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Abstract

Obesity is increasing worldwide and leads to a multitude of metabolic diseases including 

cardiovascular disease, type 2 diabetes, non-alcoholic fatty liver disease (NAFLD) and non-

alcoholic steatohepatitis (NASH). CYR61 is associated with the progression of NASH, but it has 

been described to have anti- as well as pro-inflammatory properties. Here, we sought to examine 

the role of liver CYR61 in NASH progression. CYR61 liver knockouts on a NASH diet improves 

glucose tolerance, decreases liver inflammation, and reduces fibrosis. CYR61 polarizes infiltrating 

monocytes promoting a pro-inflammatory/pro-fibrotic phenotype through an IRAK4/SYK/NFκB 

signaling cascade. In vitro, CYR61 activates a pro-fibrotic program including PDGFa/PDGFb 

expression in macrophages in an IRAK4/SYK/NFκB-dependent manner. Furthermore, targeted-

antibody blockade reduces CYR61-driven signaling in macrophages in vitro and in vivo, reducing 

fibrotic development. This study demonstrates that in NASH, CYR61 is a key driver of liver 

inflammation and fibrosis.

One Sentence Summary:

Cyr61 drives NASH fibrosis by polarizing pro-fibrotic monocyte-derived macrophages through an 

IRAK4/SYK/NFκB signaling cascade.

INTRODUCTION

Obesity has been increasing worldwide over the past few decades. It is linked to poor 

diet, lack of exercise, social class, and some genetic factors (1). Obesity leads to many 

complications including cardiac hypertension, type 2 diabetes mellitus, pancreatitis, and 

non-alcoholic fatty liver disease (NAFLD) (2, 3). NAFLD is the most common chronic 

liver disease worldwide and if left untreated can progress to more severe diseases such as 

non-alcoholic steatohepatitis (NASH) and cancer (4). The development of cardio-metabolic 

disorders such hypertension and diabetes is intimately linked to the presence of NAFLD/

NASH and are common causes of morbidity and mortality in these patients (5-7). Currently, 

the best treatment options for NAFLD and NASH target the source of metabolic symptoms: 

dietary changes, increased exercise, or bariatric surgery (8, 9). However, a proportion 

of individuals with NAFLD/NASH are lean (10-12) indicating a need to improve our 

understanding of the biochemical steps leading to NAFLD/NASH.

Development of NAFLD/NASH is believed to occur through multiple hits, including insulin 

resistance, toxic fatty acid metabolites, inflammation, and fibrosis (13). Fibrosis in NASH 

is the primary determinant of mortality (14, 15), leading to the expectation that limiting its 

development may reduce the burden of disease. Therefore, understanding fibrogenesis in 

NAFLD/NASH is vital to developing treatments for it.

Previously, we demonstrated that hepatocyte CYR61 expression is a driver of liver fibrosis 

and inflammation during injury (16). CYR61 (cysteine-rich angiogenic inducer 61), also 

known as cellular communication network factor 1 (CCN1), is a secreted protein that 

signals to both fibroblasts and macrophages (17). It supports recruitment and adhesion of 
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monocytes and macrophages in vitro and in vivo (18, 19). When treated with CYR61 in 
vitro, macrophages produce pro-inflammatory cytokines such as TNFα, IL-1β, and IL-6 

(20). However, the effect of CYR61 on fibroblasts is less clear. Expression of CYR61 

is upregulated in human livers with cirrhosis and NASH as well as in murine fibrotic 

liver injury models such as bile duct ligation and carbon tetrachloride (CCl4) (16, 21-23). 

However, other work shows that direct stimulation of fibroblasts with CYR61 in vitro results 

in senescence or apoptosis (23-25), pointing to a role for CYR61 in the resolution of 

fibrosis. Thus, the in vivo mechanism for CYR61-driven liver fibrosis, particularly in NASH 

liver fibrosis, remains to be uncovered.

Here, we explore the mechanism(s) of inflammatory and fibrotic remodeling caused by 

CYR61 during NASH injury. We find that CYR61 modulates NASH fibrosis through the 

activation and polarization of infiltrating monocyte-derived macrophages, which in turn 

secrete factors that activate fibroblasts. Furthermore, we find that hepatocytic CYR61 

exacerbates glucose homeostasis in fatty liver disease. Ultimately, we demonstrate that 

CYR61 blockade reduces the inflammation and fibrosis during liver injury. Together, these 

findings uncover a potential mechanism of CYR61 during NASH injury that could be 

targeted to ameliorate aspects of this disease.

RESULTS

Loss of CYR61 ameliorates injury in a murine NASH model

Previously, we examined a small cohort of liver biopsies from healthy individuals and 

patients with NASH, finding a direct relationship between the expression of YAP/TAZ/

CYR61 (16). To directly determine if chronic expression of CYR61 influences NASH 

pathology, we employed a mouse model using high fat, high cholesterol, high sucrose 

diet (Western diet, WD) with a weekly injection of low-dose carbon tetrachloride (CCl4) 

resulting in histologic and transcriptional features that closely resembles human NASH 

injury (Fig 1A) (26). Livers from mice on this diet for 12 weeks show increased YAP, TAZ, 

CYR61, and αSMA expression compared to mice fed normal chow (Fig 1B). Cyr61-EGFP 

reporter mice (16) were placed on this diet to identify changes in Cyr61 expression during 

NASH injury. In controls, Cyr61-EGFP was expressed in a graded pattern radiating outward 

from the central veins whereas NASH-treated mice showed disorganization of CYR61 

expression across the liver parenchyma (Fig 1C). Progression of NASH injury resulted in 

increased Cyr61-EGFP expression in endothelial cells of the portal vein. Liver zonation was 

also disrupted as indicated by the loss of glutamine synthetase (GS)-expressing hepatocytes 

around the central vein.

Next, we examined macrophage expansion and their infiltration into the liver during 

NASH injury. Macrophage populations greatly increase in response to liver injury (27, 

28). In NASH, fibroblasts are activated by contributions from Kupffer cells (KC) (29, 

30) and monocyte-derived macrophages (MoMΦs) (29, 31-37). We examined the relative 

macrophage populations during NASH injury using the KC marker VSIG4 (34) and the 

general macrophage marker CD68. Macrophages expressing CD68 but lacking VSIG4 were 

deemed infiltrating MoMΦs (38). In chow-fed control livers, few CD68+VSIG4− MoMΦs 

were present, however significantly more appeared after 12 weeks of NASH injury (0.67 vs 
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13.7 per high powered field (HPF), p<0.01; Fig 1D). The number of KCs (CD68+VSIG4+) 

between chow and NASH livers was not significantly different after 12 weeks of NASH 

injury (53.3 vs 59.6 per HPF, p=0.37; Fig 1D). We confirmed this using Clec4F and CD163 

staining (Fig S1A).

To elucidate the effect of hepatocytic Cyr61 in NASH injury, we infected Cyr61fl/fl mice 

with either AAV8-TBG-EGFP (control) or AAV8-TBG-CRE (Cyr61ΔHep) and placed them 

on NASH injury for 12 weeks. Cyr61 deletion from hepatocytes was confirmed with RNA 

in-situ hybridization and Western blots (Fig S1B/C). Liver to body weight measurements 

were similar across all groups (Fig S1D). Pathologic analysis showed reduced histologic 

severity scores in Cyr61ΔHep livers compared to controls (9.75 vs 7, p=0.136, Fig S1E, 

Table S1). Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) 

were modestly reduced in Cyr61ΔHep NASH mice (19%, p=0.29; 31%, p=0.12, respectively) 

compared to controls (Fig S1F). Cyr61ΔHep mice showed a 75% reduction in collagen 

deposition compared to control wildtype mice on NASH diet (p<0.0001, Fig 1E). Cyr61ΔHep 

NASH livers also showed reduced αSMA expression as compared to controls (Fig 1E). 

Furthermore, MoMΦ populations were reduced by 50% in Cyr61ΔHep compared to control 

NASH livers (23.3 vs 11.7 per HPF, p<0.01; Fig 1F). KC populations were not significantly 

changed in Cyr61ΔHep livers (100 vs 62 per HPF, p=0.24; Fig 1F, S1A). Thus, Cyr61 liver 

expression is directly related to the infiltration of macrophages and the development of 

fibrosis during NASH injury.

We then investigated the effect of Cyr61 on metabolic aspects of NASH. Control and 

Cyr61ΔHep mice were placed in metabolic cages to measure energy expenditure and food 

intake, as well as analyzed for body composition after 12 weeks of NASH injury. There were 

no significant differences in food/water intake, energy expenditure, or body composition 

between the groups (Fig S1G). After glucose challenge, Cyr61ΔHep mice demonstrated 

a 20% improvement in glucose tolerance compared to controls (24,000 vs 19,700 AUC, 

p<0.01, Fig 1G) without any significant difference in plasma insulin concentrations (Fig 

S1H). Therefore, hepatocytic Cyr61 reduction in the context of NASH injury improves 

glucose tolerance, likely through improved insulin sensitivity.

Transcriptional Profiling Cyr61ΔHep in the Context of NASH Diet

To understand the mechanisms driving differences in Control and Cyr61ΔHep mice on a 

NASH diet, we examined the liver transcriptional profiles by RNA sequencing (RNA-seq). 

Principal component analysis (PCA) demonstrated that chow-fed control and Cyr61ΔHep 

livers were highly similar whereas NASH-treated Control and Cyr61ΔHep livers differed 

substantially (Fig S1I). Of 2,198 differentially expressed genes, 805 genes were upregulated 

and 1,393 genes were downregulated in Cyr61ΔHep NASH livers compared to control NASH 

livers. Differential gene expression analysis showed increased expression of metabolic genes 

(Acox1, Fabp1, Ppara), and decreased expression of fibrotic genes (Ctgf, Col1a1, Tgfb1, 

Acta2) and inflammatory genes (Tnf, Tlr1/2, Ccl2) in Cyr61ΔHep livers (Fig 2A). Ingenuity 

pathway analysis showed changes in hepatic fibrosis (hepatic stellate cell activation; hepatic 

fibrosis signaling pathway) and metabolic pathways (cholesterol biosynthesis; xenobiotic 

metabolism signaling/PXR pathway). We additionally found a number of immune pathways 
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altered in Cyr61ΔHep livers, especially those involved in inflammation (NO/ROS production 

in macrophages) and infiltration and adhesion of immune cells (agranulocyte/granulocyte 

adhesion and diapedesis; leukocyte extravasation signaling, Fig 2B). Gene set enrichment 

analysis (GSEA) in Cyr61ΔHep livers also showed increases in PPARα signaling and fatty 

acid metabolism (Fig 2C). Overall, the NASH injury in Cyr61ΔHep mice is associated with 

gene signatures associated with improved glucose and fat metabolism as well as reduced 

inflammation and fibrosis compared to controls.

Cyr61 expression alters macrophage and monocyte signaling in NASH-injured livers

To assess the cellular composition of control and Cyr61ΔHep NASH-injured livers, we 

performed single-cell RNA sequencing (scRNA-seq), recovering 18,695 cells. Seurat 

analysis of these cells with Uniform Manifold Approximation and Projection (UMAP) 

dimension reduction identified 9 clusters (Fig S2A). Whole liver RNA-seq analysis 

suggested that Cyr61 activity primarily affects fibroblasts and macrophages/monocytes, so 

we limited our analysis to these cell types. Upon re-clustering on the filtered macrophage 

(MΦ), monocyte, and fibroblast populations (2,452 cells, Fig S2B-D), we identified 

five distinct clusters: KCs (Adgre1, Csf1r, Clec4f, Vsig4), MoMΦ (H2-Ab1, Cd11c), 

infiltrating monocytes (Ly6c2), patroling monocytes (Cd11b), and fibroblasts (Col1a1) (Fig 

2D, E). Fibroblast populations were diminished in Cyr61ΔHep livers compared to control. 

Additionally, MΦs in the Cyr61ΔHep livers skewed towards KCs and away from MoMΦ 
populations (Fig 2D, F). The increase in KC populations in Cyr61ΔHep livers was confirmed 

by flow cytometry (Fig S2E). This suggests that Cyr61 drives MΦs toward the MoMΦ 
phenotype. Fibrotic (Pdgfb) and inflammatory (Nfkb1/2) genes were relatively increased in 

MoMΦs compared to KC, whereas anti-inflammatory genes (Chil3) were enriched in KC 

compared to monocytes/MoMΦs (Fig 2E).

We complemented these studies by using mass cytometry by time of flight (CyTOF) to 

further characterize the immune cells in these livers. We performed CyTOF on control 

(n=3; 650 cells/sample) and Cyr61ΔHep NASH livers (n= 3; 650 cells/sample) using a cell 

phenotyping and cytokine expression panel (Fig S2F, Table S2). We identified populations 

of T cells, B cells, and natural killer (NK) cells that were also seen in scRNA-seq (Fig S2A, 

B, G). CyTOF improved our ability to profile dendritic cells (DCs) and MΦs/monocytes 

as well as to detect neutrophils, which were not effectively sampled by scRNA-seq. The 

additional cell surface markers facilitated MΦ populations to be more specifically identified 

as liver-resident KCs, Ly6Chi MoMΦs, Ly6Clo MoMΦs, and a third type of MoMΦs known 

as liver capsular MΦ (LCM) (Fig 3A, S2G). Control livers were enriched for LCM and 

Ly6Chi MoMΦs; Cyr61ΔHep livers shifted away from these cell types and toward KCs and 

monocytes (Fig 3B, S2H). These changes seen in Cyr61ΔHep by CyTOF are consistent with 

the shift to KCs seen by scRNA-seq.

To understand the roles played by the different monocyte/MΦ populations during NASH 

injury, we examined the expression of inflammatory and fibrotic cytokines. As expected, 

Ly6Clo MoMΦs, an anti-fibrotic/pro-repair phenotype (39), consistently expressed less 

inflammatory (TNFα, IFNγ, IL-1β) and fibrotic (IL-17a, IL-21, TGFβ) cytokines than both 
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Ly6Chi MoMΦs and LCMs (Fig 3C, D). Of note, LCMs had higher expression of fibrotic 

IL-17a and TGFβ than Ly6Chi MoMΦs (Fig 3D).

After confirming cytokine expression in the different MΦ clusters, we used a phenotyping 

and phosphorylation detection panel (Table S2) to examine the signaling pathways activated 

in control (n=4; 3000 cells/sample) and Cyr61ΔHep livers (n=7; 3000 cells/sample) by 

CyTOF during NASH injury. Automated clustering of all CD45+ cells based on surface 

marker expression in this analysis identified similar populations of cells as in the cytokine 

analysis (Fig 3E, S3A, B). Consistent with the cytokine panel, we saw a significantly 

reduced proportion of LCMs in Cyr61ΔHep livers (3.3% vs 5.4%, p<0.05, Fig 3E, S3C). 

Furthermore, we detected an increase in the population of Ly6Clo MoMΦs between control 

and Cyr61ΔHep (7.6% vs. 4.9%, p<0.05, Fig 3E, S3C). With a greater number of cells, we 

were able to isolate MΦ/monocyte data for more in-depth analysis.

To investigate signaling changes in MΦ/monocytes, we examined a panel of eleven well-

known phosphorylated proteins differentially activated during inflammation (Table S2). We 

isolated 1,400 non-lymphocyte cells expressing CD11b or F4/80 per sample (control n=3, 

Cyr61ΔHep n=6; Fig S3D). The resulting Ly6G− myeloid cells were identified as DCs, 

monocytes, KCs, Ly6Chi MoMΦs, Ly6Clo MoMΦs, and LCMs (Fig 3F, S3E). Consistent 

with the analysis of all CD45+ cells, Ly6G− myeloid cells in Cyr61ΔHep livers showed 

increased Ly6Clo MoMΦs and decreased LCM populations (17% vs 8.8% and 21.3% 

vs 29.6% respectively, p<0.05, Fig 2F, S3F). Monocytes and MoMΦs (LCMs, Ly6Chi 

MoMΦs, Ly6Clo MoMΦs) in Cyr61ΔHep livers showed significantly less phosphorylated 

IRAK4 (p<0.01), SYK (p<0.0001), and NFκB (p<0.0001) (Fig 3G). This suggests that 

Cyr61 stimulates an IRAK4/SYK/NFκB signaling cascade in infiltrating monocytes and 

macrophages.

Cyr61 differentiates infiltrating monocytes

We next examined whether Cyr61 directly attracts monocytes, polarizes infiltrating 

monocytes into inflammatory MΦs, or plays a combination of both roles. To assess a Cyr61 

gain-of-function phenotype, C57Bl/6J mice were transduced with either AAV8-TBG-Null 

(control) or AAV8-TBG-Cyr61 (AAV-Cyr61) for 2 weeks. AAV-Cyr61 mice showed no 

change in liver weight from control mice (Fig S4A). Collagen deposition in AAV-Cyr61 

livers was increased by 56.8% as compared to controls (p<0.01, Fig 4A). We then 

examined monocyte differentiation to MΦ in these livers through graded expression of 

Ly6C and MHCII (38). AAV-Cyr61 livers showed fewer monocytes (Ly6C+/MHCII−, 31.5% 

vs 42.65%, p<0.05), but a greater proportion of monocyte/MΦ intermediate cells (Ly6C+/

MHCII+, 31.1% vs 22.9%, p<0.01) compared to controls (Fig 4B, S4B). Next, we examined 

if our loss-of-function Cyr61ΔHep phenotype would confirm our gain-of-function phenotype 

and impair monocyte recruitment or their transition into intermediate cells after acute CCl4 

injury. Cyr61ΔHep mice showed no change in liver weight from control mice after CCl4 

injury (Fig S4C). Injured Cyr61ΔHep livers show a greater proportion of monocytes (76.54% 

vs 67%, p<0.05), but decreased monocyte/MΦ intermediate cells (25.9% vs 16.8%, p<0.05, 

Fig 4C) suggesting that Cyr61 is not directly involved in monocyte recruitment, but it is 

involved in their differentiation once they arrive.
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Monocyte infiltration is necessary for Cyr61-mediated inflammation and fibrosis

Our models thus far (NASH, CCl4, AAV-Cyr61) demonstrate a role for Cyr61 in monocyte 

and MoMΦ activation. Next, we investigated the requirement for peripheral monocyte 

recruitment to the liver for the development of fibrosis. The CCR2 receptor traffics 

monocytes to injured tissues expressing CCL2 (40). Using CCR2-deficient mice, we 

expressed Cyr61 in hepatocytes to examine its effects on liver fibrosis. CCR2−/− mice 

treated with AAV-Cyr61 for 2 weeks showed no change in liver weight compared to 

control CCR2−/− mice (Fig S4D). There was no significant difference in fibrosis in CCR2−/− 

mice given control or AAV-Cyr61 virus (Fig 4D). Furthermore, AAV-Cyr61 CCR2−/− livers 

showed no change in the proportion of monocytes, MΦs, or intermediates in the liver (Fig 

4E). This points to the necessity of monocyte infiltration as a key step in Cyr61-mediated 

inflammation and fibrosis.

Cyr61 drives monocyte-derived macrophages toward inflammatory/fibrotic phenotypes in 
vitro

Having observed the contribution of Cyr61 to inflammation and fibrosis in several injury 

models in vivo, next we investigated the signaling activated by Cyr61 in MoMΦ. Bone 

marrow-derived MΦs (BMDMs) were isolated from leg bones of mice and treated with 

Cyr61 (Fig 5A). After 24 hours of Cyr61 treatment, BMDMs showed increased expression 

of the inflammatory genes iNOS and TNFα (Fig 5B). To examine gene expression more 

closely, we used scRNA-seq on Cyr61-treated BMDMs for 24 hours. Seurat UMAP analysis 

of control (n=4; 4,702 cells) and Cyr61-treated BMDMs (n=4; 8,733 cells) resulted in 

11 distinct macrophage clusters (Fig S5A, B). A cluster of lipid-associated MΦs (LAM; 

Apoe, Plin2) and 2 clusters of M1 MΦs (M12, M13; Apoe, Cd68, Neat1) appeared after 

Cyr61 treatment (Fig 5C, D, S5B). Using Monocle3 trajectory analysis, we sought to 

understand the process of BMDM polarization by Cyr61 (Fig 5E). The most undifferentiated 

macrophages (M0) in the presence of Cyr61 differentiated towards macrophages expressing 

inflammatory (M11, M12, M13), fibrotic, and lipid-responsive phenotypes (LAM). Cyr61 

activation culminated in Ly6Chi MΦs (Fig 5E). Consistent with our in vivo results, in vitro 
polarization of BMDMs with Cyr61 drove undifferentiated monocytes toward MΦs with a 

Ly6Chi, inflammatory, and fibrotic phenotypes. Macrophages stimulated by Cyr61 express 

inflammatory genes (20), but whether fibrotic signaling pathways are activated in a similar 

fashion is unclear.

Cyr61 signals through IRAK4, SYK, and NFκB to activate fibrotic cytokine expression in 
macrophages

In the context of NASH injury, liver MoMΦs had significant reductions in phospho-

IRAK4/SYK/NFKβ upon Cyr61 loss (Fig 3G). Notably, the promoter regions of PDGFa and 

PDGFb contain putative NFκB (Rela/p65) binding sites that are conserved across multiple 

species (Fig S6A), suggesting that Cyr61 polarizes MoMΦs through an IRAK4/SYK/NFκB 

signaling cascade. This may result in production of profibrotic cytokines (for example 

PDGFa/b) that stimulate HSCs. To directly test this hypothesis, we examined the signaling 

pathways that are activated in Cyr61-treated BMDMs, their downstream products, and how 

liver MoMΦs affect fibroblast activation in the context of Cyr61.
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Using CyTOF, Cyr61-treated BMDMs were assessed by surface marker expression (n=3 

per timepoint, 2,400 cells each) and characterized through automated clustering (Fig S5C-

E). Proportions of Ly6Chi populations, monocytes, and MoMΦs increased 1 hour after 

Cyr61 treatment (5% vs 1.2% and 11.2% vs 6.5% respectively, p<0.05, Fig 6A, fig. S5F). 

Proportions of Ly6Clo MoMΦ (CD11c−) populations were decreased at 1 hour and 3 hours 

(22.3% and 17.3% vs 30.33%, p<0.05), and proportions of MΦ-like 1 were decreased at 

3 hours after Cyr61 treatment (16.7% vs 5.2% respectively, p<0.05, Fig 6A, fig. S5F). We 

then examined intracellular signaling proteins; phosphorylation of IRAK4 was increased at 

0.5 hours, and phosphorylation of SYK and NFκB were increased at 3 hours after Cyr61 

treatment (Fig S5G). We confirmed phosphorylated IRAK4, SYK, and NFκB increased after 

Ad-Cyr61 treatment in J774A.1 cells (Fig 6C).

BMDMs polarized towards either an M1 (Fig S6B) or M2 (Fig S6C) phenotype lacked 

responsiveness to Cyr61 treatment. Last, we purified liver macrophages from quiescent 

livers to examine their responsiveness to Cyr61. In vitro cultured liver macrophages showed 

robust response to Cyr61 with respect to TNFα expression, but neither PDGFa/b were 

detectable with or without Cyr61 treatment after 24 hours (Fig S6D).

Like the BMDM response to Cyr61, RAW264.7 cells treated with Cyr61 induced expression 

of TNFα (p<0.001), PDGFa, and PDGFb (p<0.01, Fig S6E). We then generated conditioned 

media from cultured hepatocytes infected with either EGFP (CM-Control) or Cyr61 (CM-

Cyr61). CM-Cyr61 stimulated RAW264.7 cells to upregulate their expression of TNFα 
(p<0.001), PDGFa, and PDGFb (p<0.01, Fig 6D). Inhibitors to IRAK4, SYK, and NFkB 

reduced the ability of CM-Cyr61 to activate these genes in RAW264.7 cells (Fig 6D; TNFα, 

p<0.001; PDGFa/b, p<0.05).

We then tested if liver macrophages in the context of injury could activate fibroblasts in 
vitro. We generated mouse embryonic fibroblasts (MEFs) from the Col1A1-EGFP mouse, 

a mouse reporter commonly used to demonstrate fibroblast activation in the context of 

fibrotic injury (41). These MEFs demonstrated robust activation to 10% FBS and TGFβ1, 

but minimal response to Cyr61 (Fig 6E, S6F). Using FACS-purified liver macrophages 

(CD45+Ly6G−CD11b+) from CCl4 injured livers, these were co-cultured with Col1A1-

EGFP MEFs. There was a 75% increase in EGFP fluorescence as compared to control (Fig 

S6G, p<0.001). We then co-cultured Col1A1-EGFP MEFs with monocytes/macrophages 

from either control or Cyr61ΔHep CCl4 livers. Liver macrophages from Cyr61ΔHep mice had 

(33%) less activity in activating Col1A1-EGFP MEFs than controls (p<0.05, Fig 6F).

Taken together, these data support the hypothesis that Cyr61 preferentially acts upon 

BMDMs of the undifferentiated MoMΦ (M0) phenotype early in the injury process. 

Cyr61 signals through a pathway involving IRAK4/SYK/NFκB resulting in the production 

of fibrotic cytokines such as PDGFa/b. These Cyr61-stimulated BMDMs then activate 

fibroblasts to begin the process of collagen deposition.

Blocking Cyr61 during fibrotic liver injury reduces fibrosis

We next examined if Cyr61 intervention might be effective in the context of preexisting 

NASH injury. Cyr61fl/fl mice were placed on a NASH diet for 6 weeks. At week 6, mice 
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were given either AAV8-TBG-EGFP (control) or AAV8-TBG-CRE (Cyr616wkΔHep). Mice 

remained on this diet for 6 more weeks completing a 12-week treatment (Fig 7A). Liver to 

body mass ratios were similar between all the NASH treatment groups (Fig S7A). Compared 

to controls, mice receiving the Cyr616wkΔHep intervention showed a significant reduction 

in infiltrating MoMΦs (6.55 vs 22.1 per HPF; p<0.01, Fig 7B) and a 47.2% reduction in 

fibrosis (p<0.01, Fig 7C). Mice on the NASH injury protocol for 6 weeks prior to their 

randomization into control and treatment groups showed a similar degree of fibrosis as 

12 week-treated mice, but the collagen displayed less organization and a lack of bridging 

compared to 12 week-treated mice (Fig S7B).

We then developed a Cyr61 blocking antibody targeting the N-terminal region of Cyr61 

(αCyr61), a region known to bind to integrin αvβ5 (17). Integrin αvβ5 binding to Cyr61 was 

disrupted by αCyr61 in a dose-dependent manner. A CTGF/CCN2 antibody targeting the 

same region showed minimal interaction (42) (Fig S7C). αCyr61 recognizes human, mouse, 

and xenopus Cyr61 protein with high specificity (Fig S7D). To test αCyr61’s efficacy 

in blocking MΦ activation, we examined TNFα expression in human MΦs after Cyr61 

treatment with or without αCyr61. Addition of αCyr61 in a dose-dependent manner reduced 

TNFα secretion compared to treatment with control IgG (Fig S7E). A similar reduction in 

TNFα production was observed in mouse BMDMs (p<0.01, Fig S7F).

Using the YAP-Tg genetic model of liver fibrosis (16), we examined if αCyr61 could blunt 

fibrotic development in vivo. The liver to body mass ratio of IgG and αCyr61 YAP-Tg 

were similar (Fig S7G). YAP-Tg mice were pre-treated with either non-immune human IgG 

or αCyr61. YAP was then induced in these mice for 21 days (Fig 7D). αCyr61 treatment 

reduced CD68+VSIG4− MoMΦ infiltration in YAP-Tg mice by 33% (45 vs 30 per HPF; 

p<0.05, Fig 7D). Expression of PDGFa and PDGFb were reduced after αCyr61 treatment 

by 75% and 50% respectively (p<0.05, Fig S7H). Lastly, αCyr61 treatment reduced collagen 

deposition by 44% compared to control IgG (p<0.05, Fig 7F). In summary, reducing Cyr61 

after the initiation of NASH injury can limit the development of NASH liver fibrosis. 

Cyr61 reduction or interference are potentially effective means of limiting pathologic liver 

remodeling mediated by Cyr61 through its interference of MoMΦ infiltration/activation.

DISCUSSION

As NAFLD progresses to the more severe disease NASH, the key features that emerge 

are inflammation and fibrosis. Currently the best standard of care is lifestyle change (i.e. 

dietary change, increased exercise and/or bariatric surgery). However, even these are not 

fully effective in treating the sequelae of NASH. In non-responders to these treatments, the 

dominant signaling pathways include increased expression of inflammatory genes (43). As 

such, inflammation and fibrosis need to be addressed when investigating therapies for this 

disease. In this study we identified CYR61 as a regulator of fibrosis through activation of 

monocyte-derived macrophages (MoMΦ). We found dysregulation and increased expression 

of CYR61 in NASH injured livers. During NASH injury, loss of CYR61 limits the 

inflammatory and fibrotic signature of MoMΦs, reduces fibrosis, and improves glucose 

tolerance.
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Monocytes and macrophages (MΦs) have become a center of focus for fibrotic signaling. 

Indeed, we previously demonstrated that clodronate ablation of liver resident and circulating 

MΦ/monocytes significantly reduces fibrotic development in a fibrotic liver injury model 

(16). However, as more MΦ subtypes are identified in the liver, it is important to 

understand their separate contributions to fibrosis. Ly6Chi MoMΦs are the initial phenotype 

of infiltrating monocytes differentiating into macrophages and are pro-inflammatory, 

expressing TNFα and IL-1β (44). These are recruited to the liver after injury and contribute 

to activation of stellate cells (27). Ly6Clo MoMΦs are thought to be anti-fibrotic and 

pro-repair, expressing matrix metalloproteinases and aiding in recovery from injury (39, 42). 

LCMs, the newly classified but still poorly understood MoMΦs, respond to pathogens and 

elicit a neutrophil response (45).

In this study, we find that CYR61 polarizes infiltrating monocytes towards inflammatory 

Ly6Chi MoMΦs and LCM phenotypes and away from pro-repair Ly6Clo MoMΦs. The 

specific role LCMs play in liver injury is largely unknown (44). Our analysis shows that 

CD11c+ LCMs have higher fibrotic IL-17a and TGFβ expression than Ly6Chi MoMΦs, 

pointing to a role for LCMs in fibrosis. Of note, CD11c-expressing macrophages have 

been implicated as major contributors to NASH fibrosis (46). Thus, LCMs could be an 

even greater contributor to fibrosis than Ly6Chi MoMΦs during NASH. CD11c+ bone 

marrow-derived macrophages along with myofibroblasts are central players in the NASH 

histological hallmark “crown-like structures” (CLS) that surround steatotic hepatocytes (47). 

In fact, IL-17a drives steatosis (48). However, the factor that activates CD11c+ macrophages 

and IL-17a signaling in CLS is unknown. We found that CYR61 activity in NASH promotes 

increased CD11c+ LCM populations thus providing a potential answer to this question.

There is some debate over the MΦ cell types (namely KCs or MoMΦs) which drive 

NASH liver fibrosis (29-35, 49). Here, we show that NASH injury increases populations 

of infiltrating MoMΦs over chow-fed mice whereas KC proportions remain similar after 

12 weeks of injury. This suggests a predominant role for MoMΦs in driving early NASH 

fibrosis. Others have demonstrated that embryonically-derived KCs are gradually replaced 

by MoMΦs in the context of NASH injury (36, 37), further supporting the idea that bone-

marrow derived MoMΦs are a main contributor to fibrosis. Indeed, loss of CYR61 during 

NASH injury reduces fibrosis while also reducing populations of infiltrating MoMΦs, with 

minimal effect on KC populations. CYR61 over-expression in chow-fed mice independently 

increases fibrosis, only in the presence of CCR2+ infiltrating monocytes. Although KCs 

may still play a role in NASH, CYR61 predominantly influences infiltrating monocytes to 

coordinate fibrosis.

Thus far, CYR61 is mainly known as an activator of inflammatory signaling in MΦs through 

NFκB/p65 (20). Here, we identified that IRAK4/SYK are upstream of NFκB/p65 activity. 

IRAK4/NFκB signaling is a well-known transducer of inflammatory signals, activating 

genes such as TNFα (50). SYK, a tyrosine kinase that transduces signals from intracellular 

immune receptor tyrosine-based activation motifs in MΦs, can also contribute to NFκB 

activation through the IRAK4 pathway (51). This pathway targets PDGFa and PDGFb, 

potent activators of hepatic fibroblasts and stellate cells which are key drivers of liver 

fibrosis (49, 52). Conserved NFκB binding sites in the promoters of PDGFa and PDGFb 
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through multiple species indicate this to be an important mechanism, not only in mice, but 

potentially in humans and other species as well (Fig S8).

CYR61 has previously been shown to inhibit fibrosis when expressed in portal fibroblasts 

(21) or used to stimulate fibroblasts directly (23, 24). Our data demonstrate that MΦs act 

as an intermediary between CYR61-expressing hepatocytes and stellate cells. Therefore, we 

propose hepatocyte stress or injury stimulates CYR61 expression which in turn activates 

fibroblasts. Whereas direct activation of fibroblasts by CYR61 may be anti-fibrotic, CYR61-

MΦ-fibroblast signaling is fibrotic. It is worth noting that in our Cyr61ΔHep livers where 

CYR61 is selectively lost from hepatocytes, it is present in other cell types such as 

cholangiocytes and endothelial cells. Thus, presentation of CYR61 from hepatocytes may be 

a key step in determining the course of NASH liver fibrosis.

Reduction of hepatic CYR61 after NASH injury has started limits the degree of liver 

fibrosis, suggesting this could be a viable target for NASH fibrosis. Whether this also 

improves metabolic NASH pathology after substantial injury has occurred should be 

investigated. CYR61 reduction prior to the introduction of a NASH diet improved glucose 

tolerance in this study through transcriptional rewiring. Several reports suggest that 

liver inflammation alters hepatic glucose and lipid homeostasis due to direct effects of 

inflammatory macrophages, like those activated by CYR61 (53-55). Alternatively, there may 

be direct effects on hepatocyte metabolism that CYR61 exerts in the context of injury, 

as has been shown for other cell types (24, 56, 57). Although deletion of CYR61 has 

beneficial effects on fibrosis, inflammation, and metabolic signaling, its known roles in 

ductular reaction (22), angiogenesis (58, 59) and cellular senescence (60, 61) suggest there 

may be deleterious long-term aspects of repair and regeneration that should be considered.

Effective pharmacologic therapy has yet to be approved for NAFLD/NASH treatment, 

most likely due to the complex nature of this disease. Current therapeutics in development 

target specific aspects of the metabolic syndrome such as fibrosis, inflammation, glucose 

metabolism, or other features. Thus far, none have proceeded past Phase III (62). CYR61 

antagonism may represent a strong candidate for a multi-dimensional therapeutic. Notably, 

PPARα signaling was improved in CYR61 knockout livers. Several drugs that increase 

PPARα activity have been tested in NAFLD/NASH, like saroglitazar (63, 64) and 

elafibranor (65). However, these have shown little to no effect on fibrosis in clinical trials 

(66). As such, more complete therapeutics are needed to combat a variety of NAFLD/NASH 

symptoms. CYR61 antagonism in patients with fatty liver disease potentially could improve 

glucose tolerance and fatty acid metabolism through reduction of liver inflammation and 

fibrosis.

There are several limitations to this study. Here, we focused on liver fibrosis and its 

improvement after CYR61 reduction because fibrosis is consistently linked to improvement 

in long-term outcomes. Whether fibrotic reduction in this manner leads to reduced morbidity 

and extended lifespan should be directly explored. Furthermore, reduction of hepatocytic 

CYR61 prior to the introduction of a NASH diet leads mice with improved glycemic 

tolerance. If reduction of CYR61 can improve glucose tolerance in the context of preexisting 

liver disease needs to be explored. Other aspects of metabolic syndrome associated 
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with NASH such as hypertension, hyperlipidemia and hepatocellular carcinoma were not 

followed in this studied, but should be considered as CYR61 is investigated as a potential 

target in this area.

MATERIALS AND METHODS

Study design

In this study, we used scRNA-seq and CyTOF to identify critical cell types and cellular 

mechanisms that emerge in NASH that may serve as therapeutic targets for advanced 

fibrosis. We as well as others had previously identified Cyr61 as a potential critical target 

in the pathogenesis of liver fibrosis, although its mechanism was unclear. In the context of 

Cyr61 and NASH, scRNA-seq and CyTOF identified important cellular and biochemical 

mechanisms such as the development of pro-fibrotic monocytes and the SYK/IRAK4/NFκB 

signaling cascade. All results in this study were reproduced in independent cohorts of mice 

and in biological replicates for cell culture. Activity of the Cyr61 blocking antibody was 

validated in multiple samples of discarded patient peripheral monocytes.

Mouse lines

C57BL/6J, Cyr61-enhanced green fluorescent protein (EGFP) reporter mice (http://

gensat.org/), conditional Cyr61 floxed (Cyr61fl/fl) (23), Ccr2gfp KI/KO (CCR2−/−) (Jackson 

Laboratories), and tetracycline-inducible Yap-S127A (TetOYAP/YAP-Tg) (67) were used in 

this study. Experiments were started at 8-12 weeks of age. Male and female mice were used 

for collagen analysis and AAV-TBG-CYR61 studies. Sequencing and CyTOF analysis were 

performed only with male mice. A minimum of 3 mice were used for all displayed results. 

All mouse procedures and protocols were approved by an Association for Assessment and 

Accreditation of Laboratory Animal Care-accredited facility.

To simulate fibrotic injury, CCl4 was diluted to a 25% solution in corn oil and delivered 

intraperitoneally at a dosage of 2μL per gram. Mice were injected every third day for 21 

days and sacrificed on the 21st day for a total of 7 injections (chronic injury) or once and 

sacrificed 24 hours later (acute injury).

NASH injury modeling

To simulate the steatosis, inflammation, and fibrosis of non-alcoholic steatohepatitis, mice 

were fed a high-fat, high-cholesterol diet (Envigo TD.120528) and drinking water with 

23.1g/L D-fructose (Millipore-Sigma) and 18.9g/L D-glucose (Millipore-Sigma) ad libitum. 

Once per week, mice were injected with 2μL of 10% carbon tetrachloride diluted in corn oil 

per gram intraperitoneally for 12 weeks (26).

AAV gene delivery, YAP overexpression, and Cyr61 expression

Adeno-associated virus (AAV8)- thyroid hormone-binding globulin (TBG)- cyclization 

recombinase (CRE) (AAV-CRE; Addgene) was delivered to the indicated genotypes retro-

orbitally at 1011 pfu/mouse; AAV8-TBG-GFP (Addgene) or AAV8-TBG-NULL (Addgene) 

were used as controls. To induce expression of TetOYAP, 3 days after AAV-CRE injections, 

mice were given 1mg/mL doxycycline ad libitum in drinking water. These mice are referred 
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to as “YAP-Tg” in the text. To induce CYR61 expression, AAV8-TBG-CYR61 (16) was 

administered retro-orbitally at 3.5x1011pfu/mouse.

Tissue preparation, immunohistochemistry, and RNA in situ hybridization

Tissue was fixed overnight in 10% buffered formalin (Fisher-Scientific) and embedded in 

paraffin for sectioning. For picrosirius red staining, tissue sections were rehydrated and 

incubated with 0.1% Direct Red (Millipore-Sigma) and 0.08% Fast Green FCF (Millipore-

Sigma) in saturated picric acid (Millipore-Sigma) for 1 hour. For immunohistochemistry, 

tissue sections were rehydrated and Citrate-based Unmasking Solution (Vector Labs) was 

used prior to staining. RNA in situ hybridization of Cyr61 was carried out using RNAscope 

kits (ACD Bio). Images taken with Revolve microscope (Echo).

CyTOF staining

Single cell suspensions were made from frozen livers (preserved in FBS with 10% DMSO) 

and digested using Liver Digest Medium (Gibco) on the gentleMACS Octo Dissociator 

(Miltenyi-Biotec). Inter-hepatic leukocytes (IHL) were isolated using a 37.5% Percoll 

(Millipore-Sigma) solution. Cell viability was labeled using Intercalator-Rh103 (Fluidigm). 

TruStain FcX (Biolegend) was used as a blocking agent before surface antibody stain 

(Table S2). Phosphorylation panel: cells were permeabilized with methanol. Cytokine panel: 

cells were permeabilized with FoxP3 fixation and permeabilization solution (ThermoFisher) 

before incubation with antibodies. Samples were labeled with Intercalator-Ir (Fluidigm) and 

normalized using EQ Four Element Calibration Beads (Fluidigm). Samples were run on the 

Helios, a CyTOF system (Fluidigm). All washes, dilutions, and stains were performed in 

cell staining buffer (CSB: DPBS, 0.5% bovine serum albumin (BSA, Millipore-Sigma) and 

0.02% sodium azide (Millipore-Sigma)).

Using Premium Cytobank, normalized FCS files were gated on DNA+, live cells (Rh103−), 

bead− prior to analysis. Automatic clustering was performed on gated populations using 

the Cytofkit R package (doi: 10.18129/B9.bioc.cytofkit) (68-70). Data were transformed 

with cytofAsinh and merged with ceil. t-distributed stochastic neighbor embedding (tSNE) 

was used for dimensionality reduction. Phenograph was selected from clustering for all 

data using the preset k=30. Data were visualized using the ShinyApp feature in Cytofkit. 

Data displayed were extracted from Phenograph clustering output. Cell type identification of 

clusters was performed using marker intensity heatmaps. Mean metal intensity (MMI) was 

calculated using Cytofkit Phenograph clustering output.

BMDM isolation and cell culture

Leg bones of C57Bl/6J mice were harvested and manually crushed and filtered to isolate 

bone marrow cells. Red blood cells were lysed (RBC Lysis buffer, eBioscience) and cells 

were resuspended in Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco) supplemented 

with 10% FBS and 10 μg/mL recombinant murine M-CSF (Peprotech). Media was changed 

after 24 hours. After 72 hours, media was supplemented with 4 μg/mL recombinant human 

CYR61 protein (Peprotech). BMDM were analyzed at 30 minutes, 1 hour, and 24 hours 

after CYR61 treatment. To polarize BMDMs to a M1 and M2 phenotype, M0 BMDMs were 

treated for 24 hours with IMDM containing FBS/M-CSF and either, M1: LPS (Millipore-

Mooring et al. Page 13

Sci Transl Med. Author manuscript; available in PMC 2024 February 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sigma, 100 ng/mL) and IFNγ (Peprotech, 50 ng/mL) or M2: IL4 (Peprotech, 20 ng/mL), 

IL10 (Peprotech, 20 ng/mL), TGFβ1 (Peprotech, 20 ng/mL) with or without CYR61 (4 

μg/mL) for 24 hours.

RAW264.7 or J774A.1 mouse macrophage cell lines (ATCC) were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM, Gibco) supplemented with 10% FBS (Gibco) and 

passaged using 0.25% Trypsin-EDTA (Gibco). For CYR61 protein treatment, media was 

supplemented with 4 μg/mL recombinant human CYR61 protein for 72 hours. JSH-23 

was used over the course of this treatment at 30 mM (MedChemExpress). For Ad-Cyr61 

treatment, cells were treated with either Ad-GFP-m-Cyr61 or Ad-GFP (Vector Biolabs) at 

200 PFU/cell (RAW) or 125 PFU/cell (J7).

HIVE single-cell RNA sequencing data analysis

BMDMs from C57BL6/J mice as described above in “BMDM isolation and cell culture” 

were isolated. Four paired control and Cyr61 treated BMDM wells were measured at 24 

hours after treatment by the HIVE scRNAseq platform (Honeycomb Biotechnologies, Inc). 

Libraries were sequenced on a Nova-Seq 6000 by MedGenome; 160 paired-end reads per 

library. BeeNet (Honeycomb Biotechnologies, Inc) was applied on the raw sequencing 

data to quantify the transcript count matrix per library. Downstream statistical analyses 

were performed by R package Seurat (71). Cells with more than 300 genes expressed and 

less than 12000 count were regarded as valid cells for the downstream analysis. Like the 

10X scRNAseq analysis pipeline, SCT integration, UMAP dimension reduction and gene 

clustering/annotation analyses were performed on the valid cells. In addition, R package 

Monocle3 was applied to construct single-cell trajectories. Based on the Seurat processed 

data, a trajectory graph was learned, and the single cells were ordered by pseudotime.

αCyr61 in vivo blockade

Two days after AAV-CRE injection, YAP-Tg mice were injected intraperitoneally with 50 

mg/kg αCyr61 or control IgG. The next day mice were provided 1 mg/mL doxycycline 

ad libitum in drinking water. 10 days after the initial injection, mice were again injected 

intraperitoneally with 50mg/kg αCyr61 or control IgG. Livers from these mice were 

harvested on day 21 after doxycycline administration.

Mouse embryonic fibroblast isolation

Primary cultures of mouse embryonic fibroblasts (MEFs) were prepared from Col1a1-EGFP 

reporter mice (41) based on the protocol outlined by Durkin (72). E13.5 embryos were 

isolated and identified for GFP+ using a UV flashlight. Embryos were minced in a 

dish containing 0.25% trypsin-EDTA (Gibco) then incubated at 37°C to disassociate the 

fibroblasts. MEFs were resuspended in DMEM with 10% FBS and plated in T75 flasks. 

Media was replaced after 24 hours and the cells were frozen down after further passaging. 

MEF experiments were performed before passage 10.

MEF stimulation

MEFs were plated and serum starved overnight in Dulbecco’s Modified Eagle Medium 

(DMEM, Gibco) supplemented with 0.5% FBS. Media was treated with 4 μg/mL 
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recombinant human Cyr61 or 20 ng/mL human TGFβ1. Cells were incubated for 48 hours 

and prepared for flow cytometry.

Statistical analysis

Results are shown as means ± standard error of the mean unless indicated otherwise. 

Statistical analysis was performed using Prism unless otherwise specified. Each experiment 

was performed a minimum of three independent trials in triplicate with the exception of 

mouse models where all animals are shown in the dot plots. In vitro experimental data 

shown are technical replicates, in vivo experimental data shown are biological replicates. 

Statistical tests are identified in each figure legend. To detect the markers per cluster/ 

cell type in the scRNA-seq experiments, differential expression analysis was performed 

comparing the cells from a given cell type and all the other cells using likelihood-ratio test 

for single cell gene expression (73).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cyr61 drives fibrotic injury in NASH.
(A) Cartoon of 12-week NASH injury in mice and associated biological analyses. (B) 
Immunoblot of indicated protein expression in whole livers of mice on chow diet or 12 

weeks NASH diet. (C) Representative immunofluorescence imaging of GS (green) and 

Cyr61-EGFP (red) in livers from Cyr61-EGFP reporter mice on chow diet or on 8 or 

10 weeks of NASH diet. Asterisks (*) indicate portal regions. Scale bar=400μm. Below: 

intensity of Cyr61-EGFP staining across dotted line from central vein (CV) to portal 

vein (PV). (D) Representative immunofluorescence imaging of specified proteins in livers 

from mice on chow diet (n=6) or 12 weeks of NASH diet (n=6). Scale bar=100μm. 

Quantification of infiltrating MΦs (CD68+VSIG4−) and Kupffer cells (CD68+VSIG4+) to 

the right. HPF=high power field. Arrows indicate CD68+VSIG4− cells. (E) Representative 
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picrosirius red staining of livers from Cyr61 fl/fl mice treated with AAV8-TBG-GFP 

(control, n=9) or AAV8-TBG-CRE (Cyr61ΔHep, n=12) on NASH diet for 12 weeks. Scale 

bar=200μm. Quantification to the right. Below: Immunoblot of αSMA expression in whole 

livers of control or Cyr61ΔHep mice on 12 weeks of NASH diet. (F) Representative 

immunofluorescence imaging of specified proteins in livers from control (n=6) or Cyr61ΔHep 

(n=6) NASH mice. Arrows indicate CD68+VSIG4− cells. Scale bar=100μm. Quantification 

of infiltrating MΦs (CD68+VSIG4−) and Kupffer cells (CD68+VSIG4+) below. (G) Serum 

glucose measured in control (n=12) or Cyr61ΔHep (n=12) mice at indicated time points after 

glucose challenge (indicated by arrow). Fasting glucose was measured at 0 minutes. Area 

under the curve (AUC) calculation plotted to the right. Mean and SEM plotted; p value 

calculated with Mann-Whitney U test. *p<0.05, **p<0.01, ****p<0.0001
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Figure 2. Loss of Cyr61 improves fibrotic, inflammatory, and metabolic signaling in NASH.
(A) Heatmap of 2198 differentially expressed genes between male control and Cyr61ΔHep 

NASH livers (FDR<0.05, Fold change > 1.5). (B) Top significantly enriched pathways called 

by differentially expressed genes comparing control and Cyr61ΔHep NASH livers. (C) Gene 

set enrichment analysis of indicated metabolic KEGG Pathway gene sets (NES= normalized 

enrichment score). (D) Uniform Manifold Approximation and Projection (UMAP) plots of 

filtered cells in control (n=2; 1,755 cells) and Cyr61ΔHep (n=2; 697 cells) NASH livers. Left: 

cell type identification labeled; Right: UMAP colored by condition. (E) Dot plot of selected 

genes expressed in each cluster. (F) Quantification of filtered populations in control and 

Cyr61ΔHep NASH livers as a percent of total cells. P value calculated with Fisher’s Exact 

test (****p<0.0001).
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Figure 3. Loss of Cyr61 reduces inflammatory signaling in macrophages.
(A) T-distributed stochastic neighbor embedding (tSNE) plots of CD45+ populations in 

control (n=3) and Cyr61ΔHep (n=3) NASH livers using cytokine CyTOF panel. Right, 

identification of populations. (B) t-SNE plot showing density of cells in each condition. 

(C to D) Mean metal intensity (MMI) for indicated inflammatory (C) and fibrotic (D) 

cytokines in monocyte and macrophage populations. (E) Representative t-SNE plots of 

control (n=4) and Cyr61ΔHep (n=4) NASH livers using phosphorylation CyTOF panel. 

Significantly changed (p<0.05) populations circled. Right: plot of indicated populations 

as a percent of CD45+ cells. (F) Representative t-SNE plots of Ly6G− myeloid cells 

(CD45+CD3−CD19−NKp45−Ly6G−F4/80+ and/or CD11b+) in control (n=3) and Cyr61ΔHep 

(n=3) NASH livers. Significantly changed populations circled. Right: plot of indicated 
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populations as a percent of Ly6G− myeloid cells. Mean and SEM plotted; p value calculated 

with Mann-Whitney U test. #p<0.1, *p<0.05, **p<0.01. (G) MMI of phosphorylated 

proteins in cells of indicated populations. Liver capsular MΦs: control n=1334 cells, 

Cyr61ΔHep n=1901; Ly6Chi MoMΦs: control n=1512, Cyr61ΔHep n=2636, Ly6Clo MoMΦs: 

control n=396, Cyr61ΔHep n=1522; and monocytes: control n=474, Cyr61ΔHep n=960. Mean 

and SEM plotted; p value calculated with Student’s T test. ***p<0.001, ****p<0.0001.
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Figure 4. Cyr61 drives monocyte-to-macrophage differentiation.
(A) Representative picrosirius red staining of livers from C57Bl/6J mice treated with AAV8-

TBG-Null (control, n=6) or AAV8-TBG-CYR61 (CYR61, n=6). Quantification to the right. 

(B) Representative flow cytometry plots of CD11b+ cells, excluding Ly6C−/MHCII−, of 

control (n=6) and CYR61 (n=6) treated livers with percentage of parent population labeled. 

Quantification below. (C) Representative flow cytometry plots of CD11b+ cells, excluding 

Ly6C−/MHCII−, of control (n=5) and Cyr61ΔHep (n=5) acute CCl4-treated livers with 

percentage of parent population labeled. Quantification below. (D) Representative picrosirius 

red staining of livers from CCR2−/− mice treated with AAV8-TBG-Null (control, n=4) or 

AAV8-TBG-CYR61 (CYR61, n=5). Quantification to the right. (E) Representative flow 

cytometry plots of CD11b+ cells, excluding Ly6C−/MHCII−, of control (n=4) and CYR61 
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(n=5) treated CCR2−/− livers with percentage of parent population labeled. Quantification 

below. Scale bars=50μm. Mean and SEM plotted; p value calculated with Mann-Whitney U 

test. *p<0.05, **p<0.01.
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Figure 5. Stimulation with Cyr61 induces inflammatory and fibrotic phenotypes in bone 
marrow-derived macrophages.
(A) Cartoon of bone marrow-derived macrophage (BMDM) workflow. (B) Quantitative PCR 

analysis of indicated gene expression in control BMDMs (n=4) or BMDMs treated with 

Cyr61 protein (n=4). Mean and SEM plotted; p value calculated with Student’s T-test. 

*p<0.05, **p<0.01. (C) UMAP plots of macrophages in control (n=4) and CYR61 treated 

(n=4) BMDM. Cell type identification labeled. (D) Quantification of populations in control 

(n=4) and Cyr61-treated (n=4) BMDMs as a percent of total cells. P value calculated with 

Fisher’s Exact test (****p<0.0001). (E) Trajectory plot using Monocle3. Populations and 

key genes labeled. Starting node labeled in red.
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Figure 6. Cyr61 activates transcription of fibrotic cytokines through NFκB.
(A) t-SNE plot of CD45+ Ly6G− F4/80+ and/or CD11b+ BMDMs over the course of 

Cyr61 treatment. Populations labeled to the left. (B) Plot of indicated populations as 

a percent of CD45+/Ly6G− BMDMs. p value calculated with Mann-Whitney U test: 
+p<0.05, change from 0 hours; *p<0.05, change from 0.5 hours. (C) Immunoblot of 

indicated phosphorylated signaling proteins in control (Ad-GFP) and Ad-Cyr61-treated 

J774A.1 cells. (D) Cartoon indicating process of treating Raw264.7 cells. Right - 
Quantitative PCR analysis of indicated gene expression in conditioned media control (CM-

control), conditioned media Cyr61 (CM-Cyr61) or CM-Cyr61 plus inhibitors to IRAK4 

(zimlovisertib), SYK (lanraplenib) or NFkB (JSH-23). (E) Percent GFP+ as assessed by 

flow cytometry of Col1a1-EGFP MEFs with indicated treatments. (F) Cartoon indicating 
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co-culture of CD11b+ FACS-sorted liver monocytes with Col1a1-EGFP MEFS. Mean and 

SEM plotted; p value calculated with Students T-test. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001.
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Figure 7. Blocking Cyr61 in YAP-induced Fibrosis Blunts Macrophage Recruitment and 
Fibrosis.
(A) Cartoon of Cyr616wkΔHep intervention after 6 weeks of NASH diet. (B) Representative 

immunofluorescence imaging of specified proteins in control (n=6) or Cyr616wkΔHep-

intervened (n=6) NASH livers. Scale bar=100μm. Quantification of CD68+VSIG4− 

macrophages to the right. HPF=high power field. Arrows indicate CD68+VSIG4− cells. (D) 
Cartoon of tetracycline-inducible YAP liver fibrosis (YAP-Tg) with αCyr61 treatment. (D) 
Representative immunofluorescence imaging of specified proteins in YAP-Tg livers treated 

with IgG (n=3) or αCyr61 (n=3). Scale bar=100μm. Quantification of CD68+VSIG4− 

macrophages to the right. HPF=high power field. Arrows indicate CD68+VSIG4− cells. (F) 
Representative picrosirius red staining of livers from YAP-Tg mice treated with IgG (n=11) 
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or αCyr61 (n=13) antibody. Scale bar=500μm. Quantification to the right. Mean and SEM 

plotted; p values calculated with Mann-Whitney U test. *p<0.05, **p<0.01, ***p<0.001.
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