1 h at room temperature. After blocking with 3% bovine serum albumin, 

specimens were probed with rabbit anti-F4/80 (ab100790, Abcam) antibody at 4°C 

overnight and AF546-goat anti-rabbit IgG secondary antibody (A11010, Thermo 



Fisher) for 1 h at room temperature. Liver tissues were counterstained with Hoechst 

33342 and imaged by confocal microscope LSM710 (ZEISS, Jena, Germany). 

2.4. Th17 cells assay 

Nonparenchymal liver cells were isolated using discontinuous 40%/70% percoll 

density gradient centrifugation, and then stimulated with leukocyte activation cocktail 

(with BD Gologi Plug) at 37°C for 5 h. After staining with APC-labeled CD4 

antibody (100516, Biolegend) for 12 h at 4°C, cells were fixed, permeabilized and 

stained with PE-labeled IL-17A antibody (506903, Biolegend) at 4°C for 2 h. The 

amount of Th17 cells were measured using flow cytometry (FACSCalibur, BD 

Biosciences, USA). 

2.5. Cell culture and treatments 

HepG2, Huh7 and HEK-293T cells were purchased from Chinese Academy of 

Sciences and cultured following standard protocals. Bone-marrow-derived 

macrophages (BMDMs) were isolated from 8-10 weeks old WT or GSDMD-/- mice, 

and then differentiated in the presence of 20 ng/ml recombinant macrophage 

colony-stimulating factor for 7 days. BMDMs were seeded in 96-well plates (1×105 

cells/well) and 6-well plates (2×106 cells/well). The fully differentiated BMDMs were 

exposed to ethanol (100 mM and 200 mM) or acetaldehyde (0.1 mM and 1 mM) for 

72 h. After stimulating with LPS (100 ng/ml) in ethanol- or acetaldehyde-free medium 

for 5 h, BMDMs were then treated with 5 mM ATP (S1985, Selleckchem, USA) for 1 

h. The secretion of IL-1β into extracellular medium, and total levels of IL-1β and 

pro-IL-1β in cell lysates were determined using ELISA kit. 



2.6. Construction and characterization of pVAX1-IA 

The coding sequence of IL-1Ra (GeneBank accession no. NM_173842.2) and 

ApoAI (GeneBank accession no. X07496) were subcloned into the eukaryotic 

expression vector pVAX1 with HindIII, BamHI and XhoI sites to construct 

pVAX1-IL-1Ra and pVAX1-IA, respectively. A linker (GGGGS) was introduced 

between IL-1Ra and ApoAI for flexibility. Top 10 competent cells (V209, novoprotein, 

China) were applied for transformation. 

For in vitro expression assay, HEK-293T (2×106 cells/well in 6-well plates) was 

transfected with 5 µg of pVAX1 or pVAX1-IA using lipofectamine 2000. The cell 

lysates and supernatant were harvested at 24 h post transfection for assessing the 

expression of IL-1Ra-ApoAI fusion protein by ELISA. The location of 

IL-1Ra-ApoAI in cells was observed by confocal microscope. Mice were received 

intramuscular injections (50 µg of pVAX1-IL-1Ra or pVAX1-IA) to assess the 

expression levels of IL-1Ra in vivo. 

The IL-1β antagonizing activity of pVAX1-IA was assessed by previously 

reported method [23]. A549 (5×104 cells/well in 96-well plates) was seeded and 

allowed to grow overnight. Culture media was removed on the following day and 

treated with pVAX1-IA-transfected HEK-293T cell supernatant (IL-1Ra, 6.4 ng/ml) 

for 1 h, and then stimulated with recombinant human IL-1β (100 pg/ml) for 6 h. The 

concentration of IL-6 in A549 cell supernatant was detected using ELISA. 

2.7. Synthesis of DSPE-PEG-Galactose and DSPE-PEG 

A total of 15 mg DSPE was dissolved in chloroform, to which 170 mg of 



Galactose-PEG-NHS or PEG-NHS was added and followed by 80 µL of triethylamine 

(Nt3N) (the molar ratio of Galactose-PEG-NHS/PEG-NHS to DSPE was about 3:1). 

The reaction was continuously stirred at room temperature for 24 h. After removing 

chloroform by rotary evaporation, the condensed mixture was redissolved in N, 

N-dimethylformamide, dialyzed against deionized water for 24 h and freeze-dried. 

The synthesized DSPE-PEG-Galactose was analyzed by HNMR spectrometer 

(Ascend 600 MHz, Bruker, Germany) and MALDI-TOF mass spectrum (AB SCIEX, 

USA). 

2.8. Preparation of lipo-pVAX1-IA, Plipo-pVAX1-IA and Glipo-pVAX1-IA 

nanobiologics 

DOTAP/cholesterol liposomes were produced using the thin film hydration 

method [29]. Plasmid pVAX1-IA was incubated with DOTAP/cholesterol liposomes 

for 30 min at room temperature to obtain lipo-pVAX1-IA. Lipo-pVAX1-IA was 

further PEGylated using a post-insertional reaction by adding DSPE-PEG or 

DSPE-PEG-Galactose (1 mol% of total lipids) [33,34]. Afterwards, the targeted 

Glipo-pVAX1-IA (DSPE-PEG-Galactose-modified lipo-pVAX1-IA) and 

Plipo-pVAX1-IA (DSPE-PEG-modified lipo-pVAX1-IA) were achieved at 50°C for 

15 min. Nanobiologic size, surface charge and polydisperse index value (PDI) were 

determined by a dynamic light scattering (DLS) detector (Malvern, Worcestershire, 

UK). The morphology of Glipo-pVAX1-IA was observed using transmission electron 

microscopy. 

2.9. Gel retardation assay 



The weight/weight ratios between DOTAP/cholesterol liposome and pVAX1-IA 

were set from 0:1 to 28:1. The lipo/pVAX1-IA was post-inserted with 

DSPE-PEG-Galactose and loaded onto 1% agarose gel containing Golden Viewer 

staining. After electrophoresis (90 V for 30 min), the gel was visualized with 

Chemi-Docimage analyzer (Bio-Rad, Hercules, USA), and the quantification of DNA 

bands was obtained by Image J software.  

The stability of Glipo-pVAX1-IA in serum was also analyzed by agarose gel 

electrophoresis. Naked pVAX1-IA and Glipo-pVAX1-IA were mixed with fetal 

bovine serum (FBS) at a ratio of 1:1 (volume/volume). The resulting mixtures were 

incubated at 37°C for various time points and analyzed by agarose gel electrophoresis.  

2.10. In vitro cellular uptake and transfection assay 

HepG2 cells and Huh7 cells were incubated with lipo-pVAX1-IA, 

Plipo-pVAX1-IA and Glipo-pVAX1-IA (pVAX1-IA at a weight of 5 µg, labeled with 

TOTO-3) at 37°C for 3 h and the cellular uptake was assessed by flow cytometry. For 

the observation of intracellular trafficking, HepG2 cells and Huh7 cells were 

incubated with Glipo-pVAX1-IA for various time points. After removal of 

nanobiologics, the cells were co-stained with Hoechst 33342 and lyso-tracker green at 

37°C for 30 min for observation using confocal microscope. 

HepG2 cells and Huh7 cells were also transfected with galactose-modified 

Glipo- pCMV-EGFP nanobiologics for 48 h and the fluorescence expression of EGFP 

was captured using confocal microscope. 

2.11. In vivo distribution of Glipo-pVAX1-IA 



A total of 50 µg of TOTO-3-labeled pVAX1-IA in lipo-pVAX1-IA, 

Plipo-pVAX1-IA or Glipo-pVAX1-IA was intravenously injected to mice. At 12 h, 24 

h and 36 h post injection, the distribution in major organs was quantitatively 

visualized by IVIS imaging system (PerkinElmer, Waltham, USA).  

To detect the sub-organ biodistribution of Glipo-pVAX1-IA, parenchymal and 

nonparenchymal liver cells were harvested to determine the levels of IL-1Ra at 1, 2 

and 3 days post injection. Kupffer cells were labeled with F4/80 for flow cytometry 

analysis. 

2.12. Toxicity and pathology studies 

One, seven and fourteen days after mice were intravenously injected with PBS 

(Control group), blank Glipo and Glipo-pVAX1-IA, samples were separated from 

mice. Hepatic and kidney damage were analyzed by assessing serum levels of serum 

aminotransferase (ALT), aspartate transaminase (AST), blood urea nitrogen (BUN) 

and creatinine. Serum IL-1β, TNF-α and interferon-γ (IFN-γ) were also determined by 

ELISA. The major organs, including heart, liver, spleen, lung, kidney and brain were 

obtained and fixed for H&E staining. Images were captured using a light microscope 

with 200× magnification. 

2.13. Statistical analysis 

Statistical analyses were performed using GraphPad Prism software. Statistical 

significance (*p < 0.05, **p < 0.05) was determined using student’s t test. Results 

were represented as mean ± SD. 

 



3. Results  

3.1. GSDMD membrane pores were critical for the hypersecretion of IL-1β from 

chronic ethanol-stimulated macrophages 

Recent progress has shown that long-term ethanol treatment amplifies the release 

of IL-1β from NLRP3-activated macrophages, but the underlying mechanisms that 

regulate the release of IL-1β remains unclear [35]. Given that IL-1β is not secreted 

through the conventional ER-Golgi route-mediated protein secretion, we explored 

whether GSDMD was involved in regulation of IL-1β hypersecretion triggered by 

chronic ethanol. BMDMs isolated from WT and GSDMD-/- mice were incubated with 

ethanol, followed by challenging with LPS and ATP to activate NLRP3 

inflammasome in ethanol-free media. We found that IL-1β levels in cell supernatants 

of both WT BMDMs and GSDMD-/- BMDMs elevated in a dose-dependent manner by 

chronic ethanol treatment, while ethanol-induced IL-1β hypersecretion significantly 

diminished in GSDMD-/- BMDMs (Fig. 1A). Lower amounts of IL-1β secretion in 

GSDMD-/- BMDMs were corresponding to higher amounts of intracellular IL-1β 

retention, implying the critical role of GSDMD membrane pore in IL-1β 

hypersecretion from chronic ethanol-exposed macrophages (Fig. 1B and C). Given 

that the blood ethanol concentrations can come up to 100 mM during heavy drinking, 

this level was perceived to be appropriate for modeling severe human alcoholism 

[35]. 

GSDMD membrane pores on pyroptotic cells permit the passage of IL-1β, and 

also allow the uptake of membrane-impermanent fluorescent dye propidium iodide 



(PI) [14]. As shown in Fig. 1D and E, caspase-1 and PI double-positive cells 

significantly increased. In contrast, the percentage of caspase-1 and PI double-positive 

cells fallen from 45.8% in WT BMDMs to 27.9% in GSDMD-/- BMDMs under the 

exposure of 200 mM ethanol, LPS and ATP, correspondingly the caspase-1-positive 

but PI-negative cells increased from 7.5% to 23.3%, indicating the causal effects of 

GSDMD membrane pore in the regulation of membrane permeabilization and IL-1β 

hypersecretion under the exposure of long-term ethanol. 

Acetaldehyde, the toxic metabolite of ethanol, is known to be important to the 

pathogenesis of ALD [36]. Similar to ethanol, we found that acetaldehyde also 

triggered the hypersecretion of IL-1β after treatment of LPS and ATP in both WT and 

GSDMD-/-BMDMs, while GSDMD membrane pore deletion resulted in more 

intracellular IL-1β retention in GSDMD-/- BMDMs as compared to WT BMDMs (Fig. 

1F and G). Taken together, our results demonstrated that GSDMD membrane pore 

was essential for IL-1β hypersecretion in response to chronic ethanol or acetaldehyde 

exposure.  

3.2. Deletion of GSDMD decreased IL-1β release and attenuated alcoholic 

steatohepatitis 

Given the importance of GSDMD membrane pore in IL-1β release from ethanol 

or acetaldehyde-exposed BMDMs that was observed in vitro studies, we next 

explored the role of GSDMD in murine model of ASH by chronic-binge ethanol 

feeding on WT and GSDMD-/- mice. Upregulated levels of serum ALT and liver 

triglyceride (TG), as well as increased number and size of vacuoles in H&E staining 



were observed in WT mice after the treatment of chronic-binge ethanol (Fig. 2A and 

B). In contrast, GSDMD-/- mice presented lower levels of serum ALT and liver TG, 

and attenuated hepatocellular damage and lipid storage in liver after ethanol feeding. 

Consistent with the decreased IL-1β secretion in chronic ethanol-exposed GSDMD-/- 

BMDMs, serum levels of IL-1β also decreased in GSDMD-/- mice compared with WT 

mice (Fig. 2C). Meanwhile, the levels of IL-1β in liver also reduced in GSDMD-/- 

mice, which may be associated with the reduced systemic inflammation and 

hepatocellular damage by GSDMD deficiency. 

Notably, the expression of GSDMD and IL-1β upregulated in both hepatocytes 

and nonparenchymal liver cells, whereas nonparenchymal liver cells were recognized 

as the primary cells for elevated GSDMD and IL-1β (Fig. 2D). Using fluorescent 

immunohistochemistry analysis, we observed that the intense GSDMD expression 

(green), displaying a “ring of fire”, concentrated at F4/80-positive kupffer cells 

(yellow) after alcohol feeding, confirming the higher expression of GSDMD in 

nonparenchymal liver cells than hepatocytes (Fig. 2E). In addition, IL-1β (red) was 

mostly released into extracellular space without co-localization with GSDMD and 

F4/80 in WT livers (overlap appeared red), whereas the majority of IL-1β was 

retained inside the F4/80-positive cells of the liver of GSDMD-/- mice (merge 

appeared orange). The robust retention of IL-1β in the kupffer cells of GSDMD-/- mice 

further underscored the key role of GSDMD in pathogenic release of IL-1β in ASH. 

3.3. Development of Glipo-pVAX1-IA nanobiologics for hepatocyte-targeted 

delivery of IL-1Ra 



Inspired by above observations that IL-1β release exerted strong 

proinflammatory effects to promote the pathogenesis of ASH, IL-1Ra was employed 

and modified to block IL-1β inflammatory responses. To prolong the half-life and 

improve liver accumulation of IL-1Ra, we took advantage of ApoAI as the targeting 

and stabilizing moiety to construct the therapeutic plasmid pVAX1-IA that expressed 

the fusion protein IL-1Ra-ApoAI (Fig. 3A). The expression was determined by strong 

specific bands of IL-1Ra-ApoAI (IL-1Ra-ApoAI, 48 kDa; IL-1Ra, 20 kDa; ApoAI, 28 

kDa) in pVAX1-IA-transfected HEK-293T cells (Fig. 3B). The obvious signals of 

ApoAI in immunofluorescence analysis and upregulated levels of IL-1Ra in the 

supernatant of pVAX1-IA-transfected HEK-293T cells verified the efficient 

expression and secretion of IL-1Ra-ApoAI (Fig. 3C and Supplementary Fig. 1A). 

The IL-1β antagonizing activity of pVAX1-IA was assessed using an established in 

vitro model, where interleukin-6 (IL-6) was produced by IL-1β stimulation in A549 

cells. Compared to pVAX1 group, significantly less IL-1β-induced IL-6 production 

was shown in A549 cells treated with pVAX1-IA-transfected HEK-293T cell 

supernatant (Supplementary Fig. 1B). This suggested that HEK-293T cell-secreted 

IL-1Ra was able to block IL-1β and suppress its downstream signaling pathway. Next, 

mice were intramuscular injected with pVAX1-IA and pVAX1-IL-1Ra to detect the in 

vivo expression of IL-1Ra-ApoAI. As shown in Fig. 3D, mice that were treated with 

pVAX1-IA displayed a higher level of IL-1Ra in liver tissues with a prolonged 

duration than pVAX1-IL-1Ra. 

In addition, galactose modified nanobiologics (Glipo-pVAX1-IA) were 



introduced for hepatocyte-specific expression of IL-1Ra (Fig. 3F). As shown in Fig. 

3E, the lipid DSPE was functionalized with galactose via a PEG spacer to form 

DSPE-PEG-Galactose, in which long PEG spacer was anticipated to reduce the 

toxicity and prolong the duration of cationic liposomes [32]. HNMR spectrometer and 

MALDI-TOF mass spectrum validated the high purity and conjugation of 

DSPE-PEG-Galactose (Supplementary Fig. 2A-D). The synthesized 

DSPE-PEG-Galactose was post-inserted into the lipid bilayer of lipo-pVAX1-IA to 

facilitate hepatocyte-targeted delivery of therapeutic IL-1Ra. 

To optimize the delivery efficacy of Glipo-pVAX1-IA, gel retardation, size and 

zeta potential analysis as well as IL-1Ra expression assay were applied to screen the 

appropriate weight ratio between blank cationic liposomes (DOTAP/cholesterol) and 

pVAX1-IA. The electrophoresis results determined that pVAX1-IA was fully 

encapsulated at a weight ratio of 8 or beyond, which was evidenced by no bright band 

of free pVAX1-IA at 4215 bp (Fig. 3G). Obviously, the ratio of 20:1 between 

liposome and DNA contributed to the highest IL-1Ra expression among all examined 

DNA/liposomes ratios (Fig. 3H). DLS analysis determined that the mean 

hydrodynamic diameter of the nanobiologics at the ratio of 20:1 was 155 nm, with a 

zeta-potential of 18.7 mV (Supplementary Fig. 2E-G). Transmission electron 

microscopy revealed the spherical morphology of the nanobiologics (Fig. 3I). 

Accordingly, the weight ratio of 20:1 was chosen as the optimal ratio to develop 

Glipo-pVAX1-IA. 

Another important requirement for successfully gene delivery is the stability in 



serum. Naked pVAX1-IA was completely fragmented upon treatment with FBS for 10 

min, as evidenced by the disappearance of the pVAX1-IA band at 4215 bp after gel 

electrophoresis (Fig. 3J). By contrast, DNA that was encapsulated into 

Glipo-pVAX1-IA preserved the integrity even at 12 h, demonstrating the fine stability 

of the nanobiologics to protect the gene cargo from enzymatic degradation in serum.  

3.4. Glipo-pVAX1-IA nanobiologics displayed excellent hepatocellular uptake 

and gene expression in vitro 

Efficient cellular uptake and endosomal escape of Glipo-pVAX1-IA 

nanobiologics are critical for successful expression of the fusion protein 

IL-1Ra-ApoAI. The plasmid pVAX1-IA was marked with TOTO-3 to observe the 

internalization of nanobiologics in primary mouse hepatocytes and two hepatic cell 

lines HepG2 and Huh7 cells by flow cytometry. Glipo-pVAX1-IA displayed 

significantly higher intracellular fluorescence intensity of TOTO-3-labled pVAX1-IA 

than lipo-pVAX1-IA and Plipo-pVAX1-IA (lipo-pVAX1-IA was post-inserted 

DSPE-PEG to obtain Plipo-pVAX1-IA), suggesting that galactose modification 

promoted high hepatocellular uptake (Fig. 4A and B, Supplementary Fig. 3A and 

B). 

To investigate whether Glipo-pVAX1-IA could efficiently escape from 

endosomes, confocal microscopy was performed to observe the intracellular 

trafficking of Glipo-pVAX1-IA in HepG2 and Huh7 cells. Based on the results show 

in Supplementary Fig. 3C and D, Glipo-pVAX1-IA adhered to cell membranes at 

0.5 h. After incubation for 1 h, the nanobiologics initially entered into cells and 



co-localized with the endosome, as exhibited by organ spots in the merged images. 

Whereas at 4 h, separated pVAX1-IA (red) and lyso-tracker (green) were obviously 

observed, indicating the successful release of pVAX1-IA from endosomes. 

Furthermore, a strong expression of EGFP was observed in cells that were exposed to 

Glipo-pCMV-EGFP in HepG2 and Huh7 cells at 48 h post transfection 

(Supplementary Fig. 3E and F). Similar results were observed in the primary mouse 

hepatocytes, confirming that Glipo-pVAX1-IA nanobiologics enabled excellent 

internalization and endosomal escape for hepatocellular gene expression in vitro (Fig. 

4C and D). 

3.5. Glipo-pVAX1-IA nanobiologics specifically targeted hepatocytes in vivo and 

induced a local and prolonged expression of IL-1Ra 

Motivated by the favorable hepatocyte uptake in vitro, we next evaluated 

hepatocyte-targeting specificity of Glipo-pVAX1-IA in vivo. Glipo-pVAX1-IA, 

Plipo-pVAX1-IA and lipo-pVAX1-IA labeled with TOTO-3 were intravenous injected 

into mice. The in vivo distribution of various organs was visualized by IVIS spectrum 

imaging analysis after administration for indicated time points. As expected, the 

fluorescence images of isolated ex vivo organs showed that Glipo-pVAX1-IA was 

rapidly captured by liver tissues within 12 h, and displayed the brightest signals at 24 

h post injection, indicating the liver tropism of galactose-functioned nanobiologics 

(Fig. 5A and B). Importantly, the fluorescence intensity in Glipo-pVAX1-IA group 

persisted for at least 36 h. Compared to Glipo-pVAX1-IA, administration of 

lipo-pVAX1-IA resulted in a high accumulation in lung tissues, which may be 



attributed to the entrapment of cationic liposomes by lung vascular tree. Additionally, 

obvious accumulation of TOTO-3-pVAX1-IA in kidney tissues was observed in 

Plipo-pVAX1-IA group possibly due to the passive uptake by reticuloendothelial 

system. 

To obtain detailed insight into the sub-organ biodistribution of Glipo-pVAX1-IA, 

we examined the TOTO-3-labled pVAX1-IA in isolated hepatocytes and kupffer cells 

after injection for 12 h. We observed a predominant internalization of pVAX1-IA in 

hepatocytes and a minimal uptake by kupffer cells in Glipo-pVAX1-IA group by flow 

cytometry (Fig. 5C). In contrast, Plipo-pVAX1-IA exhibited higher uptake by kupffer 

cells but lower uptake by hepatocytes. The preferential hepatocyte-targeting of 

Glipo-pVAX1-IA was further confirmed by the strong and prolonged expression of 

IL-1Ra in the isolated primary hepatocytes (Fig. 5D). Overall, these results suggested 

that Glipo-pVAX1-IA efficiently delivered pVAX1-IA into hepatocytes and achieved 

significant expression of IL-1Ra, potentially implying the local and prolonged 

therapeutics effects of Glipo-pVAX1-IA in the liver. 

3.6. Glipo-pVAX1-IA nanobiologics protected against hepatic inflammatory cells 

infiltration and liver damage triggered by alcohol feeding 

Above findings promoted us to validate whether Glipo-pVAX1-IA was a 

potential therapeutic approach for ASH. We next assessed the in vivo efficacy of 

Glipo-pVAX1-IA, compared with PBS (control group), free pVAX1-IA, 

lipo-pVAX1-IA and Plipo-pVAX1-IA with the chronic-binge alcohol consumption 

model. This model that is similar to patients with alcoholism who have a history of 



long-term drinking and a recent excessive alcohol consumption, has been applied for 

the therapeutic efficacy evaluation of IL-1Ra in vivo [11]. As shown in Fig. 6A-B, 

mice receiving Glipo-pVAX1-IA displayed outstanding therapeutic outcomes with 

lowest levels of serum ALT, liver TG, serum and liver IL-1β, followed by 

Plipo-pVAX1-IA and lipo-pVAX1-IA. Contrary to Glipo-pVAX1-IA, serum ALT and 

liver TG levels have no reduction in the free pVAX1-IA group due to the instability of 

naked pVAX1-IA in serum (Fig. 3I). Histological examination and Oil-O-Red 

staining further confirmed attenuated liver steatosis and damage in Glipo-pVAX1-IA 

groups (Fig. 6C). The higher therapeutic efficacy of Glipo-pVAX1-IA over 

lipo-pVAX1-IA and Plipo-pVAX1-IA should be attributed to its hepatocytes-targeting 

specificity and consequently sustained release of therapeutic IL-1Ra in liver tissues.  

IL-1Ra is a well-known to block the effects of IL-1β in recruiting immune cells 

and amplifying inflammatory responses [17]. Next we addressed whether the 

suppressed inflammatory cells recruitment was involved in the potent therapeutic 

efficacy of Glipo-pVAX1-IA nanobiologics. Immunohistochemical analysis of mice 

after chronic-binge alcohol consumption revealed that Gr-1-positive neutrophils and 

F4/80-positive macrophages aggregated in liver tissues, but returned to basal levels by 

Glipo-pVAX1-IA treatment (Supplementary Fig. 4A-C). In addition, IL-17A 

concentrations in serum and liver tissue also strongly decreased, indicating the 

potential suppressive impact of Glipo-pVAX1-IA on Th17 cells (Fig. 6D). To further 

confirm the function of Glipo-pVAX1-IA on Th17 cells, nonparenchymal liver cells 

were isolated and double-stained with CD4 and IL-17A for flow cytometry analysis. 



As expected, the levels of Th17 cells in livers was lowest in Glipo-pVAX1-IA-treated 

mice. (Fig. 6E and F). These results collectively demonstrated that Glipo-pVAX1-IA 

nanobiologics exerted significant therapeutic benefits on murine ASH in conjunction 

with reduced hepatic inflammatory responses.  

3.7. Administration of Glipo-pVAX1-IA did not cause systemic toxicity in mice 

Safety is a key aspect of nanoparticles and should be taken into consideration for 

clinical applications. We next investigated whether intravenous administration of 

blank Glipo or Glipo-pVAX1-IA would initiate inflammatory responses and systemic 

toxicity. Administration of the blank Glipo or Glipo-pVAX1-IA did not cause any 

significant differences in serum biochemical analysis (ALT, AST, BUN and creatinine) 

and serum concentrations of cytokines (IFN-γ, TNF-α and IL-1β) at 1, 7 and 14 days 

post injection (Fig. 7A and B). Furthermore, histological analysis confirmed minimal 

morphological changes in tissue architecture compared to the control group (Fig. 7C). 

All of these observations indicated that both blank Glipo and Glipo-pVAX1-IA were 

safe delivery vehicles with enhanced transfection efficiency. 

4. Discussion  

Given the importance of IL-1β in the development of ASH, and IL-1β is secreted 

through un-conventional protein secretion route, our studies provided compelling 

evidence for the critical role of GSDMD membrane pore in regulation long-term 

ethanol-triggered IL-1β hypersecretion from macrophages. The reduced IL-1β release 

and attenuated alcoholic steatohepatitis in GSDMD-/- mice further verified the casual 

role of GSDMD in pathogenic IL-1β release during ASH. It is known that IL-1β 



initiates the downstream inflammatory signaling pathways through binding to IL-1R1, 

while IL-1Ra functions as a competitor ligand of IL-1R1 and can antagonize the 

proinflammatory effects of IL-1β [16,17]. The short half-life (4-6 h) of IL-1Ra due to 

the rapid clearance from kidney encouraged us to optimize the practical applications 

of IL-1Ra. In the current study, IL-1Ra coding sequence was firstly tethered to ApoAI 

gene in pVAX1, followed by being encapsulated into galactose-functioned 

nanobiologics for hepatocyte-specific gene delivery. As expected, the resulting 

Glipo-pVAX1-IA facilitated local and sustained expression of IL-1Ra in the liver and 

exerted efficient therapeutic effects against ASH. These results suggested a novel 

strategy for the hepatocyte-specific and prolonged delivery of IL-1Ra to treat ASH.  

IL-1β is well known as a pivotal pathogenic cytokine in various liver diseases, 

including immune-mediated hepatitis, alcoholic and nonalcoholic steatohepatitis 

[37-41]. The robust induction of IL-1β in alcoholic steatohepatitis has been 

demonstrated in mice and patients with ASH. Moreover, mice deficient in the NLRP3, 

caspase-1, IL-1R1 were rescued from alcohol-triggered hepatic damage and steatosis 

[7]. These studies confirmed the crucial role of IL-1β in the pathogenesis of ASH, 

however, it remained unclear whether suppressing IL-1β release into the extracellular 

space could have the similar therapeutic outcomes for ASH. Inspired by recent studies 

showing that GSDMD membrane pore is essential for unconventional release of IL-1β, 

we explored and identified that activated GSDMD formed membrane pores for IL-1β 

release in the liver of mice suffering from ASH. This finding is consistent with a 

recent study demonstrating robust activation of GSDMD-mediated pyroptosis in 



murine model of ASH, but the regulatory role of GSDMD in IL-1β release during 

ASH remains to be determined [42]. In our work, we demonstrated that genetic 

deletion of GSDMD prevented membrane pore formation and excessive IL-1β 

secretion, thus ameliorating alcohol-induced liver damage. These findings uncovered 

a novel mechanism regarding the IL-1β release in ASH, and also highlighted the 

potential of antagonizing IL-1β for the treatment of ASH. Meanwhile, some studies 

have recently uncovered that slow secretion of IL-1β proceeds by an unconventional 

pathway that is independent of GSDMD, and GSDMD is only necessary for rapid 

secretion of IL-1β [43]. It might be accountable for the moderate protection from 

ASH by GSDMD deficiency in our study, and thus we focused on antagonizing IL-1β 

by hepatocyte-targeted nanobiologics instead of down-regulating GSDMD by 

therapeutic strategies. 

Antagonizing IL-1β with recombinant IL-1Ra (Anakinra) has been demonstrated 

to be effective in ASH [7,11]. However, short half-life and detrimental side effects, 

such as neutropenia and increased risks of infections, come with systemic IL-1Ra 

administration, thus leading to limited clinical applications [18]. Our objective was to 

construct a fusion molecular that could both prolong the circulation of IL-1Ra and 

allow it to block IL-1β predominately in the liver instead of systemic suppression. 

Herein, ApoAI was fused at the C-terminal of IL-1Ra in FDA-authorized eukaryotic 

plasmid pVAX1. Indeed, the novel fusion molecular pVAX1-IA was far superior to 

pVAX1-IL-1Ra, as evidenced by a higher level of IL-1Ra in the liver following 

intramuscular injection, which shed light on a novel modification of IL-1Ra for the 



treatment of liver diseases. This finding was consistent with our previous study 

showing that tethering interleukin-22 to ApoAI contributed to efficient liver targeting, 

further confirming the liver targeting potential of ApoAI [29,44].  

Cationic liposomes-based nanobiologics are an attractive strategy in the gene 

delivery because of their large payload and strong efficacy in enhancing cellular 

uptake [45,46]. However, the transformative potential of conventional cationic 

liposomes has been impended by several drawbacks, such as short duration and 

non-tissue selectivity [47]. To overcome these barriers, investigations to modify 

cationic liposomes with targeting ligands have been conducted [48,49]. For 

hepatocellular targeting, sugars such as N-acetylgalactosamine and galactose were 

introduced for active targeting via binding with ASGPR [30-32]. In agreement with 

these studies, our data showed that galactose-functioned nanobiologics were 

specifically internalized into hepatocytes. In addition, Glipo-pVAX1-IA displayed 

efficient escape of therapeutic genes from lysosomal compartments. It might be 

explained that cationic liposomes-mediated ion-pair formation triggered the disruption 

of endosomal membrane [50]. Most importantly, Glipo-pVAX1-IA presented a 

remarkable therapeutic outcomes on ASH, as indicated by decreased serum ALT and 

liver TG, as well as improved liver histopathology. However, treatment of 

lipo-pVAX1-IA or Plipo-pVAX1-IA only led to a moderate decrease of steatohepatitis. 

These results suggested that administration of Glipo-pVAX1-IA resulted in a high 

accumulation in the liver, allowing for increased and sustained expression of IL-1Ra 

to suppress the progress of ASH.  



We have demonstrated that Glipo-pVAX1-IA played a protective role in ASH, 

but the mechanism of its therapeutic effects remains unclear. Several lines of evidence 

suggested that IL-1β promoted infiltration of neutrophils to liver tissues in response to 

injury, but the infiltration obviously impaired in IL-1R1 knockout mice [51,52]. 

Another study confirmed that IL-1β participated in the differentiation of Th17 cells 

and thereby contributed to the development of liver diseases [53]. Correspondingly, 

our results suggested that blocking IL-1β by Glipo-pVAX1-IA suppressed the 

infiltration of macrophages and neutrophils, as well as the production of IL-17A 

triggered by alcohol consumption in vivo, which contributes to the therapeutic 

benefits on murine ASH. 

Glipo-pVAX1-IA nanobiologics and many other nonviral vectors hold 

therapeutic potential to treat a variety of liver disorders, as they allow the therapeutic 

nucleic acids to express locally at the disease sites in large quantities, but nontoxic 

delivery of DNA therapeutics remains a fundamental challenge [54,55]. It is 

noteworthy that in our investigation there is no obvious cytokine induction and 

histological injury of major organs in Glipo-pVAX1-IA nanobiologics-treated mice, 

which might be attributed to the decreased positive charge by the long PEG spacer for 

galactose and the active hepatocyte-targeting properties. However, the evaluation of 

our nanobiologics was limited by employing only cell line-based and murine models, 

and more accurate preclinical animal models that mimic the clinical profile need to be 

introduced in the future investigation. Furthermore, the more in-depth and systemic 

investigations by innovative technologies are required for better understanding and 



knowing how to modulate them to bring us closer to clinical applications. 

 

5. Conclusions 

In summary, we identified the critical role of GSDMD membrane pore in chronic 

ethanol-triggered IL-1β hypersecretion and developed a novel regimen for the 

hepatocyte-specific and prolonged delivery of IL-1Ra by utilizing Glipo-pVAX1-IA 

to treat ASH. Four advantages highlighted the practical applications of this strategy: (i) 

Galactose functionalization facilitated hepatocyte-specific delivery of the therapeutic 

gene pVAX1-IA. (ii) Fusion IL-1Ra to ApoAI paved the way for secondary targeting 

to the liver and prolonged the duration of IL-1Ra. (iii) Glipo-pVAX1-IA prevented the 

development of ASH via prolonged expression of IL-1Ra in livers. (iv) Our research 

offered a promising delivery strategy for other therapeutic proteins with short half-life 

to treat liver diseases.  
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Figures and figure legends 

 

Fig. 1. GSDMD membrane pores were critical for the hypersecretion of IL-1β 

from chronic ethanol-stimulated macrophages. (A-E) WT and GSDMD-/- BMDMs 

were exposed to ethanol (1 and 2 = 100 mM and 200 mM) for 72 h, and then 

stimulated with or without LPS (100 ng/ml, 5h) and ATP (5 mM, 1 h). (A) IL-1β 

secretion in supernatants was determined by ELISA. (B) The levels of IL-1β in the 



cell lysates were detected by ELISA. (C) Representative immunofluorescence images 

of GSDMD and IL-1β in BMDMs were presented. Hoechst 33342 (blue), GSDMD 

(green), IL-1β (red), scale bars = 1.5 µm. (D) Membrane pore formation (PI staining) 

and caspase-1 activation (FAM-FLICA staining) were monitored by flow cytometry. 

(E) Quantitation of caspase-1 and PI double-positive (Casp1+, PI+), and 

caspase-1-positive but PI-negative (Casp1+, PI-) cells. (F-G) WT and GSDMD-/- 

BMDMs were treated with acetaldehyde (0.1 and 1 = 0.1 mM and 1 mM) for 72 h, 

and then incubated with or without LPS (100 ng/ml, 5 h) and ATP (5 mM, 1 h). 

Extracellular (F) and intracellular (G) levels of IL-1β were detected by ELISA. Data 

indicated means ± SD, n = 3, *p < 0.05, **p < 0.01. 

 



 

Fig. 2. Deletion of GSDMD decreased IL-1β release and attenuated alcoholic 

steatohepatitis. WT and GSDMD-/- mice were fed with an ethanol (EtOH-fed) or a 

control (Pair-fed) diet (n = 6 mice per group). (A) Hepatocellular damage and 

steatosis were determined by H&E and Oil-O-Red staining (magnification: 400×). (B) 

Serum ALT and liver TG levels. (C) Serum and liver concentrations of IL-1β. (D) 

The protein expression of GSDMD, GSDMD-N and IL-1β in primary hepatocytes 

(PH) and nonparenchymal liver cells (NPC) were immunoblotted. Densitometric data 



were presented after standardization to β-actin. (E) Immunofluorescent labeling of 

GSDMD and IL-1β in macrophages of liver tissues. Hoechst 33342 (blue), GSDMD 

(green), F4/80 (yellow), IL-1β (red), scale bars = 10 µm. The colocalization of IL-1β 

with GSDMD and F4/80 were analyzed by Image J. Data indicated means ± SD, n = 3, 

*p < 0.05, **p < 0.01. 

 

Fig. 3. Development of Glipo-pVAX1-IA nanobiologics for hepatocyte-targeted 



delivery of IL-1Ra. (A) Schematic diagram of the construction of pVAX1-IL-1Ra 

and pVAX1-IA plasmid. (B, C) HEK-293T cells were transfected with plasmid 

pVAX1 and pVAX1-IA and the expression of IL-1Ra-ApoAI in cell lysates (B) and 

culture supernatant (C) at 24 h post injection were determined using western blot and 

ELISA, respectively. (D) Mice were intramuscularly administrated with PBS (Naïve 

group), pVAX1 and pVAX1-IA (n = 4 for each group). Serum and liver levels of 

IL-1Ra at indicated time points post injection were detected by ELISA. (E) Synthesis 

scheme of DSPE-PEG-Galactose. (F) Negatively charged pVAX1-IA was condensed 

by cationic liposomes (DOTAP/cholesterol), followed by post-insertion of 

DSPE-PEG-Galactose to develop Glipo-pVAX1-IA. (G) The complexation capacity 

of galactose-functioned nanobiologics at various ratios of liposome/DNA was 

assessed by gel retardation assay. Lane 1: marker; Lane 2: naked pVAX1-IA; Lane 

3-11: 5 µg of pVAX1-IA with upregulating weight ratios of liposome. Statistical 

analysis of gel retardation at various weight ratios. (H) The levels of IL-1Ra in cell 

supernatant of HEK-293T cells at 24 h post transfection. (I) Representative images of 

size distribution and transmission electron microscopy at the ratio of 20:1 (liposome: 

DNA). (J) The stability of Glipo-pVAX1-IA in serum was analyzed by agarose gel 

electrophoresis. Quantification was obtained. Data indicated means ± SD, n = 3, *p < 

0.05, **p < 0.01. 



 

Fig. 4. Glipo-pVAX1-IA nanobiologics displayed excellent hepatocellular uptake 

and gene expression in the primary mouse hepatocytes. (A, B) Fluorescence 

intensity of TOTO3-labled pVAX1-IA in the primary mouse hepatocytes was detected 

by flow cytometry after incubation with PBS (Naïve group), free pVAX1-IA, 

lipo-pVAX1-IA, Plipo-pVAX1-IA and Glipo-pVAX1-IA for 3 h. The quantification 

was presented in bar graphs. (C) Intracellular trafficking of Glipo-pVAX1-IA in the 

primary mouse hepatocytes was observed by confocal microscopy at 1 h and 4 h. 

Hoechst 33342 (blue), TOTO-3 (red), lysotracker (green). Scale bars, 10 µm. (D) 

Microscopy analysis of EGFP expression in the primary mouse hepatocytes after 

transfection for 24 h. Scale bars, 50 µm. Data indicated means ± SD, n = 3, *p < 0.05, 

** p < 0.01. 

 



 

Fig. 5. Glipo-pVAX1-IA nanobiologics specifically targeted hepatocytes in vivo 

and induced a local and prolonged expression of IL-1Ra. C57BL/6 mice were 

intravenously administrated with PBS (Naive group), lipo-pVAX1-IA, 

Plipo-pVAX1-IA and Glipo-pVAX1-IA at a single dose of 50 µg pVAX1-IA (n = 4 for 

each group). (A) The fluorescence images of TOTO-3-labled pVAX1-IA in heart, liver, 

spleen, lung, kidney and brain at 12 h, 24 h and 36 h post intravenous injection were 



assessed by IVIS analysis. (B) Quantification of the mean fluorescence intensity on 

each isolated organ. (C) Flow cytometry was used to detect TOTO-3-pVAX1-IA in 

isolated primary hepatocytes and kupffer cells at 12 h post liposomes injection. The 

quantitative analysis of flow cytometry were presented. (D) The levels of IL-1Ra in 

isolated hepatocytes and nonparenchymal liver cells at 1, 2 and 3 days post 

nanobiologics injection were analyzed by ELISA. Data indicated means ± SD, *p < 

0.05, **p < 0.01. 

 



 

Fig. 6. Glipo-pVAX1-IA nanobiologics protected against hepatic inflammatory 

cells infiltration and liver damage triggered by alcohol feeding. C57 BL/6 mice 

were exposed to chronic-binge model, and mice undergoing alcohol feeding were 

treated with PBS (Control group), free pVAX1-IA, lipo-pVAX1-IA, Plipo-pVAX1-IA 

and Glipo-pVAX1-IA every three day (n = 6 for each group). (A) Serum ALT and 

liver TG levels were analyzed. (B) Serum and liver IL-1β levels were measured. (C) 

Liver damage and steatosis were analyzed by H&E and Oil-O-Red staining 



(magnification: 400×). (D) Levels of IL-17A in the serum and in the liver. (E) The 

CD4-positive cells in nonparenchymal liver cells were sorted by flow cytometry. 

Quantification of the amount of CD4 and IL-17A-double positive Th17 cells were 

displayed. (F) The frequency of Th17 cells in nonparenchymal liver cells. Data 

indicated means ± SD, *p < 0.05, **p < 0.01. 

 

 

Fig. 7. Administration of Glipo-pVAX1-IA did not cause systemic toxicity in mice. 

PBS (Control), blank Glipo and Glipo-pVAX1-IA were administrated into mice via 

vein tail (n = 5 for each group), respectively. Serum samples were collected at 1, 7 



and 14 days, and major organs were harvested 14 day post injection. (A) Serum ALT, 

AST, BUN and creatinine were assessed. (B) Serum concentrations of TNF-α, IFN-γ 

and IL-1β. (C) Mice were sacrificed on day 14 after injection of nanobiologics and 

tissue injury was determined by H&E staining (Magnification: × 200). Data indicated 

means ± SD, *p < 0.05, **p < 0.01. 

 

 

Graphical Abstract Excessive ethanol feeding contributes to the cleavage of 

caspase-1, which processes the maturation of IL-1β and cleaves inactive GSDMD into 

active GSDMD-N. GSDMD-N forms pores on the plasma membrane that mediates 

IL-1β secretion into the cytoplasm. Once released, IL-1β binds to IL-1R1 and 

IL-1RAcP to induce the hepatocyte damage, as well as infiltrates Th17 cells and 



neutrophils into the damaged regions, leading to aggravated liver steatosis and 

inflammation. Here, we developed the hepatocyte-targeted delivery strategy by 

packaging pVAX1-IA into galactose-functioned nanobiologics. The resulting 

Glipo-pVAX1-IA was specifically internalized into hepatocytes by ASGPR-mediated 

endocytosis and delivered into nucleus for transcription. The fusion protein 

IL-1Ra-ApoAI was expressed that promotes secondary targeting to hepatocytes by 

ApoAI-mediated binding with SR-BI receptor, which contributed to the competitive 

binding of IL-1R1 by IL-1Ra, thus blocking the pathogenic effects of IL-1β and 

attenuating ASH. 
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