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INTRODUCTION 
 

Src homology region 2-containing phosphatase 1 (SHP-

1), encoded by the PTPN6 gene, is a protein tyrosine 

phosphatase that plays a crucial role in regulating 

multiple signaling pathways. The PTPN6 gene encodes 

two major forms of SHP-1 protein due to tissue-specific 

promoters. One form is expressed mostly in epithelial 

cells, whereas a slightly shorter isoform is almost 

exclusively expressed in hematopoietic cells [1, 2]. The 

two proteins differ in the N-terminal amino acids, but 

their phosphatase activity remains similar [3, 4].  

 

Hematopoietic SHP-1 functions as a negative regulator 

of both innate and adaptive immune responses [5, 6]. Its 

role in myeloid cells has been extensively characterized, 

where it is recruited to immunoreceptor tyrosine-based 

inhibition motif (ITIM)-containing receptors such as the 

paired immunoglobulin-like receptor B (PIR-B) [7] and 

the signal regulatory protein alpha (SIRPα) [8] to limit 
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ABSTRACT 
 

Src homology region 2-containing phosphatase 1 (SHP-1), encoded by the protein tyrosine phosphatase non-
receptor type 6 (PTPN6), regulates immune and metabolic signaling pathways. Although its functions in 
immune cells and insulin-responsive tissues are separately established, its integrative function in 
immunometabolic regulation remains unclear. A damaging variant in the PTPN6 gene (Ala455Thr) was 
discovered in a French-Canadian family and found to be the cause of early-onset emphysema. Using mice 
carrying this whole-body human-relevant mutation, we studied immunometabolic phenotypes across aging. 
Old mutant mice showed decreased body, liver and adipose tissue weights, improved glucose tolerance, and 
enhanced hepatic insulin sensitivity. Despite improved metabolic parameters, aged mutant mice developed 
liver abnormalities, including increased fibrosis and aberrant immune cell infiltration. Transcriptomic and 
histological analyses revealed an age-associated accumulation of intrahepatic B lymphocytes and macrophages, 
accompanied by increased SHP-1 protein levels and activation of Signal transducer and activator of 
transcription 3 (STAT3) signaling. Experiments in primary hepatocytes and old hepatocyte-specific Ptpn6 
knockout mice suggest that these alterations are driven by immune rather than intrinsic hepatocyte 
mechanisms. These findings identify SHP-1 as a critical modulator of liver immune homeostasis during aging 
and demonstrate that immune cell infiltration contributes to age-related hepatic remodeling under SHP-1 
deficiency. 
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activating signals from immunoreceptor tyrosine-based 

activation motif (ITAM)-containing proteins such as 

integrins [9], and immunoglobulin Fc receptors (FcRs) 

[10]. It also modulates cytokine and growth factor 

signaling by dephosphorylating Janus kinases (JAKs) 

and Signal transducer and activator of transcription 

(STAT) proteins [11, 12] downstream of receptors 

including colony-stimulating factor 1 (CSF1R) and c-

Kit receptors [13–15]. In lymphoid cells, SHP-1 

similarly limits activation of the T cell receptor (TCR) 

by targeting lymphocyte specific protein tyrosine kinase 

(Lck) [16] and zeta-chain of T cell receptor associated 

protein kinase 70 (ZAP-70) [17, 18] as well as adaptor 

proteins like linker for activation of T cells (LAT) [19] 

together with SH2-domain-containing leukocyte protein 

of 76 kDa (SLP-76) [20]. In contrast, SHP-1’s role in B 

lymphocytes is not as well defined, although it 

attenuates B cell receptor (BCR) signaling after being 

recruited to inhibitory co-receptors such as the cluster of 

differentiation 22 (CD22), cluster of differentiation 72 

(CD72), PIR-B, and the Fc gamma receptor IIB 

(FcγRIIB) [21]. 

 

Beyond its immune functions, SHP-1 is also expressed 

in metabolic tissues, where it is a critical negative 

regulator of insulin signaling [22–25]. In the liver,  

SHP-1 negatively regulates insulin clearance  

by dephosphorylating the transmembrane glycoprotein 

carcinoembryonic antigen-related cell adhesion 

molecule-1 (CEACAM1) [26]. We demonstrated that 

hepatocyte-specific SHP-1 knockout mice fed a high-fat 

diet (HFD) exhibit improved fasting glucose levels and 

reduced insulin resistance compared to HFD-fed 

wildtype mice [24, 27]. Although liver specific SHP-1 

knockout mice are more susceptible to hepatic steatosis 

under HFD conditions, they exhibit lower levels of 

hepatic inflammation, as indicated by reduced levels of 

pro-inflammatory cytokines and chemokines such as 

interleukin 3 (IL-3), interleukin 6 (IL-6), regulated upon 

activation normal T cell expressed and secreted 

(RANTES) and tumor necrosis factor (TNFα) compared 

to wildtype controls [27].  

 

Alterations in immune function and metabolic 

homeostasis are part of the widespread physiological 

changes taking place during aging. The immune 

system undergoes impaired innate and adaptive 

immune responses, chronic low-grade inflammation, 

and dysregulated leukocyte signaling [28, 29]. 

Concomitantly, metabolic tissues exhibit reduced 

insulin sensitivity and increased lipid accumulation, 

contributing to the development of age-related 

conditions such as type 2 diabetes and metabolic-

associated steatotic liver disease (MASLD) [30–32]. 

SHP-1’s dual role in immune and metabolic 

regulation places this tyrosine phosphatase at a critical 

regulatory node in liver homeostasis in health and 

disease.  

 

Many in vivo functions of SHP-1 have been discovered 

using the classical motheaten (Ptpn6me-v/me-v) mouse 

model [33], which carries a whole-body dysfunctional 

SHP-1 protein. Although this model has been 

instrumental in revealing the importance of SHP-1 in 

immune regulation and inflammation, its severe 

systemic phenotype and early lethality limit the study  

of SHP-1 function over time. To overcome these 

limitations, we use a viable genetic mouse model 

carrying the human-relevant Ptpn6Ala457Thr mutation to 

investigate the effects of SHP-1 dysfunction across life. 

The corresponding human mutation, PTPN6Ala455Thr, 

was first identified in a French-Canadian family as the 

cause of early-onset and severe emphysema. In humans, 

this autosomal dominant heterozygous mutation results 

in a moderate reduction of SHP-1 phosphatase activity 

[34]. Unlike motheaten mice, Ala457Thr mutants’ 

lifespan is similar to their wildtype counterparts, 

providing a unique opportunity to study the long-term 

metabolic and inflammatory impacts of partial SHP-1 

dysfunction. While the Ala455Thr variant is known to 

cause emphysema in humans, it remains unclear 

whether alterations also occur in metabolic organs such 

as the liver, as observed in motheaten and hepatocyte-

specific SHP-1 knockout mouse models [24, 26, 27]. In 

addition, the late-onset nature of the disease raises the 

question of whether other tissues such as the liver 

would also be affected with aging. 

 

Our findings demonstrate that chronic SHP-1 dys-

function is associated with aberrant intrahepatic 

accumulation of B cells and macrophages as well as 

liver fibrosis in aged Ptpn6Ala457Thr mice. Despite these 

liver abnormalities, Ptpn6Ala457Thr mice exhibit increased 

liver insulin sensitivity and improved glucose tolerance 

during aging. The immunometabolic phenotypes of 

aged mice bearing the Ptpn6Ala457Thr mutation are not 

detected in young adult mice where B cell and 

macrophage infiltration is not yet observed. This study 

identifies SHP-1 as a key modulator of age-associated 

liver remodeling, whereby partial but chronic loss  

of SHP-1 function is associated with a previously 

unrecognized link between immune cell dynamics, 

hepatic insulin sensitivity and glycemic control during 

aging.  

 

RESULTS 
 

Ptpn6Ala457Thr phenotypes manifest later in life 

 
To study the immunometabolic and hepatic effects of 

the human-relevant Ptpn6Ala457Thr mutation during the 

life cycle, chow-fed wildtype (WT) and heterozygous 

1078



www.aging-us.com 3 AGING 

Ptpn6Ala457Thr mutant male mice were studied at 5.6 

(young adult) or 16-19 (old) months of age (Figure 1A). 

To determine the impact of the Ptpn6Ala457Thr mutation 

on SHP-1 activity in vivo, we assessed the tyrosine 

phosphorylation of CEACAM1, a well-known substrate 

of SHP-1 [26], immunoprecipitated from liver lysates of 

young adult and old WT or mutant mice. CEACAM1 

tyrosine phosphorylation was increased in the liver of 

young adult and old mutant mice indicating that SHP-1 

phosphatase activity is reduced throughout life in the 

Ptpn6Ala457Thr heterozygous mutants (Supplementary 

Figure 1A–1D).  

 

We assessed the body and tissue weights of young adult 

and old WT and Ptpn6Ala457Thr mice. Interestingly, 

reduced body weights were exclusively observed in old 

Ptpn6Ala457Thr mice compared to old WT littermates, 

while no differences were detected between the young 

adult groups (Figure 1B). Concomitant with these 

findings, liver, adipose tissues (mesenteric and brown 

adipose tissue), as well as kidney and soleus weights 

were decreased in old, but not young adult Ptpn6Ala457Thr 

mice (Figure 1C–1G). Gastrocnemius muscle and 

inguinal white adipose tissue weights were not changed 

either in young adult, or old mice (Figure 1H, 1I). 

Importantly, the reduction of adipose tissues 

(mesenteric and brown adipose tissues) remained 

significant after normalization to body weight 

(Supplementary Table 1) indicating an organ-specific 

effect beyond the general reduction in body mass in old 

Ptpn6Ala457Thr mice. In contrast, reduction in liver and 

kidney weights were proportional to the body weight 

loss (Supplementary Table 1). Similarly to previously 

described SHP-1 mutants (Ptpn6me-v/me-v, Ptpn6me-B2/me-B2 

and Ptpn6m1Btlr/m1Btlr) [33, 35, 36] we observed that the 

Ptpn6Ala457Thr mutation causes splenomegaly, but this 

was only observed in old mice (Figure 1J). These data 

indicate that the Ptpn6Ala457Thr phenotype manifests later 

in life. Importantly, food intake was comparable 

between WT and Ptpn6Ala457Thr mice in both young adult 

and old groups (Figure 1K), thereby excluding reduced 

food intake as a confounding factor underlying the 

observed differences in organ and tissue weights. 

 

Ptpn6Ala457Thr genotype improves glucoregulation and 

liver insulin action in aging 

 

Considering that SHP-1 is a well-known regulator of 

glucose metabolism and insulin signaling [24, 26, 27] we 

investigated the modulation of glucose metabolism in 

Ptpn6Ala457Thr mutant mice. Compared to WT littermates, 

the Ptpn6Ala457Thr young adult mice displayed 

comparable fasting blood glucose and insulin levels 
(Figure 2A, 2B). Similarly, glucose tolerance and insulin 

stimulated hepatic Akt phosphorylation remained 

unchanged between genotypes (Figure 2C–2H).  

In contrast, old Ptpn6Ala457Thr mice were more glucose 

tolerant and insulin sensitive than their old WT 

littermates, as they displayed lower fasting glycaemia, 

smaller glucose excursion curves, and enhanced hepatic 

insulin stimulated Akt phosphorylation on Thr308 

(Figure 3A–3H). The levels of insulin stimulated Akt 

phosphorylation in other insulin sensitive tissues such 

as mesenteric white adipose tissue (Supplementary 

Figure 2A, 2B) and gastrocnemius (Supplementary 

Figure 2C, 2D) remained unchanged in the old 

Ptpn6Ala457Thr mutants. Together, these results show that 

the Ptpn6Ala457Thr phenotype needs time to develop, and 

that glucose homeostasis in the old Ptpn6Ala457Thr mice is 

positively modulated due to enhanced hepatic insulin 

signaling, which points to the liver as a key metabolic 

organ affected by this SHP-1 mutation during aging. 

 

Immune cell infiltration and fibrosis in liver of old 

Ptpn6Ala457Thr mice 

 

To further characterize the liver phenotype of 

Ptpn6Ala457Thr mice, we measured hepatic lipid content 

and performed histopathological analysis. Fasting 

plasma and liver triglycerides were unchanged between 

young adult wildtype and Ptpn6Ala457Thr littermates 

(Figure 4A, 4B). However, triglyceride levels were 

decreased both in plasma and liver of old Ptpn6Ala457Thr 

mice (Figure 4C, 4D). H&E and Picrosirius red staining 

revealed an abnormal accumulation of intrahepatic 

immune cells together with an exacerbated build-up of 

collagen in the livers of old Ptpn6Ala457Thr mice 

compared with their WT littermates, while such 

differences were not observed between young adult WT 

and mutant mice. The histological scoring for total 

steatosis was lower in the young adult and old 

Ptpn6Ala457Thr mice compared to WT mice (Figure 4E–

4H). Overall, these findings support the concept that 

chronic reduction of SHP-1 phosphatase activity is 

associated with a late-onset remodeling of the liver, 

characterized by immune cell accumulation, increased 

collagen deposition, and reduced lipid accretion, while 

preserving hepatic insulin sensitivity. 

 

We next performed RNA sequencing using whole livers 

of old WT and Ptpn6Ala457Thr mice to further investigate 

the molecular mechanisms underlying these genotypic 

differences. We found 1243 differentially expressed 

genes between WT and mutant mice. While 959 genes 

were upregulated, only 284 were downregulated in the 

Ptpn6Ala457Thr mice. As expected from histological 

analysis, most of the upregulated genes like Pirb 

(log2FC = 1.82, padj = 3.34e-20), Itgal (log2FC = 1.65, 

padj = 1.91e-18), Cd5l (log2FC = 1.78, padj = 1.91e-
18), Pou2f2 (log2FC = 2.03, padj = 3.12e-15), Adgre1 

(log2FC = 1.57, padj = 4.31e-15) (Figure 5A) were 

immune cell-specific in accordance with the observed 
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Figure 1. Age- and genotype-dependent changes in body and organ weights in wildtype and Ptpn6Ala457Thr mice. (A) 
Experimental timeline showing the design of the animal study comparing wildtype and Ptpn6Ala457Thr C57BL/6N mice at 5.6 months (young 
adult) and 16-19 months (old) of age. Image created with Servier Medical Art (https://smart.servier.com/), licensed under CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). (B) Body weights of young adult and old wildtype and Ptpn6Ala457Thr mice. (C–J) Weights of 
various adipose tissues and organs: (C) liver, (D) mesenteric white adipose tissue (mWAT), (E) brown adipose tissue (BAT), (F) kidney, (G) 
soleus muscle, (H) gastrocnemius muscle (Gastroc), (I) inguinal white adipose tissue (iWAT), and (J) spleen. (K) Food intake measured in 
young adult and old wildtype and Ptpn6Ala457Thr mice. Each dot represents an individual animal. Data are presented as mean ± SEM. Statistical 
significance was assessed using two-way Anova followed by Tukey’s post hoc test, with *p < 0.05, **p < 0.01, ***p < 0.001. Sample sizes: 
Young adult wildtype, n =8; Ptpn6Ala457Thr, n = 7 and old wildtype, n = 11; Ptpn6Ala457Thr, n=18. Sample sizes for panel (K): young adult wildtype, 
n = 8; Ptpn6Ala457Thr, n = 7; old wildtype, n = 6; Ptpn6Ala457Thr, n = 6. 
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Figure 2. Similar metabolic phenotype in the young adult wildtype and Ptpn6Ala457Thr mice. (A) Fasting blood glucose and plasma 
insulin levels (B) of young adult wildtype and Ptpn6Ala457Thr mice. (C) Oral glucose tolerance test (OGTT), glucose levels were measured at the 
indicated time points following oral glucose administration. (D) Area under the curve (AUC) of the glucose response from the OGTT shown in 
panel (C). (E) Plasma insulin levels during the OGTT in wildtype and Ptpn6Ala457Thr mice. (F) AUC of the insulin secretion. (G) Western blot 
analysis of hepatic AKT phosphorylation in young adult mice. (H) Quantification of phospho-AKT (Thr308) and phospho-AKT (Ser473) levels 
normalized to total AKT. Data are presented as mean ± SEM. Statistical analyses were performed using a two-way ANOVA or a mixed-effects 
model for repeated measures, followed by Tukey’s post hoc multiple comparisons test or an unpaired two-tailed Student’s t-test, as 
appropriate. Statistical significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001. Sample sizes: wildtype, n = 7-8; Ptpn6Ala457Thr, n = 6-7 
Au, arbitrary units. 
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Figure 3. The Ptpn6Ala457Thr mutation modulates glucose tolerance during aging. (A) Fasting blood glucose and plasma insulin levels 
(B) of old wildtype and Ptpn6Ala457Thr mice. (C) Oral glucose tolerance test (OGTT), glucose levels were measured at the indicated time points 
following oral glucose administration. (D) Area under the curve (AUC) of the glucose response from the OGTT shown in panel c. (E) Plasma 
insulin levels during the OGTT in wildtype and Ptpn6Ala457Thr mice. (F) AUC of insulin secretion. (G) Western blot analysis of hepatic AKT 
phosphorylation in old mice. (H) Quantification of phospho-AKT (Thr308) and phospho-AKT (Ser473) levels normalized to total AKT. Data are 
presented as mean ± SEM. Statistical analyses were performed using a two-way ANOVA or a mixed-effects model for repeated measures, 
followed by Tukey’s post hoc multiple comparisons test or an unpaired two-tailed Student’s t-test, as appropriate. Statistical significance was 
defined as *p < 0.05, **p < 0.01, ***p < 0.001. Sample sizes: wildtype, n=10-11; Ptpn6Ala457Thr, n = 16-18. Au, arbitrary units. 
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Figure 4. Ptpn6Ala457Thr old mice develop liver injury. (A) Plasma triglyceride levels in young adult wildtype and Ptpn6Ala457Thr mice. (B)  

Hepatic triglyceride content measured from liver extracts in young adult wildtype and Ptpn6Ala457Thr mice. (C) Plasma triglyceride levels in old 
wildtype and Ptpn6Ala457Thr mice. (D) Hepatic triglyceride content measured from liver extracts in old wildtype and Ptpn6Ala457Thr mice. (E) 
Representative liver sections from young adult wildtype and Ptpn6Ala457Thr mice stained with hematoxylin and eosin (H&E) to assess general 
histology, and Picrosirius Red to evaluate collagen deposition and fibrosis. Scale bar: 100 µm. (F) Histological scoring of total steatosis, 
inflammation, and fibrosis, based on blinded pathological assessment of liver sections from young adult wildtype and Ptpn6Ala457Thr mice. (G) 
Representative liver sections from old wildtype and Ptpn6Ala457Thr mice stained with H&E and Picrosirius Red. (H) Histological scoring of total 
steatosis, inflammation, and fibrosis, based on blinded pathological assessment of liver sections from old wildtype and Ptpn6Ala457Thr mice. 
Data are presented as mean ± SEM. Statistical analysis was performed using an unpaired two-tailed Student’s t-test, with *p < 0.05, **p < 
0.01, ***p < 0.001. Sample sizes: young adult WT, n = 6-8; Ptpn6Ala457Thr, n = 7, old WT, n=10-11; Ptpn6Ala457Thr, n=17-18. 

1083



www.aging-us.com 8 AGING 

 
 

Figure 5. Transcriptomic and immunometabolic alterations in the livers of old mutant mice. (A) Volcano plot showing 
differentially expressed genes in liver RNA-seq data from old wildtype and Ptpn6Ala457Thr mice (n = 6 per group). Differential expression 

analysis was performed using DESeq2, with significance thresholds set at adjusted p<0.05 and log2 fold change >1. (B) Gene signature analysis 

of common-aging and inflammaging pathways in liver RNA-seq data from old WT and Ptpn6Ala457Thr mice. Expression values were scaled per 
gene (z-score). (C) Gene expression levels of Cdkn1a in the livers of young adult and old mice and (D) primary mouse hepatocytes from old 
mice. (E) Pathway enrichment analysis using the Hallmark gene set database (MSigDB), showing significantly upregulated and downregulated 
pathways in Ptpn6Ala457Thr versus wildtype livers. (F) Representative western blot analysis of phosphorylated STAT3 (Tyr705), phosphorylated 
STAT3 (Ser727) and total STAT3 in liver lysates from old wildtype and Ptpn6Ala457Thr mice. (G) Quantifications of phosphorylated STAT3 
(Tyr705) and phosphorylated STAT3 (Ser727) from panel f. (H) Representative western blot showing expression of oxidative phosphorylation 
complex proteins (OXPHOS) (Complexes I–V) in liver lysates from old wildtype and Ptpn6Ala457Thr mice. (I) Quantification of OXPHOS from (H). 
Data are presented as mean ± SEM. Statistical significance was assessed using two-way ANOVA or a mixed-effects model for repeated 
measures, followed by Tukey’s post hoc multiple comparisons test or an unpaired two-tailed Student’s t-test, as appropriate. Statistical 
significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001. Sample sizes: old WT, n=10-11; Ptpn6Ala457Thr, n=16-17; young adult WT, n=8 
and Ptpn6Ala457Thr, n=7; Primary mouse hepatocytes WT, n=6 and Ptpn6Ala457Thr, n=5. Au, arbitrary units. 
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immune cell infiltration in the livers of old Ptpn6Ala457Thr 

mice (Figure 4G, 4H). Notably, when applying 

published common-aging and inflammaging gene 

signatures derived from a genome-wide CRISPRi 

screen [37], no differences were detected between aged 

WT and Ptpn6Ala457Thr livers (Figure 5B), suggesting 

that the transcriptional changes observed in 

Ptpn6Ala457Thr mice are not driven by a generalized 

acceleration of liver aging. Concomitantly, hepatic 

expression of the senescence marker Cdkn1a did not 

differ between wildtype and mutant mice in either 

young adult or aged groups, and this was also observed 

in primary hepatocytes isolated from aged mice (Figure 

5C, 5D). Gene set enrichment analysis (GSEA) revealed 

that several immune-related pathways were upregulated 

in the liver of Ptpn6Ala457Thr mutants including the IL6-

JAK-STAT3-pathway (Figure 5E). By negatively 

regulating STAT3, SHP-1 has been implicated in the 

modulation of fibrosis during the development of 

hepatocellular carcinoma [38, 39], which is consistent 

with the increased collagen deposition we observed in 

the liver of old Ptpn6Ala457Thr mice (Figure 4G, 4H). 

Therefore, we performed immunoblot analysis to 

evaluate the phosphorylation levels of the two STAT3 

activation sites, Tyr705 and Ser727. In the livers from 

old Ptpn6Ala457Thr mice, STAT3 phosphorylation of both 

sites increased compared to their wildtype littermates 

(Figure 5F, 5G). These results suggest that one of the 

mechanisms by which this mutation affects the liver 

might be through the SHP-1-STAT3 axis, but in a 

context of immune dysregulation. The predominance of 

altered immune function in old Ptpn6Ala457Thr mutants is 

supported by the finding that the livers of these mice 

were also characterized by elevated expression of SHP-

1 as compared to WT littermates (Supplementary Figure 

3A, 3B). Specifically, the hematopoietic transcript of 

isoform a of Ptpn6 was increased in livers of old mutant 

mice, while the non-hematopoietic/epithelial transcript 

of isoform b was actually reduced in these livers 

(Supplementary Figure 3C, 3D).  

 

Interestingly, many of the downregulated genes were 

related to mitochondrial function. Concomitant with 

this, one of the few downregulated pathways was 

oxidative phosphorylation (Figure 5E). To validate this, 

we quantified the protein levels of OXPHOS enzymes 

and found that complex III ubiquinol-cytochrome c 

reductase was reduced in the liver of Ptpn6Ala457Thr mice 

compared to their wildtype littermates (Figure 5H, 5I). 

Overall, these findings suggest that the abnormal 

infiltration of immune cells in the old Ptpn6Ala457Thr 

mutant mice might impact key processes such as 

cellular respiration and collagen deposition. 
 

To determine whether the observed STAT3 phenotype 

originated from regulation within hepatocytes or if it 

was the result of immune cell infiltration in the liver, we 

isolated primary mouse hepatocytes from old wildtype 

and Ptpn6Ala457Thr mice. Analysis of STAT3 

phosphorylation in primary hepatocytes did not show 

any difference between the genotypes (Supplementary 

Figure 4A, 4B). Also, protein levels of OXPHOS 

enzyme complexes remained unchanged between 

hepatocytes from old wildtype and Ptpn6Ala457Thr 

littermates and these cells displayed similar oxygen 

consumption rates (OCR) (Supplementary Figure 4C–

4E). Altogether, these results suggest that the hepatic 

phenotype of the Ptpn6Ala457Thr mutation is primarily 

associated with alterations in infiltrating immune cells, 

rather than intrinsic changes in hepatocytes. 

 

Ptpn6Ala457Thr mutation causes aberrant hepatic 

infiltration of B cells and macrophages during aging 
 

To further analyze which immune cell populations are 

enriched in the liver of old Ptpn6Ala457Thr mice, we 

used a microenvironment cell populations-counter 

(MCP-counter) method, as previously described [40, 

41]. We identified B cells and macrophages as the two 

populations of immune cells greatly upregulated in the 

liver of Ptpn6Ala457Thr mice during aging (Figure 6A). 

To refine these observations, we performed comp-

lementary immune deconvolution using the xCell 

algorithm as previously described [41, 42]. This 

analysis confirmed the enrichment of B cells and 

further revealed the expansion of specific B cell 

subsets (Supplementary Figure 5A), as well as 

alterations in the myeloid compartment, notably an 

increase in macrophages with distinct M1- and M2-

like signatures (Supplementary Figure 5B). In contrast, 

most other immune cell populations remained largely 

unchanged, including T lymphocytes, with CD4+  

and CD8+ subsets showing no significant variation, 

except for regulatory T cells (Tregs), which were 

modestly enriched (Supplementary Figure 5C, 5D). 

Concomitantly, global immune and microenvironment 

scores were significantly increased (Supplementary 

Figure 5E). To validate this finding, we performed 

immunohistochemistry to quantify the expression of  

B lymphocyte and macrophage markers, B220  

and CD68, respectively. Both markers were found to 

be significantly increased in the livers of old 

Ptpn6Ala457Thr mice compared to old WT littermates but 

also as compared to young adult Ptpn6Ala457Thr mice 

(Figure 6B, 6C). Experiments performed in 15–16-

month-old female and male mice bearing a hepatocyte-

specific invalidation of SHP-1 (Ptpn6H-KO) and their 

littermates (Ptpn6fl/fl) did not show a difference in 

B220 and CD68 expression (Supplementary Figure 
6A–6F) suggesting that hepatocyte-specific deletion of 

SHP-1 alone is not sufficient to drive alterations in 

hepatic immune cell infiltration during aging. 
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Figure 6. Age-related alterations in the presence of B cells and macrophages in livers of wildtype and Ptpn6Ala457Thr mice. (A) 
Immune cell type deconvolution based on RNA-seq data estimating relative abundance of liver-resident and infiltrating immune cell 
populations (n=6 per group). (B) Representative immunohistochemistry images of liver sections stained for B220 (B cells) and CD68 
(macrophages) in wildtype and Ptpn6Ala457Thr young adult and old mice. Scale bar: 100 µm. (C) Quantification of B220+ and CD68+ area in liver 
sections from young adult and old wildtype and Ptpn6Ala457Thr mice. Data are represented as mean ± SEM. Statistical significance was 
determined using unpaired two-tailed Student’s t test and two-way ANOVA followed by Tukey’s post hoc test, with *p < 0.05, **p < 0.01, 
***p < 0.001. Sample sizes: young adult (YA) WT, n=8 and Ptpn6Ala457Thr, n=7 Old WT, n=10-11 and Ptpn6Ala457Thr, n=18. 
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Moreover, we measured the protein levels of the C-X-C 

motif chemokine ligand 13 (CXCL13), a known 

chemotactic factor involved in B cell migration [43]. 

Plasma CXCL13 levels were significantly elevated in 

old Ptpn6Ala457Thr mice as compared to their WT 

counterparts (Figure 7A) supporting increased B cell 

chemotaxis. Hepatic CXCL13 levels also tended to be 

higher but this failed to reach statistical significance 

(Figure 7B). The anti-inflammatory cytokine interleukin 

10 (IL-10) was also increased in the plasma of old 

Ptpn6Ala457Thr mice (Figure 7C). IL-10 is known to be 

secreted by several immune cell types and increasing 

evidence highlights specific B lymphocyte subtypes as 

important IL-10 producers in various organs such as 

spleen and visceral adipose tissue [44, 45]. To 

determine the site of IL-10 production in old 

Ptpn6Ala457Thr mice, we next measured the cytokine 

levels in the spleen and mesenteric white adipose tissue 

(mWAT). We found that IL-10 was significantly 

increased in both tissues in the old Ptpn6Ala457Thr mice 

compared to their WT littermates (Figure 7D, 7E). In 

contrast, IL-10 levels were reduced in the liver of these 

mice as compared to their WT littermates (Figure 7F). 

Collectively, these findings suggest that the 

Ptpn6Ala457Thr mutation is associated with a late-onset 

and progressive accumulation of intrahepatic B lympho-

cytes and macrophages, accompanied by changes in 

circulating and tissue levels of IL-10. 

 

 
 

Figure 7. Changes in circulating and tissue levels of CXCL13 and IL-10 in wildtype and Ptpn6Ala457Thr mice during aging. (A) 
Plasma and hepatic (B) CXCL13 levels measured using the Bio-Plex Pro Mouse Chemokine Assay Kit V. (C) Plasma IL-10 levels measured using 
the Bio-Plex Pro Mouse Chemokine Assay Kit V. (D) Splenic IL-10 levels measured using the DuoSet Mouse IL-10 Kit. (E) Mesenteric white 
adipose tissue IL-10 levels measured using the DuoSet Mouse IL-10 Kit. (F) Hepatic IL-10 levels measured using the Bio-Plex Pro Mouse 
Chemokine Assay Kit V. Data are represented as mean ± SEM. Statistical significance was determined using unpaired two-tailed Student’s t 
test with *p < 0.05, **p < 0.01, ***p < 0.001. Sample sizes: Old WT, n=10-11 and Ptpn6Ala457Thr, n=16-18. 

1087



www.aging-us.com 12 AGING 

DISCUSSION 
 

In the present study, we characterized the immuno-

metabolic effects of a recently reported human 

mutation (Ala455Thr, Ala457Thr in mice) in the 

PTPN6 gene encoding SHP-1, which is associated 

with early-onset hereditary emphysema in patients 

[34]. Genetic introduction of this mutation in the 

mouse Ptpn6 gene causes a modest but persistent 

reduction in tyrosine phosphatase activity, as 

determined by the increased phosphorylation of 

hepatic CEACAM1, which we have shown to be a 

canonical SHP-1 target [26]. Importantly, we show 

here that the Ptpn6Ala457Thr mutation phenotypically 

manifests only in older mice (>16 months) and is 

associated with marked intrahepatic accumulation of 

immune cells and fibrosis, as revealed by substantial 

collagen deposition in the liver. Transcriptomic and 

immunohistochemical analyses further revealed that B 

cells and macrophages are the specific cell types that 

infiltrate the livers of aging Ptpn6Ala457Thr mice. B220 

staining showed the formation of tertiary lymphoid 

structures in the liver. These lymphoid aggregates 

form in non-hematopoietic organs, usually under 

pathological conditions such as cancer, autoimmune 

diseases, chronic inflammation, and aging [46].  

 

Aging is associated with multi-layered alterations in liver 

biology that affect both parenchymal and non-

parenchymal compartments, ultimately reshaping the 

hepatic microenvironment. Aging promotes hepatocyte 

senescence [47], mitochondrial dysfunction [48], 

impaired proteostasis [49], altered metabolic signaling 

and progressive extracellular matrix remodeling [50]. 

Importantly, aging also drives significant changes in the 

hepatic immune repertoire, including increased Kupffer 

cell activity [51], elevated IL-6 production [52], and 

chronic low-grade inflammation [53] (inflammaging), all 

of which contribute to a pro-inflammatory and pro-

fibrogenic environment. In parallel, hepatic stellate cells 

in aged livers exhibit enhanced activation and increased 

expression of pro-fibrogenic mediators such as TGF-β, 

predisposing the liver to fibrosis [54]. In this context, the 

phenotype observed in aged Ptpn6Ala457Thr mice is likely 

enabled by this preconditioned aging environment rather 

than solely driven by the mutation itself. Reduced SHP-1 

activity may be adequately compensated in young mice 

but becomes insufficient in aged animals, where immune 

regulation is already compromised. Thus, aging may act 

as a permissive factor that unmasks the pathological 

consequences of partial SHP-1 dysfunction, facilitating 

the accumulation of B cells and macrophage subsets, as 

well as the progression towards fibrosis. 

 

The aberrant intrahepatic B cell and macrophage 

infiltration and increased collagen deposition in the 

livers of old Ptpn6Ala457Thr mice may be early signs of 

progressive liver dysfunction. Indeed, B cells have been 

shown to play key roles in the development of liver 

fibrosis. For example, B cell deficiency is protective in 

carbon tetrachloride (CCl4) induced liver damage, 

where histological analysis revealed markedly reduced 

collagen deposition in B cell-deficient mice [55]. In the 

absence of B cells, the ability of macrophages to clear 

damaged hepatocytes was enhanced, indicating that 

crosstalk between B cells and macrophages influence 

disease progression. Intestinal B cells have also been 

implicated in the development and progression of  

liver fibrosis by driving antigen-independent T-cell 

activation and IgA-FcR signaling [56]. B-cell activating 

factor (BAFF) deficient mice fed a high fat high 

cholesterol diet and treated with CCl4 showed reduced 

fibrosis progression compared to wildtype controls [57]. 

These mice also had fewer M1 proinflammatory 

macrophages in the liver, once again highlighting the 

role of B cells in fibrosis progression and their influence 

on macrophage polarization and activation. 

 

We have identified increased STAT3 signaling as a 

potential mechanism underlying the aging-related liver 

fibrosis in Ptpn6Ala457Thr mice. This is consistent with a 

previous report that the SHP-1 agonist SC-43 led to 

dephosphorylation and inhibition of STAT3 in hepatic 

stellate cells, inducing apoptosis and reducing 

fibrogenesis [58]. Another study demonstrated that 

SHP-1 negatively regulates epithelial-to-mesenchymal 

transition (EMT) in hepatocellular carcinoma by 

inactivating STAT3 signaling, particularly at the 

phosphorylated Tyr705 residue [39]. Interestingly, EMT 

is a process that involves the accumulation of extra-

cellular matrix, contributing to fibrosis [59, 60]. Our 

transcriptomic analysis revealed that the IL-6-STAT3 

pathway was activated in the liver of old mutant mice, 

and immunoblotting confirmed STAT3 activation as 

revealed by enhanced phosphorylation of STAT3 at 

Tyr705 and Ser727 in whole liver lysates of aged 

Ptpn6Ala457Thr mice. Since STAT3 is broadly expressed 

in the liver and its expression levels and downstream 

effects vary depending on the cell type [61], it is 

important to determine the cellular origin of STAT3 

activation. Given that phosphorylation of STAT3 is not 

different between primary hepatocytes isolated from 

aged Ptpn6Ala457Thr and WT mice, this suggests that 

increased STAT3 phosphorylation mostly reflects 

activation in the infiltrated immune cells of these mice. 

More studies will be needed to determine more 

precisely the contribution of intrahepatic B cells and/or 

macrophages to STAT3 activation and thus to liver 

fibrogenesis in aged Ptpn6Ala457Thr mice.  
 

It has been reported that Ptpn6Spin/Spin mice carrying a 

recessive Ptpn6 mutation induced by N-ethyl-N-
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nitrosourea (ENU) mutagenesis also develop an 

autoimmune and inflammatory phenotype when 

reaching 6 weeks of age and that this mutation is 

associated with splenomegaly [36]. Consistent with the 

Ptpn6Spin/Spin phenotype, Ptpn6Ala457Thr mice had an 

enlarged spleen. However, the phenotypic impact of the 

Ptpn6Ala457Thr mutation only manifested during aging. 

Accordingly, we also observed aberrant hepatic immune 

cell infiltration in old but not in young adult 

Ptpn6Ala457Thr mice. We believe that these liver 

perturbations are more likely associated with reduced 

SHP-1 function in immune cells than in hepatocytes, as 

comparable immune changes were not detected in 

hepatocyte-specific SHP-1 knockout mice [27]. 

Nonetheless, the contribution of hepatocyte-intrinsic 

mechanisms cannot be excluded, and the phenotype 

may also reflect crosstalk between infiltrating immune 

cells and hepatocytes or other parenchymal cells. 

 

Our findings support a model of liver injury that occurs 

independently of obesity, steatosis, or insulin resistance. 

In aged mice, reduced SHP-1 function in Ptpn6Ala457Thr 

mutant mice was actually associated with lower 

adiposity, improved glucose metabolism and liver 

insulin action despite increased hepatic B cell and 

macrophage infiltration. The beneficial metabolic 

phenotype of these mice was somewhat surprising given 

that previous studies have implicated a role of B cells  

as immune mediators of insulin resistance and altered 

glucose metabolism, especially in the context of 

obesity. Indeed, B cells have been shown to accumulate 

and promote insulin resistance through the activation of 

proinflammatory macrophages in visceral adipose tissue 

in a mouse model of obesity [62]. Furthermore, aging-

associated changes in B2 cell adaptive immunity, driven 

by increased B-cell-specific transcriptional coactivator 

OcaB expression and IgG production, promote glucose 

intolerance and fat accumulation [63]. On the other 

hand, B-1a cells, which produce IL-10 in adipose tissue, 

protect against obesity-induced insulin resistance, and 

their loss promotes metabolic dysfunction [64]. 

Moreover, natural antibodies-producing B-1b cells 

reduce adipose tissue inflammation and improve 

glucose metabolism in obesity, highlighting their 

protective role in both mice and humans [65]. Similarly, 

adipose-resident regulatory B cells producing IL-10 

help maintain metabolic homeostasis, and their 

dysfunction promotes inflammation and insulin 

resistance in obesity [66]. Interestingly, we have 

observed enhanced IL-10 production in visceral adipose 

tissue (mWAT) and spleen of aged Ptpn6Ala457Thr mice, 

which may contribute to the preserved metabolic 

homeostasis of mutant mice during aging. Indeed, not 
only adipose tissue resident B-1 cells but also innate-

like spleen-supplied B cells have been shown to 

promote metabolic benefits in diet-induced obesity 

through releasing IL-10 [44, 45]. This enhanced IL-10 

production in peripheral tissues may contribute to the 

paradoxical finding of improved liver insulin action  

and systemic glucose metabolism despite the 

development of liver fibrosis in aged Ptpn6Ala457Thr 

mice. The overall immunometabolic phenotyping of 

Ptpn6Ala457Thr mutation thus demonstrates that we can 

disentangle the infiltration of B cells and macrophages, 

and the resulting inflammation and fibrosis, to the 

development of hepatic insulin resistance and whole-

body glucose control during aging in mice. Further 

studies are needed to clarify the specific roles of 

infiltrating B cell subtypes and macrophages in driving 

the immunometabolic phenotypes of aged Ptpn6Ala457Thr 

mice. Depleting B cells using a murine anti-CD20 

antibody [56] or macrophages using clodronate 

liposomes [67] in old Ptpn6Ala457Thr mice will provide 

additional insights on how these immune populations 

contribute to their unique phenotypes.  

 

Immune dysfunction and insulin resistance are widely 

recognized hallmarks of aging, where chronic low- 

grade inflammation and age-associated declines in 

immune homeostasis contribute to metabolic dys-

regulation and impaired insulin action in older 

organisms [53, 68]. The partial loss of SHP-1 function 

in both immune and metabolic cells in Ptpn6Ala457Thr 
mice was found to be associated with a complex liver 

phenotype, with both enhanced hepatic inflammation 

and fibrosis concomitantly observed with augmented 

insulin signaling, which might appear contradictory. 

However, SHP-1 loss differently affects immune cells: 

deletion in B cells perturbs B cell development and 

promotes autoimmunity [69], macrophage-specific 

SHP-1 deficiency enhances pro-inflammatory cytokine 

production and effector function [70], neutrophilspecific 

SHP-1 loss leads to hyperinflammatory responses [71] 

and SHP-1 deficiency in T cells alters activation and 

survival phenotypes [72]. In hepatocytes and other 

insulin-responsive tissues, SHP-1 deficiency relieves 

inhibitory control of insulin receptor pathways. Indeed, 

we have shown that SHP-1 is a major negative regulator 

of insulin signaling in liver [26]. We reported that 

viable motheaten Ptpn6me-v/me-v mice, which carry a 

whole-body dysfunctional SHP-1 protein that retains 

about 20% of wildtype activity [73], have enhanced 

hepatic and muscle insulin receptor signaling to the 

IRS1-PI3K-Akt pathway. These beneficial hepatic 

phenotypes were reproduced after downregulation of 

SHP-1 activity in liver of normal mice by adenoviral 

expression of a catalytically inert mutant of SHP-1, or 

after small hairpin RNA-mediated SHP-1 silencing 

[26]. Concomitantly, obese mice bearing hepatocyte-
specific Ptpn6 deletion showed improved hepatic 

insulin sensitivity and were protected from inflam-

mation and hepatocellular damage [27] Together, these 
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studies indicate that enhanced insulin signaling in aged 

Ptpn6Ala457Thr mice reflects tissue-specific relief of SHP-

1-mediated inhibition rather than a global anti-aging 

effect, demonstrating that inflammation and improved 

insulin signaling can coexist as distinct, tissue-specific 

consequences of partial SHP-1 dysfunction in the aging 

environment. 

 

It is important to note that the present study was 

performed only in male Ptpn6Ala457Thr mice, and 

potential sex-specific differences in immunometabolic 

and fibrotic phenotypes cannot be excluded. Future 

studies including female mice will be essential to 

determine whether the observed effects of the 

Ptpn6Ala457Thr mutation are generalizable across sexes. 

 

Collectively, the present findings support a model in 

which systemic, mild SHP-1 dysfunction is associated 

with a late-onset phenotype characterized by the 

accumulation of B cells and macrophages in the liver, 

leading to increased collagen deposition and fibrosis, 

but without exacerbating systemic glucose homeostasis 

or liver steatosis. Both immune cells and insulin-

responsive tissues rely on tightly regulated signaling 

cascades to maintain homeostasis, and dysregulation of 

SHP-1 activity may disrupt immunometabolic balance. 

Our data offer human-relevant insights, as the 

Ptpn6Ala457Thr mutation was originally identified in a 

French-Canadian family. Elucidating the mechanisms 

by which SHP-1 modulates immunometabolic pathways 

may reveal novel therapeutic strategies to mitigate age-

associated inflammation and insulin resistance as well 

as hepatic diseases. Our findings further provide new 

insight into how mild, chronic immune dysregulation 

can contribute to liver fibrosis independently of 

traditional metabolic risk factors. 

 

MATERIALS AND METHODS 
 

Animals 

 

C57Bl/6N male Wildtype and mutants Ptpn6Ala457Thr mice 

were kindly provided by Dr. Mathieu Morissette (Institut 

Universitaire de Cardiologie et de Pneumologie de 

Québec, Canada). Briefly, Male and female mice of 

C57BL/6N background carrying the specific mutation in 

the Ptpn6 gene were generated using CRISPR/Cas 9 

technology, where guanine was replaced by an adenine at 

position 1363 (McGill Integrated Core for Animal 

Modeling) as previously described [74]. This change 

caused an alanine to threonine switch at position 457 in 

the amino acidic sequence of SHP-1 protein, 

corresponding to the amino acid at position 455 in 

humans. Heterozygote male founders were crossed with 

wildtype C57BL/6N females and F1 heterozygote males 

with wildtype C57BL/6N females up to F6 to generate 

Ptpn6Ala457Thr heterozygote pups for experimentations. 

The mouse colony is maintained by crossing 

Ptpn6Ala457Thr heterozygote males with wildtype females. 

Male heterozygote and wildtype littermates were used  

for experimentation. Animals were single-housed in 

ventilated cages at a humidity of 40-50% and a 

temperature of 22°C on a 12h dark-light cycle with ad 

libitum standard CHOW diet. Food intake was measured 

once per week over a 1-month period. Young adult Janus 

(5.6 months old) and old (16-19 months old) mice were 

fasted for 6h, followed by an oral glucose tolerance test 

(OGTT) with a dose of 1 mg of glucose per gram of body 

weight. Euthanasia was performed one week after the 

OGTT. Mice were fasted 6h and injected intravenously 

with saline or 3.8 U/Kg insulin (HI0213, Lilly) 5 min 

prior sacrifice. Hepatocyte-specific SHP-1 knockout mice 

(Ptpn6H-KO) and control floxed SHP-1 mice (Ptpn6fl/fl), as 

previously described [24], were used at 15-16 months of 

age. All animals were euthanatized by cardiac puncture 

under isoflurane anesthesia and cervical dislocation 

before tissue collection. All manipulations were approved 

by the Animal Ethics Committee of Université Laval 

(CPAUL 2019-26, 2022-1086 and 2022-1079) and 

complied with the Canadian Council on Animal Care 

guidelines (CCAC). 

 

Biochemical analyses 

 

ELISA assays were used to measure insulin (Alpco 

Mouse Ultrasensitive Insulin kit Cat# 80-INSMSU-

E01) according to the manufacturer’s instructions. 

Plasma and liver triglycerides were measured using the 

Infinity Triglycerides Thermo Scientific kit according to 

the manufacturer’s instructions. Briefly, liver lipids 

were extracted using a modified Folch method [75]. In 

summary, 45-55 mg of frozen liver tissue was 

homogenized in chloroform:methanol (2:1), followed 

by the addition of 0.73% NaCl to induce phase 

separation. After centrifugation, the lower organic phase 

containing lipids was collected, dried under nitrogen, 

and stored at -20°C or resuspended in appropriate 

solvents for further analysis. Bio-Plex Pro Mouse 

Chemokine Assay Kit V (Cat# 12002798, Bio-Rad) was 

used to measure plasma and liver IL-10 and CXCL13 

levels according to the manufacturer’s instructions. 

Splenic and mesenteric white adipose tissue IL-10 

levels were determined using the DuoSet Mouse IL-10 

Kit (Cat# DY417-05, R&D Systems) following the 

manufacturer’s instructions. 

 

Immunoblotting 

 

20-40 mg of liver, gastrocnemius muscle and 
mesenteric white adipose tissue were powdered with 

liquid nitrogen and then homogenized 10 sec using a 

bead mill homogenizer (VWR, USA) in 500 µL of ice-
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cold lysis buffer [150 mM NaCl (BP358-212; Fisher 

BioReagents), 20 mM Tris-HCL pH 7.5 (T5941; 

Sigma-Aldrich), 10% Glycerol (G5516; Sigma-

Aldrich), 5 mM EGTA (E4378, Sigma-Aldrich), 0.5 

mM EDTA (BP120-500; Fisher BioReagents), 2 mM 

Na3VO4 (S6508-50G; Sigma-Aldrich), 10 mM NaF 

(S6776-100G; Sigma-Aldrich), 1% Triton (9036-19-5, 

Sigma-Aldrich), 0.1% SDS (L3771; Sigma-Aldrich), 

80 mM β-glycerophosphate (G5422, Sigma-Aldrich), 

0.1 mM Na4P2O7 (221368-100G; Sigma-Aldrich), 0.1 

mM PMSF (P7626-5G; Sigma-Aldrich) and 1X 

protease inhibitors cocktail (P8340, Sigma-Aldrich)]. 

Similarly, primary hepatocytes were washed with PBS 

and lysed in ice-cold lysis buffer. Lysates were clarified 

by centrifugation at 16,000 × g for 10 min at 4°C and 

the protein concentrations were measured with a BCA 

assay (Thermo Fisher Scientific, Burlington, Canada). 

Tissue and cell lysates were denatured in SDS sample 

buffer and submitted to SDS-PAGE followed by 

transfer on nitrocellulose membranes (Amersham 

Protran, Germany). Membranes were blocked for 1 hour 

at room temperature in 5% milk in TBST [20 mM Tris-

HCl pH 7.5, 0.15 mM NaCl, and 0.1% Tween-20 

(BP337; Fisher BioReagents)] or, for phosphorylated 

proteins, in 5% bovine serum albumin (A9647-100G; 

Sigma-Aldrich) in TBST, and then incubated with the 

primary antibody overnight at 4°C. After washing in 

TBST, the membranes were incubated with HRP-

conjugated secondary antibodies for 1 h at room 

temperature. The detection was performed with an ECL 

reagent (Millipore, Etobicoke, Canada). ChemiDoc MP 

Imager and Image Lab software (version 6.1) were used 

to acquire and analyze images. The following antibodies 

were used: AKT (dilution, 1:2000; Cell Signaling 

Technology, 9272), pAKT (Thr308) (dilution, 1:800; 

Cell Signaling Technology, 9275S), pAKT (Ser473) 

(dilution, 1:1000; Cell Signaling Technology, 9271), 

Actin (dilution, 1:3000; Millipore, MAB1501), eEF2 

(dilution, 1:2000; Cell Signaling Technology, 2332), 

STAT3 (dilution, 1:1000; Cell Signaling Technology, 

9132), pSTAT3 (Tyr705) (dilution, 1:1000; Cell 

Signaling Technology, 9131), pSTAT3 (Ser727) 

(dilution, 1:1000; Cell Signaling Technology, 9134), 

OXPHOS (dilution, 1:1000; Abcam, MS 604-300), 

CEACAM1 (dilution 1:1000; previously described [76] 

), PY20 (dilution, 1:1000; Abcam ab1021), 4G10 

(dilution, 1:1000; Millipore 05-321) and SHP-1 

(dilution, 1:1000; R&D Systems, AF1878). Secondary 

antibodies were purchased from Jackson Immuno-

research Laboratory (Cat#705-035-147, Cat #111-035-

144 and Cat#115-035-546). 

 

Immunoprecipitation  

 

For immunoprecipitation, 1 mg of total protein 

extracted from livers using lysis buffer containing 

20 mM Tris-HCl pH 7.5, 140 mM NaCl, 1 mM CaCl2 

(C3881, Sigma-Aldrich), 1 mM MgCl2 (7791-18-6, 

Sigma-Aldrich), 10 mM NaF, 1% NP-40 (I3021, Sigma-

Aldrich), 10% glycerol, 2 mM Na3VO4, 1 mM PMSF, 

and 1X protease inhibitor cocktail was incubated 

overnight at 4°C with an anti-CEACAM1 antibody. The 

next day, the samples containing lysate and antibody 

were incubated for 2 hours with protein A sepharose 

beads (17-0469-01.GE Healthcare Bio-Sciences), 

followed by five washes with PBS containing 1% NP-

40, 2 mM Na3VO4, and protease inhibitors. Beads were 

boiled in 1× Laemmli sample buffer, and immunoblot 

analysis was performed. 

 

Hepatocyte isolation and culture 

 

Primary hepatocytes were isolated from 15- to 21-

month-old wildtype and Ptpn6Ala457Thr female and male 

mice. Animals were handled in accordance with the 

guidelines of the Canadian Council on Animal Care, 

and protocols were approved by the Animal Ethics 

Committee of Université Laval (CPAUL). The 

hepatocytes were isolated using the two-step 

collagenase perfusion method [77]. Briefly, the liver 

was infused with 50 ml of perfusion buffer (0.51 mM 

CaCl2, 137 mM NaCl, 7 mM KCl (P9541, Sigma-

Aldrich), 0.7 mM Na2HPO4 (71643, Sigma-Aldrich), 

and 10 mM Hepes (H3375, Sigma-Aldrich) via the vena 

cava inferior followed by 50 ml of perfusion buffer 

containing 20 mg collagenase type I from Clostridium 

histolyticum (C0130, Sigma-Aldrich). After the 

perfusion, the liver was excised and disintegrated in cell 

attachment medium [M199 medium supplemented with 

10% FBS, 1% penicillin/streptomycin (P0781, Sigma-

Aldrich), 500 nM dexamethasone (D1756, Millipore), 

10 nM insulin, 200 nM thyroid hormone (T2877, 

Sigma-Aldrich), 0.1% bovine serum albumin (A9647, 

Sigma-Aldrich) and 1× Glutamax (35050, Gibco)]. The 

cellular suspension was centrifuged at 400 rpm for 2 

min. The cell viability was measured by trypan blue 

exclusion method. The cells were resuspended in cell 

attachment media and seeded on the cell culture plates. 

Serum-free culture medium (M199 supplemented with 

1× Glutamax, 1% penicillin/streptomycin and 100 nM 

dexamethasone) was added 2h after plating to remove 

unattached cells. The next day the hepatocytes were 

used for experiments. 

 

Oxygen consumption 

 

Primary mouse hepatocytes were seeded in a collagen 

type I coated Seahorse 24-well plate at a density of 

20,000 cells per well. Twenty-four hours later, cells 
were washed three times with Seahorse XF medium 

[DMEM without phenol red supplemented with 2mM 

pyruvate (S8636, Sigma-Aldrich), 4 mM L-glutamine 
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(25030-081, Gibco), 5.5 mM glucose (G8270, Sigma-

Aldrich)], and the Seahorse Mito Stress protocol was 

run according to the manufacturer’s instructions. 

Oxygen consumption was assessed by the sequential 

addition of oligomycin (2 μM), carbonyl cyanide p-

trifluoromethoxyphenylhydrazone (FCCP; 2 μM), and a 

mix of rotenone (1 μM) and antimycin A (1 μM). The 

oxygen consumption rate (OCR) measurements were 

normalized to total DNA content, and parameters were 

calculated using the Seahorse Wave Desktop software 

from Agilent.  

 

RNA isolation and sequencing 

 

Total RNA was isolated from liver tissue of six 

wildtype and six Ptpn6Ala457Thr mice (16-19 months old), 

randomly selected, using the Zymo Research kit 

according to the manufacturer’s instructions. The purity 

and quantity of RNA were assessed using BioDrop 

spectrophotometer. Samples with RNA integrity 

number (RIN) > 6.5 were submitted to the Génome 

Québec Innovation Centre (Montreal, QC, Canada) for 

library preparation and sequencing. The samples were 

sequenced on an Illumina NovaSeq PE100 mRNA 

Library Prep Kit platform yielding an average of 25 

million reads per sample. Raw sequencing data were 

quality-checked using FastQC (v0.12.0) [78], and Trim 

Galore (v0.6.10) [79] was used to remove adapter 

sequences and low-quality bases. Processed reads were 

aligned to the GRCm39 mouse reference genome using 

Kallisto (v0.46.1) [80]. Gene-level counts were 

obtained via the tximport package (v1.34.0) [81], and 

differential expression analysis was conducted using 

DESeq2 (v1.46.0) [82]. Genes with adjusted p-values < 

0,05 were considered significantly differentially 

expressed. Pathway enrichment analysis was performed 

for HALLMARK pathways using the GSVA R package 

(v2.0.5) [83–85]. Immune cells were quantified using 

mMCPCounter and xCell [42] methods from the 

immunedecov R package (v2.1.0) [41, 86]. For the 

xCell algorithm mouse genes were mapped to mouse 

orthologs using biomaRt R package (v2.68.0) [87, 88], 

retaining one-to-one orthologs where possible. Human 

common aging and inflammaging gene sets were 

derived from a genome-wide CRISPRi screen [37] 

defined based on heritability enrichment from 

association studies. Human genes were mapped to 

mouse orthologs as described above and the resulting 

mouse gene sets were used for downstream transcrip-

tomic analyses. 

 

RT-qPCR 

 
Total RNA was isolated as described above. Two 

micrograms of total RNA were reverse-transcribed using 

the High-capacity cDNA reverse transcription kit 

(Applied Biosystems) with random primers. The resulting 

cDNA was diluted, and the expression of the transcripts 

was quantified using the Advanced qPCR master mix 

(Wisent). Gene expression was normalized to the 

reference gene B2m. The sequences of the primers used 

were as follows: Ptpn6a (forward: 5’- AGACAAAC 

TGTTCCCTCCAC-3’, reverse: 5’-CAGGGTCTCTGC 

ATCAGG-3’), Ptpn6b (forward: 5’-TGAAGGTCTGGA 

TCCCTGAA-3’, reverse: 5’-CTGAGGTCCCGGTG 

AAAC-3’), B2m (forward: 5’-GGGTGGAACTGTGTT 

ACGTAG-3’, reverse: 5’-TGGTCTTTCTGGTGCTTG 

TC-3’), Cdkn1a (forward: 5’-GACAAGAGGCCCAGT 

ACTTCC-3’, reverse: 5’-CTTGCAGAAGACCAATC 

TGCG-3’). 

 

Liver histology and immunohistochemistry 

 

Liver tissue samples were fixed for 48 hours in 10% 

formalin at 4°C. Tissues were next dehydrated, 

embedded in paraffin, and cut into 10-µm-thick 

sections. Sections were stained with hematoxylin and 

eosin (H&E) as well as with Picrosirius red. All 

pictures were acquired with the Axio Observer.Z1 

using a Plan Apochromat 20x/0.8 M27 objective 

(Zeiss, Germany) and were reviewed and scored by a 

pathologist. Steatosis and inflammation were assessed 

on H&E-stained slides. The total amount of steatosis 

was measured as the percentage of hepatocytes 

containing lipid droplets. The inflammation score was 

determined by counting the number of inflammatory 

foci containing more than 5 immune cells per high-

power field. Fibrosis stage was scored on Picrosirius 

red-stained sections using a five-point scale: 0 (none), 

1A (Zone 3, slight perisinusoidal fibrosis), 1B (Zone 3, 

moderate perisinusoidal fibrosis), 1C (portal/periportal 

fibrosis), 2 (perisinusoidal and periportal fibrosis), 3 

(bridging fibrosis), and 4 (cirrhosis) [89]. Immuno-

histochemistry (IHC) was performed on paraffin-

embedded tissue sections (10 μm). Sections were 

deparaffinized in toluene, rehydrated through graded 

ethanol, and subjected to antigen retrieval by heating 

in 10 mM citrate (C8532-100G; Sigma-Aldrich) buffer 

(pH 6.0) for 10 minutes, followed by cooling at room 

temperature for 30 minutes. Endogenous peroxidase 

activity was quenched using 3% hydrogen peroxide 

(H1009; Sigma-Aldrich) in distilled water for 10 

minutes. Tissue sections were then blocked using 

TBST and 5% goat serum for 1 hour at room 

temperature. Primary antibodies against B220, 

(dilution 1:200, Cell Signaling Technology 70257S) 

and CD68 (dilution 1:600, Cell Signaling Technology 

97778T) were applied and incubated overnight at 4°C 

in a humidified chamber. Negative control using IgG 
Isotype control antibody was included (Invitrogen, 02-

6102). Following primary antibody incubation, 

sections were washed and incubated with HRP-
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conjugated secondary antibodies (SignalStain® Boost 

IHC Detection Reagent, CST 8114S) for 30 minutes at 

room temperature. Immunoreactivity was visualized 

using 3,3′-diaminobenzidine (DAB) substrate, and 

sections were counterstained with hematoxylin, 

dehydrated, and mounted. Image analysis was carried 

out using ImageJ software v1.53 (NIH, Bethesda, MD, 

USA). 

 

Quantification and statistical analysis 

 

All data are reported as mean ± SEM. Statistical 

analysis was performed using the GraphPad Prism 8 

software (https://graphpad.com). We used a two-tailed 

Student’s t-test, a Two-way ANOVA, a Three-way 

ANOVA or a mixed model for repeated measures, 

followed by a Tukey post-hoc test. The number of 

biological repeats included in the experiments is 

mentioned in the figure legends.  
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SUPPLEMENTARY MATERIALS 

 

Supplementary Figures 

 

 

 

 
 

Supplementary Figure 1. Tyrosine phosphorylation of CEACAM1 is increased in Ptpn6Ala457Thr mutants. (A) Representative 
western blot showing immunoprecipitated CEACAM1 protein and its tyrosine phosphorylation levels in liver tissue from young adult wildtype 
(WT) and Ptpn6Ala457Thr mice detected with CEACAM1 and pTyr-specific (Mix of PY20/4G10) antibodies. (B) Quantification of CEACAM1 
tyrosine phosphorylation levels in young adult mice from panel a. (C) Representative western blot showing immunoprecipitated CEACAM1 
protein and its tyrosine phosphorylation levels in liver tissue from old WT and Ptpn6Ala457Thr mice detected as in a. (D) Quantification of 
CEACAM1 tyrosine phosphorylation levels in old mice from panel c. Data are presented as mean ± SEM. Statistical significance was 
determined by unpaired two-tailed Student’s t-test, with *p < 0.05, ***p < 0.001. Sample sizes: young adult wildtype, n=8; Ptpn6Ala457Thr, n = 7 
and old wildtype, n = 11; Ptpn6Ala457Thr, n=18. Au, arbitrary units. 
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Supplementary Figure 2. AKT phosphorylation is not altered in adipose tissue or skeletal muscle of aged Ptpn6Ala457Thr mice. 
(A) Western blot analysis of AKT phosphorylation in mesenteric white adipose tissue (mWAT). (B) Quantification of phospho-AKT (Thr308) 
and phospho-AKT (Ser473) levels normalized to total AKT from panel (A). (C) Western blot analysis of AKT phosphorylation in gastrocnemius 
muscle (Gastroc). (D) Quantification of phospho-AKT (Thr308) and phospho-AKT (Ser473) levels normalized to total AKT from panel (C). Data 
are presented as mean ± SEM. Statistical analysis was performed using two-way ANOVA followed by Tukey’s post hoc test, with *p < 0.05, 
**p < 0.01. Sample sizes: WT, n = 11; Ptpn6Ala457Thr, n = 15. Au, arbitrary units. 
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Supplementary Figure 3. SHP-1 levels track immune load in the liver. (A) Representative western blot analyses of SHP-1 protein 

expression in liver lysates from young adult and old wildtype and Ptpn6Ala457Thr mice. (B) Quantification of SHP-1 levels from (A). (C) Gene 
expression of hematopoietic Ptpn6a and (D) epithelial Ptpn6b isoforms respectively in liver transcripts from young adult and old WT and 
Ptpn6Ala457Thr mice. Data are represented as mean ± SEM. Statistical significance was determined using two-way ANOVA followed by Tukey’s 
post hoc test, with *p < 0.05, **p < 0.01, ***p < 0.001. Sample sizes: Young adult (YA) WT, n=8; Ptpn6Ala457Thr, n=7 and old WT, n=11; 
Ptpn6Ala457Thr, n=16. Au, arbitrary units. 
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Supplementary Figure 4. Ptpn6Ala457Thr mutation does not alter STAT3 phosphorylation or mitochondrial function in primary 
mouse hepatocytes. (A) Western blot analyses of phosphorylated STAT3 (Tyr705), phosphorylated STAT3 (Ser727) and total STAT3 in 

primary mouse hepatocytes from old wildtype and Ptpn6Ala457Thr mice. (B) Quantification of phospho-STAT3 (Tyr705), phospho-STAT3 
(Ser727), normalized to total STAT3. (C) Western blot analyses showing expression of the oxidative phosphorylation protein complex 
(OXPHOS) (Complexes I–V). (D) Quantification of OXPHOS complex proteins from (C). (E) Oxygen consumption rate (OCR) measured in 
primary hepatocytes using the Seahorse XF Analyzer (samples size: WT, n=8; Ptpn6Ala457Thr, n=6). Data are represented as mean ± SEM. 
Statistical significance was determined using Unpaired two-tailed Student’s t test and a two-way ANOVA followed by Tukey’s post hoc test 
with *p < 0.05, **p < 0.01, ***p < 0.001. Sample sizes WT, n=6; Ptpn6Ala457Thr, n=5. Au, arbitrary units. 
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Supplementary Figure 5. RNA-seq-based immune cell deconvolution of liver tissue. (A) B cells. (B) Myeloid immune cell 
composition. (C) CD4 T cell subsets. (D) CD8 T cell subsets. (E) Global tissue-level scores. Data are represented as mean ± SEM. Statistical 
significance was determined using unpaired two-tailed Student’s t test with *p < 0.05, **p < 0.01, ***p < 0.001. Sample sizes n=6. 
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Supplementary Figure 6. B220 and CD68 expression in the liver of old Ptpn6(fl/fl) and Ptpn6(H-KO) female and male mice. (A) 

Area fraction of B220-positive staining in liver sections from female mice. (B) Area fraction of CD68-positive staining in liver sections from 
female mice. (C) Representative immunohistochemistry images of liver sections stained for B220 (B cells) and CD68 (macrophages) in control 
Ptpn6(fl/fl) and Ptpn6(H-KO) female mice. (D) Area fraction of B220-positive staining in liver sections from male mice. (E) Area fraction of CD68-
positive staining in liver sections from male mice. (F) Representative immunohistochemistry images of liver sections stained for B220 (B cells) 
and CD68 (macrophages) in control Ptpn6(H-KO) and Ptpn6(H-KO) old male mice. Data are presented as mean ± SEM. Statistical analysis was 
performed using unpaired two-tailed Student’s t-test with *p < 0.05, **p < 0.01, ***p < 0.001. Sample sizes: Females: Ptpn6(fl/fl), n=4; Ptpn6(H-

KO), n=4; males: Ptpn6(fl/fl), n=4; Ptpn6(H-KO), n=4. Scale bar: 50 µm. 
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Supplementary Table 
 

Supplementary Table 1. Relative tissue weights of old wildtype and Ptpn6Ala457Thr mice. 

Tissue (% of BW) Wildtype (Mean ±SEM) Ptpn6Ala457Thr 

(Mean±SEM) 

p-value 

Liver 3,86±0,095 3,77±0,08 0,5801 

mWAT 1,71±0,08 1,32±0,09 0,007 

BAT 0,42±0,03 0,3±0,02 0,0144 

Kidneys 0,99±0,048 1,05±0,036 0,1881 

Soleus 0,038±0,002 0,039±0,001 0,912 

Gastroc 0,58±0,02 0,66±0,01 0,0442 

iWAT 2,53±0,28 1,85±0,23 0,0682 

Spleen 0,16±0,008 1,08±0,17 <0,0001 

Tissue weights relative to body mass are expressed as a percentage (%) of body weight. Statistical analyses were performed 
using an unpaired Student’s t-test. Significant p-values are shown in bold. 
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