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Abstract

A diet rich in saturated fat and carbohydrates causes low-grade chronic inflammation in 

several organs, including the liver, ultimately driving nonalcoholic steatohepatitis. In this 

setting, environment-driven lipotoxicity and glucotoxicity induce liver damage, which promotes 

dendritic cell activation and generates a major histocompatibility complex class II (MHC-II) 

immunopeptidome enriched with peptides derived from proteins involved in cellular metabolism, 

oxidative phosphorylation, and the stress responses. Here, we demonstrated that lipotoxicity 

and glucotoxicity, as driven by a high-fat and high-fructose (HFHF) diet, promoted MHC-II 

presentation of nested T and B cell epitopes from protein disulfide isomerase family A member 

3 (PDIA3), which is involved in immunogenic cell death. Increased MHC-II presentation of 

PDIA3 peptides was associated with antigen-specific prolifera-tion of hepatic CD4+ immune 

infiltrates and isotype switch of anti-PDIA3 antibodies from IgM to IgG3, indicative of cellular 

and humoral PDIA3 autoreactivity. Passive transfer of PDIA3-specific T cells or PDIA3-specific 

antibodies also exacerbated hepatocyte death, as determined by increased hepatic transaminases 

detected in the sera of mice subjected to an HFHF but not control diet. Increased humoral 

responses to PDIA3 were also observed in patients with chronic inflammatory liver conditions, 

including autoimmune hepatitis, primary biliary cholangitis, and type 2 diabetes. Together, our 

data indicated that metabolic insults caused by an HFHF diet elicited liver damage and promoted 

pathogenic immune autoreactivity driven by T and B cell PDIA3 epitopes.

INTRODUCTION

A typical western diet comprises 40 to 50% carbohydrates, 35 to 40% lipids, and 10 to 15% 

proteins. Carbohydrates generally include more monosaccharides (glucose and fructose) and 

disaccharides (lactose and sucrose) than complex carbohydrates, lipids are mostly saturated, 

and proteins mostly derive from animal products. Hence, more than 70% of Americans 

consume an excess of saturated fat and sugars as compared with the Dietary Guidelines 

outlined by the Office of Disease Prevention and Health Promotion. This dietary pattern is 

associated with an increased risk for obesity, metabolic alterations including type 2 diabetes 

(T2D), cardiovascular disease, and some cancers (1).

At the biochemical level, an excess of nutrients causes persistent oxidative and metabolic 

stress coupled with low-grade chronic inflammation. The connection between obesity and 

inflammation originally emerged from the discovery that tumor necrosis factor (TNF) is 

overexpressed in the adipose tissue of obese mice and contributes to insulin resistance 

(2). Over the years, a mechanistic link between obesity, innate immune responses, and 

chronic inflammation has been established in both rodent models and humans. Several 

proinflammatory agents including (but not limited to) the cytokines interleukin-1β (IL-1β), 
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IL-6, IL-8, IL-9, and IL-21, the chemokines C-C motif chemokine ligand 2 (CCL2/MCP-1), 

CCL3, CCL5 (RANTES), and C-X3-C motif chemokine ligand 1 (CX3CL1), leukotriene 

B4 (LTB4), C-reactive protein (CRP), and pro-inflammatory nitric oxide synthase 2 (NOS2) 

are overproduced by activated macrophages, dendritic cells (DCs), neutrophils, and mast 

cells (3–8) in the visceral fat and liver parenchyma of obese rodents and humans (9–15). 

The concentration of these inflammatory mediators directly correlates with body mass index 

(BMI), decreasing as obese individuals experience weight loss (16).

Albeit most research on obesity, T2D, and chronic inflammation has focused on innate 

immunity, adaptive immune responses also play an etiological role in this setting. Thus, T 

lymphocytes, B cells, natural killer (NK) cells, and NKT cells have all been documented in 

the liver and adipose tissue of both humans and rodents with obesity and T2D (17, 18). Such 

adipose tissue–infiltrating T cells generally express effector molecules including granzyme 

B (GZMB) and interferon-γ (IFN-γ) and are polarized toward a T helper 1 (TH1) and TH17 

effector/memory (CD44hi CD62Llo) phenotype (19–22), suggesting functional activation. 

Corroborating this notion, mice depleted for B or T cells, as well as mice genetically 

engineered to lack αβ T cell receptor (TCR) expression, exhibit decreased adipose tissue 

and muscle inflammation in response to obesity-inducing diets (23–26). Moreover, in 

all analyzed mice models, obesity and severity of inflammation strongly correlate to the 

presence of T cells displaying an activated phenotype (22, 24, 27).

Although it is now accepted that adaptive immunity plays a role in high-fat and 

high-fructose (HFHF)–associated tissue inflammation, whether liver- and adipose tissue–

infiltrating inflammatory T cells are activated in an antigen-specific (upon TCR signaling) 

or bystander (by pro-inflammatory cytokines) manner is unclear. Four lines of evidence 

support a role for antigen-specific responses: (i) Liver- and adipose tissue–infiltrating T cells 

exhibit a restricted TCR repertoire as compared with splenic T cells (24); (ii) such a TCR 

repertoire restriction is mostly observed in the inflamed visceral fat as compared with the 

subcutaneous fat (28); (iii) activated macrophages and DCs mostly localize to crown-like 

structures surrounding necrotic adipocytes or hepatocytes, pointing to uptake of potentially 

antigenic material for presentation (28); and (iv) T cells lacking insulin receptor (INSR) 

display reduced antigen-specific proliferation and decreased production of pro-inflammatory 

cytokines (21). Obesity is also associated with an increased abundance of autoantibodies 

specific for glycolytic enzymes and proteins involved in cellular responses to stress (29, 30). 

Consistent with a pathogenic role for humoral immunity, therapies reducing the number of 

B cells improve insulin sensitivity and glucose tolerance in rodent models of obesity (19, 

23, 24). Moreover, the notion that autoantibodies may be pathogenic is supported by the 

facts that (i) B cells secreting pro-inflammatory cytokines and promoting T cell activation 

in a major histocompatibility complex class I (MHC-I)– and MHC-II–dependent manner 

have been documented in the visceral fat of obese mice and humans (22–24); (ii) the 

transfer of immunoglobulin G (IgG) harvested from obese mice accelerates inflammation 

and insulin resistance in mice subjected to a high-fat diet (31); and (iii) adipose tissue–

infiltrating B cells display the phenotype of mature IgG+ B cells (including class switch) 

(23). Together, these observations suggest that antigen-specific T and B cell responses 

support the pathogenesis of metabolic disorders including obesity and T2D. However, the 

identity of the antigen(s) that underlies these responses remains unknown.
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Here, we reported a pathogenic T and B cell response against protein disulfide isomerase 

family A member 3 (PDIA3; a protein involved in immunogenic cell death also known 

as ERp57) in a mouse model of HFHF-associated T2D. This autoreactive response was 

driven by both T and B cell PDIA3-derived nested epitopes, and these epitopes were 

eluted in quantitatively superior femtomolar amounts from DCs of mice on an HFHF as 

compared with control diet. These epitopes drove a TH1- and TH17-polarized immune 

response in the liver and favored the generation of pathogenic anti-PDIA3 antibodies that 

could also be found in humans with liver-associated pathologies. Together, our findings 

demonstrated that metabolic insults such as an HFHF diet could elicit epitope-dependent 

immune autoreactivity in support of hepatic damage.

RESULTS

An HFHF diet increases immunostimulation by DCs

In this study, the effects of a diet enriched in saturated lipids and simple carbohydrates 

on MHC-II–mediated immune responses were analyzed. To this goal, we used two animal 

models of T2D/metabolic syndrome: (i) Ob/Ob mice, which have a spontaneous mutation in 

the leptin gene (Lepob) causing hyperphagia, rapid weight gain, and a T2D-like syndrome 

characterized by hyperglycemia, glucose intolerance, and elevated plasma insulin (32), 

and (ii) C57BL/6 mice kept on a standard (control) or HFHF diet for 3 months. The 

serum of both Ob/Ob mice and mice subjected to an HFHF diet manifested all the 

biochemical parameters associated with T2D—including hyperglycemia, hyperinsulinemia, 

and hypercholesterolemia—as well as elevated levels of triglycerides and fatty acids (Fig. 

1A). As expected, wild-type (WT) mice on an HFHF diet exhibited a rapid increase in body 

weight that persisted for the duration of the experiment (Fig. 1B). To confirm metabolic 

alterations in vivo, we injected mice with the reactive oxygen species (ROS)–sensitive 

fluorescent probe CellROX (33), followed by full-body imaging, euthanasia, and imaging 

of select organs (Fig. 1, C and D). Both Ob/Ob mice and mice on an HFHF diet exhibited 

increased oxidative stress, especially in the gastrointestinal system, spleens, kidneys, adipose 

tissue, and heart, as compared with control mice (Fig. 1, C and D).

To evaluate the effects of such metabolic alterations on MHC-II–restricted immune 

responses, we purified CD11c+ DCs from the spleens of CellROX-injected mice and assayed 

them for oxidative stress by flow cytometry. Splenic DCs from both Ob/Ob mice and 

mice on an HFHF diet demonstrated increased oxidative stress relative to their control 

counterparts (Fig. 1, E and F) and increased surface expression of multiple activation 

markers, including MHC-II and costimulatory ligands CD80 and CD86 (fig. S1). We 

then performed a label-free analysis of biological sextuplicates of proteome extracts from 

DCs purified from C57BL/6 mice subjected to a control versus HFHF diet (Fig. 1, G to 

M). Label-free quantitative (LFQ) DIA proteomic identified 902 differentially expressed 

proteins, either up-regulated or down-regulated with P < 0.027 for green hits and 0.05 

> P > 0.027 for yellow hits (volcano plot; Fig. 1H and table S1). Additional principal 

components analysis indicated a differential clustering of the proteomes from control as 

compared with HFHF diet category, thus acknowledging differential protein expression 

profiles induced by the diet regime (fig. S2). Linear regression analysis (Fig. 1I) documented 
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a high experimental reproducibility in both the control (r2 = 0.924) and HFHF (r2 = 

0.973) conditions, but subtly less so when the proteomes obtained in control versus HFHF 

conditions were compared (r2 = 0.864) (Fig. 1I), indicating some changes in the composition 

of control versus HFHF proteomes. Differentially abundant proteins (Fig. 1, J and K, and 

table S1) included proteins associated with lipid and carbohydrate metabolism, oxidative 

phosphorylation, cell death and inflammation, and related functional pathways (Fig. 1, L and 

M, and table S1). Together, these findings suggest that metabolic insults promote oxidative 

stress and induce inflammatory pathways in DCs.

An HFHF diet generates an MHC-II immunopeptidome enriched in peptides derived from 
metabolism and stress response proteins

To determine whether changes in the DC proteome elicited by metabolic insults would 

be mirrored in the immunopeptidome eluted from surface MHC-II molecules, we 

immunoaffinity-purified MHC-II proteins from the DCs of Ob/Ob mice and C57BL/6J 

mice fed control or HFHF diets followed by peptide elution. Biological triplicates of I-Ab 

eluates from control and Ob/Ob mice (fig. S3, A to C) from the dataset reported in (34) and 

biological quadruplicates of I-Ab eluates from control and HFHF diet mice were analyzed 

by liquid chromatography–tandem mass spectrometry (LC-MS/MS) using data-dependent 

(DDA) and data-independent acquisition (DIA) approaches (Fig. 2, A to G, and table S2). 

Biological replicates for isotype controls, used to eluate nonspecific peptides, were also 

included in the analysis (table S2).

MHC-II–bound peptides eluted from DCs in both control and HFHF conditions (Fig. 

2, A to G) revealed the characteristics of an I-Ab ligandome, including peptide length 

distributions (Fig. 2B), expected anchor motifs (Fig. 2D), and fractional abundance profiles 

(Fig. 2F), with somewhat higher predicted binding affinity for the immunopeptidome 

of DCs exposed to metabolic insult (Fig. 2G). Ingenuity Pathway Analysis (IPA) 

revealed that the major difference between the I-Ab ligandomes eluted in control versus 

HFHF conditions was an enrichment in epitopes associated with metabolism and stress 

responses in the latter as compared with the former (Fig. 2E and tables S2 to S4). 

Specifically, epitopes highly represented in the I-Ab peptidome eluted from mice under 

an HFHF diet originated from the glycolytic enzymes aldolase, fructose-bisphosphate A 

(ALDOA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), pyruvate kinase (PKM), 

malate dehydrogenase (MDH), and lactate dehydrogenase A (LDHA); components of the 

mitochondrial respiratory chain such as different cytochrome C subunits; stress response 

proteins like BCL2-associated X protein (BAX), calreticulin (CALR) and glutathione 

peroxidase 1 (GPX1); and inflammatory mediators such as cytokine receptors, matrix 

metalloproteases, stimulator of interferon response cGAMP interactor 1 (STING1), and 

mitochondrial antiviral signaling protein (MAVS) (table S2).

To quantitatively confirm differential MHC-II presentation between DCs from control 

mice versus mice under an HFHF diet, we selected four epitopes for further analysis. By 

using parallel reaction monitoring (PRM) with stable isotope–labeled internal standards, we 

comparatively quantified the femtomoles of I-Ab–eluted peptides from ALDOA (Fig. 3A), 

MDHM (Fig. 3B), PKYM (Fig. 3C), and PDIA3 (Fig. 3, D to G) in the total peptidomes 
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of control or HFHF mice (Fig. 3, A to G; fig. S4; and table S3). Elution experiments were 

conducted on six control and six HFHF biological replicates, and 7392 endogenous peptides 

were identified [false discovery rate (FDR), 1.1%] deriving from 803 protein substrates 

(FDR, 5%) (fig. S4 and tables S3 and S4). Skyline-extracted MS2 intensities (Fig. 3D) 

and y and b ions (Fig. 3F) from MS-based PRM absolute quantitation are shown for the 

correct identification of the endogenous PDIA3 peptide (DGEEAGAYDGPRTADG) after 

spiking the I-Ab immunopeptidome samples of control and HFHF eluates with 1 fmol of 

heavy-labeled PDIA3 DGEEAGAYDGPR[+10]TADG. For all four analyzed peptides, PRM 

confirmed what previously determined by label-free quantification, i.e., that all epitopes 

were more represented in the peptidome of DCs from mice fed an HFHF versus a control 

diet, when the same amount of I-Ab (20 μg) was eluted (Fig. 3, A to G; fig. S4; and table 

S3).

Increased MHC-II–restricted presentation of MDH, ALDOA, PKM, and PDIA3 peptides is 
associated with elevations in circulating autoantibodies against the same proteins

To determine whether increased MHC-II presentation of MDHM, ALDOA, KPYM, and 

PDIA3 peptides would be associated with increased antibody production, we performed an 

enzyme-linked immunosorbent assay (ELISA) on sera collected from mice fed an HFHF 

versus a control diet (Fig. 3, H to J). In all cases, an increased presence of autoantibodies 

toward MDHM, ALDOA, KPYM, and PDIA3 proteins was observed in the former over the 

latter experimental conditions (Fig. 3, H to J). In the case of PDIA3, increased autoantibody 

levels could be detected for both the full-length protein (Fig. 3K) and a linear B cell 

epitope that has previously been suggested to participate in autoimmune hepatitis (AIH) 

(Fig. 3L) (35). The increase in the epitope-specific antibody was exquisitely HFHF diet 

related because mice on a regular diet for 3 months exhibited the same levels as those at 

baseline.

To dissect whether an increased MHC-II peptide presentation and consequent increased 

antibody production may have a pathogenic role in this context, we focused on PDIA3-

directed immune responses because (i) this protein has previously been associated with 

immunogenic cell death (36, 37); (ii) during cellular stress, PDIA3 is translocated at the 

cell surface and hence becomes available for antibody binding (38); and (iii) we identified 

a linear peptide of the PDIA3 protein [IFRDGEEAGAYDGPRTADGIVSHLK], which is 

uniquely recognized by the anti-PDIA3 antibody from mice on an HFHF diet (Fig. 3L). The 

identification of the PDIA3 peptide presented by I-Ab [DGEEAGAYDGPRTADG] and the 

PDIA3 peptide recognized by circulating antibodies enabled us to monitor both arms of the 

adaptive immune response in mice subjected to an HFHF diet.

PDIA3-specific antibodies contribute to hepatotoxicity

To evaluate a possible pathogenic role for PDIA3-targeting immune responses elicited by 

metabolic insults, we focused on the liver. In line with previous findings, the lipotoxicity and 

glucotoxicity associated with an HFHF diet generated nonalcoholic steatohepatitis (NASH) 

(Fig. 4). In addition, as previously reported (38), the immunogenic demise of metabolically 

stressed hepatocytes was associated with increased PDIA3 levels at the cell surface (Fig. 

4, A to C) (36, 37). After performing surface PDIA3 staining on primary cells from 
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different organs known to be a target of HFHF-mediated lipotoxicity and glucotoxicity, 

we determined that the highest PDIA3 levels were seen on the HFHF hepatocytes (Fig. 4, A 

to C).

Histologically, we observed steatosis in hematoxylin and eosin–stained liver sections, 

confirmed by oil red staining of frozen liver sections from WT mice fed an HFHF (but not 

control) diet (Fig. 4, D and E), as well as foci of intralobular inflammatory cell inflammation 

(Fig. 4, F to I) positive for Ki-67 staining (Fig. 4, J and K). Last, an increase in circulating 

levels of alanine aminotransferase (ALT), an indicator of hepatocytes damage (Fig. 4L), and 

a decrease in the ratio between ALT and aspartate transaminase (AST), which is considered 

an indicator of NASH, were observed (Fig. 4M) (39).

To determine the pathogenic potential of anti-PDIA3 T and B cells, we first quantified 

PDIA3-specific antibodies from the sera of mice subjected to an HFHF versus control 

diet and baseline controls (Fig. 5A and table S5). A statistically significant increase in 

anti-PDIA3 antibodies was elicited by the HFHF diet (Fig. 5A), a result that was confirmed 

by antibody titration (Fig. 5, B and C). Next, anti-PDIA3 antibodies were purified from the 

sera of mice on an HFHF versus control diet using a peptide affinity column (Fig. 5D), and 

their specificity was confirmed by immunoblotting on recombinant His-tagged PDIA3 (Fig. 

5E), as well as ELISA based on recombinant PDIA3 (Fig. 5F). In all specificity testing, 

commercially available polyclonal anti-PDIA3 antibodies were used as positive control (Fig. 

5F).

Isotype analysis of anti-PDIA3 antibodies purified from the sera of mice on an HFHF 

diet identified an isotype switch after 3 months of HFHF diet initiation (Fig. 5G). This 

manifested with a statistically significant decrease in the amount of IgM coupled to a 

statistically significant increase in IgG3 for most of the mice, with one mouse having similar 

IgG2b and IgG3 levels and another having higher IgG2b after 3 months on an HFHF 

diet (Fig. 5G), together indicating that PDIA3-specific antibodies underwent a class switch 

toward higher PDIA3 affinity in the setting of an HFHF diet (Fig. 5G).

To determine the pathogenicity of antibodies targeting PDIA3 on the hepatocyte surface 

(Fig. 4, A to C), we labeled anti-PDIA3 purified from the sera of mice fed an HFHF versus 

control diet with Cy5 and injected them into mice on a control or HFHF diet (Fig. 5, H and 

I). A positive antibody staining on the hepatocyte surface could only be observed in HFHF 

mice as compared with controls (Fig. 5, H, I, and K). In addition, the staining was also 

associated with cleaved caspase 3–positive cells, further confirming the role of anti-PDIA3 

immune responses in immunogenic cell death (Fig. 5J and fig. S5).

To further determine the cytotoxic potential of purified PDIA3-targeting antibodies, we 

performed a hepatocyte cytotoxicity assay by incubating lymph nodal cells and calcein-

loaded hepatocytes (harvested from mice fed an HFHF versus control diet) plus titrated 

amounts of sera from control versus HFHF conditions (Fig. 5L). Although no lysis occurred 

upon incubation with control sera, 10 to 12% hepatocytes were killed when exposed to nodal 

cells and PDIA3-targeting antibodies from HFHF conditions (Fig. 5L). Lysis increased up to 

20 to 25% upon mouse immunization with recombinant PDIA3 (Fig. 5L). Last, injection of 
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anti-PDIA3 antibodies purified from the sera of mice fed an HFHF diet caused a statistically 

significant increase in ALT (Fig. 5M) coupled with a statistically significant decrease in 

the AST/ALT ratio (Fig. 5N) when injected in mice on an HFHF (but not control) diet. 

The combined data indicated that PDIA3-specific antibodies, emerging as a consequence of 

metabolic insults coupled to chronic inflammation, actively contributed to liver damage.

PDIA3-specific T cells infiltrate the liver parenchyma and contribute to liver damage in the 
presence of metabolic insults

To determine the role of anti-PDIA3 T cell in hepatotoxicity associated with T2D, we 

processed perfused livers from C57BL/6J mice subjected to an HFHF versus control diet 

to isolate immune infiltrates (Fig. 6). As a first step, we quantified the amount of PDIA3 

peptides presented by the immune infiltrates by performing acid elution followed by PRM 

using stable isotope–labeled internal standards (Fig. 6, A to C; fig. S6; and table S6). 

At odds with peripheral DCs, which presented 0.4 and 0.8 fmol of PDIA3 peptides in 

control and HFHF conditions, respectively, liver-infiltrating cells presented 10 and 400 

fmol of PDIA3 peptides in control versus HFHF mice, respectively. These data indicated 

a 20-fold increase in the MHC-II presentation of the PDIA3 peptide in the livers of mice 

fed HFHF versus control diet, as compared with a twofold increase in the periphery. Next, 

liver infiltrates were tested for reactivity against the PDIA3 peptide in the absence of prior 

immunization. Although negligible PDIA3-driven proliferation was observed in hepatic 

infiltrates from mice on a control diet, a statistically significant increase in 5-bromo-2′-
deoxyuridine (BrdU) incorporation could be documented upon stimulating hepatic infiltrates 

from mice on an HFHF diet with the PDIA3 peptide (Fig. 6C). These results demonstrated 

that PDIA3-specific T cells infiltrated the liver in HFHF conditions. Last, liver-infiltrating 

anti-PDIA3 T cells were sorted on the basis of PDIA3-driven CD4+ T cell proliferation, 

as monitored by carboxyfluorescein diacetate succinimidyl ester (CFSE) labeling (Fig. 6, D 

and E), and ELISA was used to monitor cytokine secretion upon antigenic challenge. As 

compared with mice fed a control diet, PDIA3-reactive cells from mice fed an HFHF diet 

secreted increased amounts of GZMB and multiple inflammatory cytokines including IL-17, 

IL-23, TNF, and IFN-γ (Fig. 6, F and G). Together, these data indicate that PDIA3-specific 

T cells are present in the livers of mice subjected to an HFHF diet; proliferate in response 

to their cognate PDIA3 peptide, even in the absence of immunization, are polarized toward 

a functional TH1 and TH17 profile; and release pro-inflammatory cytokines and cytotoxic 

molecules.

As a next step, to dissect the relevance of anti-PDIA3 cellular immune responses for liver 

damage elicited by metabolic insults, we injected C57BL/6J and Rag2−/− mice (which lack 

T and B cells) maintained on a control or HFHF diet for 3 months with a PDIA3-specific 

T cell line preincubated with the fluorescent dye CFSE (for tracking and monitoring 

proliferation), which was confirmed to secrete IFN-γ after stimulation with the PDIA3 

(2 μg/ml) (but not a nonspecific) peptide by enzyme-linked immunospot (ELISPOT) (Fig. 

6H). Although injected cells could be detected in equal amounts in the blood and spleens of 

C57BL/6 and Rag2−/− mice on a control diet, only HFHF-exposed livers were infiltrated by 

a significant number of proliferating CD4+ cells as compared with control livers (Fig. 6, I 

to K). In addition, PDIA3-specific T cell inoculation was also associated with a statistically 
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significant lower AST/ALT ratio in the recipients on an HFHF versus control diet (Fig. 6L), 

indicating that passive transfer of PDIA3-specific T cells contributed to hepatocyte death. 

Together, these data indicated that PDIA3-specific T cells contributed to liver damage during 

NASH (40).

PDIA3-specific antibodies are elevated in patients with chronic inflammatory conditions 
associated with liver damage

Because the mouse HFHF diet aims at recapitulating obesity and T2D, we were interested 

in testing the presence of anti-PDIA3 antibodies in patients with these conditions, as well 

as AIH and primary biliary cholangitis (PBC), two autoimmune conditions involving liver 

damage, the former of which has previously been associated with anti-PDIA3 antibodies 

(35). To this aim, we first developed an ELISA with recombinant human PDIA3 and tested 

sera from 48 patients with T2D. As a negative control, we used sera from 25 sex- and 

age-matched healthy individuals, whereas we harnessed sera from 28 patients with AIH 

and 18 with PBC as positive controls. In all these pathological conditions, a statistically 

significant increase of anti-PDIA3 antibodies was documented as compared with healthy 

individuals (Fig. 7, fig. S7, and table S7). Our data open the possibility that an anti-PDIA3 

immune response may be contributing to liver damage not only in patients with T2D but also 

in patients with overt AIH.

DISCUSSION

T and B cell autoreactivity spans from low/physiological levels, which are pivotal to 

maintain a tonic signal for cell survival and immune system homeostasis, to bona fide 

autoimmunity with pathogenic, immune-mediated organ injury. More than 80 autoimmune 

diseases have been characterized, encompassing tissue-specific conditions, such as type 

1 diabetes and multiple sclerosis, and whole-body disorders, such as systemic lupus 

erythematosus. Common to all these pathologies is a strong genetic component and 

exaggerated T and/or B cell pathogenic responses leading to tissue damage. Between 

physiological autoreactivity and autoimmunity lies a hitherto poorly characterized degree of 

autoreactivity that is found in many chronic inflammatory conditions. This is characterized 

by circulating autoantibodies and organ immune infiltrates whose pathological consequences 

and antigenic specificities are yet to be determined.

Chronic inflammation has progressively been recognized to involve a strong adaptive 

immune component (24, 41). For instance, multiple cardiovascular disorders have been 

associated with elevated circulating levels of antiantibodies specific for cardiac or vascular 

proteins—such as troponin I3, cardiac type (TNNI3) (42), and oxidized apolipoproteins 

(43)—and ubiquitous proteins such as heat shock proteins (HSPs) (44). Similarly, antibodies 

recognizing several cytosolic proteins—such as glutamate decarboxylase 1 (GAD1), islet 

cell autoantigen 1 (ICA1), INSM transcriptional repressor 1 (INSM1), and solute carrier 

family 30 member 8 (SLC30A8)—are documented in the serum of patients with metabolic 

syndrome and T2D (29). However, despite an abundant literature correlating autoantibody 

titers, T cell activation, and disease severity, the actual pathogenic role that cellular and 
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humoral responses play in the pathogenesis of cardiovascular diseases and T2D remains 

unclear.

Another important open question is whether immune autoreactivity is only sustained by the 

inflammatory environment or whether it also involves antigen-driven signaling. The former 

scenario would imply that pro-inflammatory stimuli—including cytokines, chemokines, and 

damage-associated molecular patterns (DAMPs) (45)—sustain bystander polyclonal B and 

T cell activation culminating with tissue damage. Conversely, the latter possibility would 

imply that chronic inflammation also skews the TCR and B cell receptor (BCR) repertoire 

toward selected specificities that aggravate damage.

Our study of DCs harvested from mice exposed to an HFHF diet supports the hypothesis 

that chronic inflammation skews the TCR and BCR repertoire by selecting specificities that 

aggravate hepatic damage. Our DC proteomic analysis mapped quantitative changes driven 

by HFHF to metabolism- and stress-related proteins (including a T2D-associated signature 

of insulin resistance), which were largely mirrored in the MHC-II immunopeptidome. Such 

altered presentation of MHC-II epitopes by DCs not only contributed to autoreactivity, as 

confirmed by increased T and B cell responsiveness to a PDIA3-derived peptide, but also 

aggravated hepatic inflammation and tissue damage, as confirmed by cytokine profiling of 

liver-infiltrating cells, passive transfer experiments, and cytotoxicity assay with hepatocytes, 

nodal cells, and PDIA3-specific antibodies. The fact that metabolic insults promoted a 

PDIA3-specific immune response that worsened liver damage, as observed by increased 

sera ALT and decreased AST/ALT ratio upon passive transfer of PDIA3-specific T cells 

and antibodies, highlighted the important difference between overt pathogenic immunity 

as observed in bona fide autoimmune disorders versus autoreactivity as found in chronic 

inflammatory conditions.

Albeit autoimmune diseases present with a wide spectrum of symptoms and pathological 

findings, they are all associated with a conducive poly-genetic component resulting from 

the additive effects of several risk variants (including specific human leukocyte antigen 

haplotypes), which ultimately develops into a destructive autoimmune response toward 

a specific tissue (9, 10). Moreover, bona fide autoimmunity invariably involves antigen-

specific T or B cells that are sufficient in experimental disease models to transfer disease 

to healthy subjects (46). In line with this notion, patients with autoimmune disorders 

experience clinical benefits upon elimination of antigen-specific autoimmune cells (46). The 

adaptive immune response associated with T2D, metabolic syndrome, and obesity affects 

multiple organs—such as the liver, adipose tissue, muscle, pancreas, cardiovascular tissue, 

and brain—but it lacks a defined genetic component and an immunodominant antigenic 

signature, rather manifesting with a broad antigen specificity (24). Last, although the 

depletion or genetic inactivation of T and B cells confers protection against tissue damage in 

rodent models of T2D, clonally expanded B or T cells do not transfer the disease to healthy 

animals but only to animals with existing tissue damage, as also observed in our system (46).

The initial pathogenesis of T2D is metabolic in nature, emerging from a long-term excess 

in bioenergetic substrates that drive oxidative and reticular stress, culminating with lipo- 

and glucotoxicity coupled to the establishment of inflammation. These processes generate a 
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microenvironment rich in cytokines and DAMPs, which sustains the immunostimulatory 

activity of DCs through activation of Toll-like receptors (TLRs) and inflammasome. 

Concomitantly, metabolic insults alter transcription and translation to induce qualitative 

and quantitative shifts in the cellular proteome, which are generally mirrored into the MHC-

II immunopeptidome. Specifically, DCs experiencing oxidative and metabolic challenges 

appear to present an increased number of self-epitopes, including the PDIA3-derived peptide 

that we followed here. Ultimately, liver inflammation coupled to increased local presentation 

of PDIA3 peptides, as well as anti-PDIA3 antibodies binding to metabolically stressed 

hepatocytes, increased the likelihood for the priming of PDIA3-specific cellular and humoral 

responses that aggravate tissue damage.

Our data revealed increased presentation of PDIA3 peptides on MHC-II in the liver, as 

compared with the periphery, and increased titers of IgG2b and IgG3 anti-PDIA3 antibodies 

with cytotoxic activity in the context of metabolic stress. The pathogenic connotation 

of anti-PDIA3 immune responses was evident after passive transfer of cognate CD4+ T 

cells and antibodies that induced hepatocyte cytotoxicity with concomitant spillage of 

hepatic enzymes in the circulation. In conclusion, our data highlight the pathogenic role 

of smoldering, epitope-dependent immune autoreactivity in the progression of metabolic 

disorders originating from the establishment of local inflammation downstream of cellular 

damage.

MATERIALS AND METHODS

Study design

The main goal of the project was to determine the contribution of antigen-specific 

autoreactive T and B cells to the etiology of chronic inflammatory conditions. We harnessed 

a mouse model of diet-driven hepatotoxicity and quantitative MS to identify potential 

pathogenic epitopes that were validated for autoreactivity with proliferation assays of liver-

infiltrating T cells. Both antibodies and T cells reactive against these epitopes were tested 

for pathogenic potential upon adoptive transfer, and the presence of antibodies against these 

epitopes was assessed in patients with various inflammatory conditions.

Chemicals

Acetic acid [ultra low content (ULC)/MS grade], acetonitrile, formic acid, methanol, 

trifluoroacetic acid (TFA), and ULC/MS-grade water (for nano-LC analysis, 99% 

purity) were purchased from Fisher Scientific. Dithiothreitol, tris(2-carboxyethyl)phosphine 

(TCEP)–HCl, iodoacetamide, ammonium bicarbonate, glycine, urea, thiourea, KCl, 

KH2PO4, H3PO4, and Na2CO3 were of the highest grade available from Sigma-Aldrich 

Millipore. Porcine trypsin (20 mg, specific activity >5000 U/mg sequencing grade 

modified), Lys-C (sequencing grade, 10 mg), and Glu-C sequencing grade (10 mg) were 

purchased from Promega (Madison, WI). All solutions were prepared using Milli-Q water 

purified by the Elix 3 UV Water Purification System (Millipore, Billerica, USA) and filtered 

through 0.2-mm pore membrane sterile filter units (Steritop, Millipore). All methods were 

performed in accordance with the relevant guidelines and regulations.
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Human plasma experiments

T2D plasma/sera were purchased from ProMedDx, Medical Laboratories (Norton, MA). 

Plasma from patients with AIH or PBC enrolled in the Swiss AIH and PBC cohort studies 

was used. The studies are approved by the local ethics committees, and all patients have 

signed the relevant informed consent form. AIH and PBC diagnosis was made according 

to international guidelines (34, 47–49). All experiments were performed under the Weill 

Cornell Medical Center (WCMC) Institutional Review Board Protocol #19–05020126.

Mice and diet

C57BL/6J (stock no. 000664) and Ob/Ob C57BL/6.Cg-Lepob/J (stock no. 000632) were 

purchased from the Jackson Laboratory. All experiments were performed using 7- to 8-

week-old mice with a 50% combination of male and female mice. All experiments were 

performed under the WCMC Institutional Animal Care and Use Committee Protocol #2019–

0024. Animal diet is described in Supplementary Materials and Methods.

Glucose, insulin, triglycerides, and cholesterol determinations

Plasma was collected from control and HFHF mice at the end of the 3-month diet and 

stored at −20°C for downstream assays using commercially available kits. Concentrations of 

plasma glucose, triglycerides, cholesterol (all from Stanbio Laboratory), and nonesterified 

fatty acids (Wako Life Sciences) were measured using commercial colorimetric assays. 

Plasma insulin levels were quantified by ELISA (Crystal Chem).

In vivo and ex vivo measurement of reactive oxygen species

To investigate the levels of oxidative stress in different mouse groups and specific organs, 

we performed both in vivo and ex vivo imaging. Briefly, mice were tail vein–injected with 

50 μl (2.5 mM) of the fluorescent probe CellROX (oxidative stress reagent, excitation: 640 

nm, emission: 664 nm; Molecular Probes, CA, USA). After injection, mice were placed in 

an isoflurane chamber, and the whole body was imaged. Next, the animals’ organs—namely, 

spleen, small intestines, kidney, heart, and abdominal fat tissue—were dissected and placed 

onto a tray for ex vivo imaging using the In Vivo Imaging System (Kodak Image Station 

400MM PRO, Carestream Health, New Haven, CT, USA). The whole bodies were imaged 

for 5 min, and specific organs were imaged for 3 min at excitation 610 nm/emission 700 

nm using a built-in cooled charge-coupled device camera automated with a high-precision 

10× zoom lens in a closed optical path imaging chamber. Images were thresholded with 

respect to background intensity, and different levels of fluorescence intensity were displayed 

using pseudo rainbow color scheme analyzed using built-in Carestream Molecular Imaging 

Software. Fluorescence intensity scale ranges from pink (lowest level) to red (highest level).

Mouse DC preparation

Mice on control and HFHF diet were injected subcutaneously with 40 × 106 B16-FLt3-L–

producing melanoma cells to in vivo expand the number of DCs in secondary lymphatic 

organs (50). A complete description of DC purification is reported in Supplementary 

Materials and Methods.
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Immunization

Mice were immunized with 100 μg of the PDIA3 peptides (DGEEAGAYDGPRTADG) or 

(IFRDGEEAGAYDGPRTADGIVSHLK) (Thermo Fisher Scientific) in complete Freund’s 

adjuvant (CFA) by injection at two sites, i.e., nape of the neck and base of the tail.

Perfusion

Two weeks after immunization, mice were anesthetized using isoflurane and perfused with 

20 ml of cold 1× phosphate-buffered saline (PBS) by inserting an 18-gauge needle into the 

left ventricle of the heart upon cutting the right atrium. After perfusion, the liver, spleen, and 

lymph nodes were harvested for further analysis.

T and B cell proliferation

Inguinal and axillary lymph nodes from control or HFHF mice were collected in sterile 

PBS solution, and a single-cell suspension was prepared through a 100-μm cell strainer 

(Falcon, 352360). Cells were washed once in complete Dulbecco’s modified Eagle’s 

medium (DMEM) (Corning, 15-017-CV) containing glucose (4.5 g/liter), L-glutamine, 

sodium pyruvate, Hepes buffer, 10% fetal bovine serum, and antibiotic (streptomycin and 

penicillin) and then washed in PBS before CFSE labeling (BioLegend, 423801). CFSE-

labeled cells were stimulated with PDIA3 peptide (0–2-20 μg/ml) in complete DMEM for 

5 days and stained with 4′,6-diamidino-2-phenylindole (DAPI) (10 ng/ml; Sigma-Aldrich, 

D9542) alone or with DAPI plus CD4–allophycocyanin (APC)–Cy7 (BioLegend, 100526) 

and B220–Alexa Fluor 647 (BioLegend, 103226). Samples were acquired using Becton 

Dickinson Aria II (or Becton Dickinson Influx) and sorted as DAPI-negative (live) or 

CFSE-low (proliferated) CD4+ T cells or B220+ B cells.

Purification and proliferation of liver immune infiltrates

Livers were harvested from control and HFHF mice after perfusion with 1× PBS (Corning, 

#21-040-CV). Cell purification was performed as detailed in Supplementary Materials and 

Methods.

Cytokine measurements

Supernatants from proliferating nodal cells [PDIA3 peptide (0–2-20 μg/ml)] were harvested, 

and the concentrations of 26 cytokines were measured using ProcartaPlex multiplex 

immunoassays (Thermo Fisher Scientific) according to the manufacturer’s instructions. The 

concentration of each cytokine was calculated according to the standard curve of the assay 

obtained with the standards provided with the assay. Each condition of stimulation was 

assessed in triplicates. The concentrations of the cytokines were statistically analyzed using 

the Mann-Whitney test.

Cytokine quantification

Cytokines in liver infiltrates were analyzed with the mouse cytokine array kit (Quantibody 

Mouse Th17 Array 1, QAM-TH17-1 from RayBiotech Inc., Norcross, GA), as detailed in 

Supplementary Materials and Methods.
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GZMB quantification

GZMB was quantified using a sandwich ELISA assay (Duo-Set-ELISA; R&D Systems, 

catalog no. DY1865-05) as detailed in Supplementary Materials and Methods.

Detection of mouse and human anti-PDIA3 autoantibodies

To detect antibodies to the full-length protein, we incubated Pierce 96-Well Nickel-Coated 

Plates (Thermo Fisher Scientific, catalog no.15442) with 2 μg per well of His-tag human 

PDIA3 for 2 hours at 37°C, followed by a brief washing with 1× PBS–Tween 20 (PBST) 

and blocking with 2% bovine serum albumin (BSA) in 1× PBST for 2 hours. The plate was 

then washed with 1× PBST and loaded with 100 μl per well of serial dilutions of mouse 

or human sera harvested from healthy subjects or subjects diagnosed with T2D, AIH, and 

idiopathic cholangitis (1:500 dilution). Sera were incubated for 18 hours at 4°C with gentle 

shaking. The next day, the plate was washed with 1× PBST and incubated with polyclonal 

rabbit anti-mouse secondary antibodies coupled with horseradish peroxidase (HRP) (1:3000 

in PBS) (Southern Biotech, catalog no. 1036–05) or polyclonal goat anti-human secondary 

antibody coupled with HRP (Novus Biologicals, catalog no. NB7487) for 2 hours at room 

temperature (RT). The plate was developed with 90 μl per well of TMB substrate solution 

[1:1 mixture of color reagent A (H2O2) and color reagent B (tetramethylbenzidine) for 10 

min at RT in the dark]. The reaction was stopped with 50 μl of stop solution (2 N H2SO4) for 

each well. Plate reading was performed at 450 nm using a microplate reader (FlexStation 3, 

from Molecular Devices).

To detect antibodies to the PDIA3 peptide, we adsorbed the biotin-labeled PDIA3 peptide 

(2 μg/ml) (IFRDGEEAGAYDGPRTADGIVSHLK) onto Pierce Streptavidin Coated 96-Well 

High-Capacity Plates (Thermo Fisher Scientific, catalog no. 15500). The adsorption was 

performed for 2 hours at 37°C in PBS buffer followed by two washings with PBS + 0.05% 

Tween 20 (1× PBST) and blocking with 2% BSA in 1× PBST for 1 hour at RT. One hundred 

microliters of serial dilutions of mouse or human sera harvested from healthy subjects or 

subjects diagnosed with T2DM, AIH, and idiopathic cholangitis was added to the plate 

and incubated at 4°C overnight. The next day, the plate was washed three times in 1× 

PBST and developed with 1:3000 rabbit anti-mouse secondary antibody coupled with HRP 

or polyclonal goat anti-human secondary antibody coupled with HRP (Novus Biologicals, 

catalog no. NB7487) for 2 hours at RT. The plate was developed with 90 ml per well 

of TMB substrate solution [1:1 mixture of color reagent A (H2O2) and color reagent B 

(tetramethylbenzidine) for 10 min at RT in the dark]. The reaction was stopped with 50 

ml of stop solution (2 N H2SO4) in each well. The optical density was determined at 450 

nm using a microplate reader (FlexStation 3, Molecular Devices). The median inhibitory 

concentration (IC50) (antibody titers) was calculated after fitting the experimental data using 

the equation “[Inhibitor] versus normalized response” provided by GraphPad Prism (version 

9.0 for curve fitting).

Detection and titration of mouse autoantibodies against selected metabolic enzymes

To determine the presence of autoantibody against the MDH, ALDOA (Sigma-Aldrich), and 

PKM (RayBiotech) proteins, we used a similar ELISA assay used for the detection and 

quantitation of anti-PDIA3 autoantibodies. Briefly, 96-well ELISA plates were incubated 
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with 5 μg/ml of each of the recombinant protein. Serial dilution of sera collected from 

control and HFHF mice was used for antibody titer, and incubations, washes, and detection 

were as described above for PDIA3 autoantibody.

Purification of mouse anti-PDIA3 autoantibodies

Forty microliters of mouse sera was incubated with 15-μl slurry of protein L magnetic 

beads (Thermo Fisher Scientific, catalog no. 88850) in Ag/antibody binding buffer (Thermo 

Fisher Scientific, catalog no. 21030) for 18 hours at 4°C. Beads were then washed six 

times in 20 mM Hepes and 0.05% Tween 20 buffer. Protein L–bound antibodies were 

eluted in 50 μl of high-salt Ag/antibody gentle elution buffer (Thermo Fisher Scientific, 

catalog no.1856282). The eluted antibodies were then diluted 1:5 in the Ag/antibody binding 

buffer (Thermo Fisher Scientific, catalog no. 21030) and incubated with 15 μl of a slurry 

containing streptavidin beads (Thermo Fisher Scientific, catalog no. 88817) preadsorbed 

with biotinylated PDIA3 peptide (biotin-IFRDGEEAGAYDGPRTADG) [synthesized by 

Pierce Custom Peptides (Thermo Fisher Scientific, Rockford, IL, USA)]. The mixture was 

incubated for 18 hours at 4°C with gentle shaking. The next day, after six washings in 

20 mM Hepes and 0.05% Tween 20 buffer, antibodies were eluted with 50 μl of high-salt 

Ag/antibody gentle elution buffer (Thermo Fisher Scientific, catalog no. 1856282). Eluted 

antibodies were tested for their purity by SDS–polyacrylamide gel electrophoresis (PAGE) 

and validated for their specificity against the PDIA3 peptide by immunoblotting and ELISA.

SDS-PAGE and immunoblotting of PDIA3-purified antibodies

Eluted antibodies (10 μl from each purified sample) were mixed with sample buffer, 

heated at 95°C for 5 min, and run on 4 to 12% NuPAGE SDS-PAGE (Thermo Fisher 

Scientific, catalog no. NP335BOX). Gels were stained with silver staining according to the 

manufacturer’s suggestions (Pierce, catalog no. PI24600). Human His-tag PDIA3 protein 

(Creative BioMart, catalog no. PDIA3-20H) was loaded 2 μg per well on 4 to 12% NuPAGE 

SDS-PAGE followed by transfer onto nitrocellulose membrane (0.45 μm). Immunoblotting 

was performed by incubating the membrane with 1:500 dilution of purified mouse anti-

PDIA3 antibody in PBS after blocking in 5% nonfat dried milk in PBST (0.05%). The 

monoclonal rabbit anti-his tag antibody (Novus Biologicals, catalog no. NBP2-61482) 

(1:1000 dilution in PBS) was used as a positive control to detect the His-tag human PDIA3 

protein. After three washes in PBS and 0.05% Tween 20, the membrane was developed 

using the anti-rabbit (IRDye 800CW) and anti-mouse (IRDye 680RD) secondary antibodies 

(1:5000 dilution in PBS) from LI-COR Biosciences Inc. The fluorescence signal was 

acquired on a C600 Azure Biosystems imaging device.

Ig mouse isotype profiling

Anti-PDIA3–eluted antibodies were tested for isotype specificity by ELISA (Thermo Fisher 

Scientific, catalog no. 88–50660) following the manufacturer’s instructions. Briefly, 10 μl of 

the eluted antibodies was loaded to an ELISA plate coated with anti-IgG1, IgG2a, IgG2b, 

IgG3, IgA, IgM, and anti-κ and anti-λ isotype capture antibodies. Plates were developed 

with 90 μl per well of TMB substrate solution [1:1 mixture of color reagent A (H2O2) and 

color reagent B (tetramethylbenzidine) for 10 min at 22°C in the dark]. The reaction was 
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stopped with 50 μl of stop solution (2 N H2SO4) in each well. The optical density was 

quantified at 450 nm using a microplate reader (Flex Station 3, Molecular Devices).

Quantification of PDIA3 surface expression

Lymph nodes, spleen, pancreas, liver, heart, and fat tissue were harvested from control 

and HFHF-fed mice after perfusion with 1× PBS. Single-cell suspension of lymph nodes 

and spleen was also prepared as described above. In all preparations, red blood cells were 

removed using the ammonium-chloride-potassium lysis buffer (Thermo Fisher Scientific, 

#A1049201). Heart and abdominal fat were minced and placed into a gentleMACS 

C tube (#130-093-237) containing collagenase D (1 mg/ml) (Roche, #11088882001) 

in Hepes buffer, whereas the pancreas was mixed with collagenase P (0.4 mg/ml) 

(Roche, #11215809103) and deoxyribonuclease I (2000 U/ml) (Thermo Fisher Scientific, 

#18047019) and incubated at 37°C for 30 min with continuous shaking. Livers were 

dissociated using the liver dissociation kit (Miltenyi Biotec, #130105807). After digestion, 

single-cell suspensions were passed through a 40- to 100-μm cell strainer followed by three 

washes with 10 ml of Hanks’ balanced salt solution buffer. Liver infiltrates were isolated 

by density gradient separation using Ficoll (Cytia, #17144003). Cells were then counted 

using trypan blue staining and Cellometer Auto T4 (Nexcelom Bioscience) and plated in 

96-well V-bottom plates for staining. Cells were stained using ERp57/ERp60 polyclonal 

antibody (Thermo Fisher Scientific, #15967-1-AP) followed by anti-rabbit IgG–fluorescein 

isothiocyanate (Santa Cruz Biotechnology, #sc-2359). Samples were run on the Symphony 

A5 Cell Analyzer (BD Biosciences) at the WCMC Flow Cytometry Core Facility, and data 

were analyzed using FlowJo software (BD Biosciences). Mean fluorescence index (MFI) on 

each cell population was normalized to the MFI of lymph node control.

Quantification of AST and ALT enzymes

Blood was collected retro-orbitally, and sera were isolated by keeping the blood at RT 

for 30 min, followed by centrifugation at 2000g for 10 min at 4°C. AST and ALT were 

measured using the following kits: AST (Sigma-Aldrich, #MAK055) and ALT (Sigma-

Aldrich, #MAK052).

Antibody adoptive transfer

Total Ig was purified from immunized control and HFHF mice by using magnetic L beads 

as described above. Anti-PDIA3–specific antibodies were purified using Pierce Protein A/G 

Plus Agarose (Thermo Fisher Scientific, #20423). The purified antibodies were labeled with 

CY5 by using Lynx Rapid plus CY5 antibody conjugation kit (Bio-Rad, LNK211CY5), 

as per the manufacturer’s instructions. Labeled antibodies were buffer-exchanged in 1× 

PBS, quantified, and sterile-filtered using 0.2-μm filter before intraperitoneal injection. Fifty 

micrograms of labeled antibody was injected intraperitoneally in either control or HFHF-fed 

mice. Twenty-four hours after injection, mice were perfused with cold 1× PBS for 24 hours. 

Livers were harvested and fixed in 4% paraformaldehyde for 24 hours followed by 30% 

sucrose infiltration for 12 hours and optimal cutting temperature (OCT) embedding. To 

induce antibody cytotoxicity, we injected mice intraperitoneally with 100 μg of antibody 

prepared as described above without CY5 labeling. Twenty-four and 48 hours after injection, 

blood was collected retro-orbitally for AST and ALT measurements.
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Cytotoxicity assays

Single-cell suspension of mouse hepatocytes, obtained with the liver dissociation kit 

(Miltenyi Biotec, #130105807), was prepared in calcein buffer (R&D Systems, catalog no. 

4892–010) at 2.0 × 106 viable cells per milliliter and labeled with calcein (R&D Systems, 

catalog no. 4892–010). Calcein-labeled hepatocytes were seeded in a clear bottom black-

walled 96-well plate (Corning, catalog no. 4520) at 50,000 per well and allowed to adhere 

for 2 hours in a tissue incubator at 37°C, 5% CO2. Single-cell suspension from lymph nodes, 

collected from each mouse group (control and HFHF before and after diet and before and 

after PDIA3 peptide immunization), was incubated with the hepatocytes (200,000 cell per 

well). Titrated amount (1:10; 1:100; 1:1000) of sera collected from the same mice (control 

and HFHF before and after diet and before and after PDIA3 peptide immunization) was 

added to each well. The mixture was incubated for 6 hours in a tissue incubator at 37°C, 

5% CO2. Wells were washed six times in calcein buffer, and fluorescence was recorded at 

490-nm excitation and 520-nm emission filter. Fluorescence reading in wells with seeded 

hepatocytes without lymph node suspensions and without sera was considered 100% and 

was used to calculate fluorescence percentage in each experimental well.

T cell adoptive transfer

Mice were immunized subcutaneously with 100 μg of the PDIA3 peptide in CFA at the 

nape of the neck and the base of tail. After 4 weeks, mice were boosted with the same 

PDIA3 peptide in incomplete Freund’s adjuvant. After 10 days, mice were euthanized, and 

draining lymph nodes and spleens were harvested and prepared in a single-cell suspension. 

Cells were stimulated ex vivo with PDIA3 peptide (20 μg/ml), and expansion of anti-PDIA3 

T cells was monitored by proliferation assay. Before passive transfer, cells were labeled 

with CFSE (BioLegend, #423801) and 20 million cells, resuspended in 100 μl of PBS, 

and injected through the tail vein in control and HFHF mice. Twenty-four hours after 

injection, blood was collected retro-orbitally for fluorescence-activated cell sorting (FACS) 

and AST/ALT enzymatic assay.

Flow cytometry

Single-cell suspensions were stained with Zombie Aqua (BioLegend, #423102) and 

CD4-APC-Cy7 (BioLegend, #100526). Stained cells were run on Attune Next Flow 

Cytometer (Thermo Fisher Scientific). Acquired data were analyzed by the FlowJo_v10.8.1 

software (BD Biosciences). Splenocytes collected from CellROX injected mice were 

stained with CD11c [BD Biosciences, catalog no. 553801 (hamster anti-mouse CD11c) 

or BD Biosciences, catalog no. 553801 (hamster anti-mouse CD11c)], MHC-II [BioLegend, 

catalog no. 107625 (rat anti-mouse I-A/I-E antibody)], CD86 [BD Biosciences, catalog 

no. 553691 (rat anti-mouse CD86)], and CD80 [BioLegend, catalog no. 104708 (hamster 

anti-mouse CD80 antibodies)].

Confocal analysis

Livers harvested from control or HFHF mice, injected with anti–PDIA3 antibody–Cy5 

conjugated 24 hours before, were OCT-embedded and sectioned at 5- to 7-μm thickness. A 

detailed histological analysis is reported in Supplementary Materials and Methods.
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Histology

After perfusion, the liver tissue was placed in tissue cassette and fixed in 10% formalin 

for 24 hours. A detailed histological analysis is reported in Supplementary Materials and 

Methods.

DC proteomics analysis

A detailed proteomic analysis of DC lysates is reported in Supplementary Materials and 

Methods.

Peptidome extraction from the immune infiltrates in the livers of control and HFHF mice

A detailed peptidome analysis of MHC-II eluate is reported in Supplementary Materials and 

Methods.

Absolute peptide quantification using stable isotope–labeled peptides and PRM

A peptide spanning regions 105 to 129 of the PDIA3 protein (DGEEAGAYDGPRTADG) 

was selected for synthesis and absolute quantification in the total I-Ab–eluted 

immunopeptidomes from mice kept on different diet regime. The detailed methodology 

is reported in Supplementary Materials and Methods.

I-Ab ELISA

The monoclonal antibody 17/227 (200 ng per well), diluted in bicarbonate/carbonate 

buffer pH 9.0, was used to coat the wells of high-binding 96-well plates (Immulon 4 

HBXND541225). The plates were incubated at 4°C overnight or at 37°C for 2 hours. 

The wells were blocked using 3% BSA in 1× PBS for 1 hour at 37°C. The monoclonal 

anti–MHC-II antibody (M5/114) was used as the primary antibody for the detection. 

HRP-conjugated goat anti-rat IgG (KPL:14-16-12) was used as the secondary antibody 

followed by the 2,2′-azino-di-(3-ethylbenzthiazoline sulfonic acid) (ABTS) substrate 

solution (Roche-11 684 302 001) for the colorimetric detection. Incubations were done 

at 1 hour at 37°C, and the washes between every incubation were performed using 1× PBST 

buffer (1× PBS, 0.05% Triton X-100 three times). The dilutions of protein and antibody 

were done in dilution buffer 0.3% BSA, 0.1% Triton X-100 in 1× PBS. Recombinant I-Ab–

peptide complex was used as standard protein (1 ng to 2 μg) to calculate the amounts of I-Ab 

in each preparation.

Isolation and analysis of I-Ab–bound peptides from mouse DCs

I-Ab peptide complexes from DCs of control mice, Ob/Ob mice, and HFHF mice were 

isolated using immunoaffinity chromatography. Three independent samples of C57Bl6 

controls, HFHF, and Ob/Ob were isolated in parallel. The detailed methodology is reported 

in Supplementary Materials and Methods.

Gene ontology annotations and functional analysis of networks and cellular pathways

The detailed methodology is reported in Supplementary Materials and Methods.
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Generation of anti-PDIA3 T cell line

The detailed methodology is reported in Supplementary Materials and Methods.

Statistics

Statistical analysis was performed using Windows GraphPad Prism 8.0 and 9.0 (GraphPad 

Software, La Jolla, CA, USA). Numerical results are reported as means ± SE or ± SD 

as indicated. Data are derived from a minimum of three independent experiments, and 

each data collection was performed using at least two technical replicates unless otherwise 

stated. The statistical significance of the difference between two groups was assessed with 

a two-tailed paired or unpaired Student’s t test, including Mann-Whitney or Wilcoxon tests. 

Significance levels were reported as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P 
< 0.0001. Statistical significance of the difference between multiple (n > 2) experimental 

groups, such as for some ELISA assays, was determined using one-way and two-way 

analysis of variance (ANOVA) followed by multiple comparisons using uncorrected Fisher’s 

least significant difference (LSD), Kruskal-Wallis, uncorrected Dunn’s test, Holm-Šídák, 

Dunnett, and/or Tukey tests. Additional multiple paired t tests, paired Student’s t test, and 

Holm-Šídák tests were used to determine the significance among the proliferation indexes 

of liver’s immune infiltrates treated with PDIA3 peptide DGEEAGAYDGPRTADG. P < 

0.05 was considered significant. LFQ analysis of changes in the protein expression profiles 

was performed in Scaffold DIA (Proteome Software, OR, USA) using the normalized 

DIA intensities. The normalized DIA intensities were summed over all identified and 

validated peptides from each protein group and are proportional to the relative abundance 

of each protein. One-way ANOVA/t tests with Benjamini-Hochberg correction were further 

applied to assess the significant changes in the protein expression across two groups, i.e., 

control normal diet (B6) and HFHF samples. LFQ analysis in Peaks X/X+/XPro software 

(Bioinformatics Solutions, Waterloo, Canada) was performed using one-way ANOVA for 

assessing the significance of the changes associated with the quantitative protein expression 

profiles. P < 0.05 was considered significant. The Pearson’s correlation score was used to 

assess the reproducibility among the proteomics data of primary DCs purified from mice on 

either HFHF or normal diet. A Pearson score of >0.5 (P < 0.05) was considered significant. 

Quantitative analysis of changes in the protein expression profiles and their associated 

cellular pathways was performed in IPA, which identified significant (P < 0.05) cellular and 

molecular functions by applying a Fisher’s exact test with Benjamini-Hochberg correction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Proteomic and eluted peptidome data that support the findings of this study have 

been deposited in the PRIDE database. Project name: Characterization of I-Ab MHC-II 
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immunopeptidome eluted from control, obese (Ob/Ob), and HFHF mice (51). Project 

accession: PXD023581, PXD018783, and PXD024239. Additional DIA data for the total 

proteomes from DCs of B6 and HFHF mice were deposited at the PRIDE database with 

the Proteome Xchange accession number PXD026190. The I-Ab–eluted immunopeptidome 

from the same sample set was deposited with the accession number PXD026068.
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Fig. 1. Metabolic stress in Ob/Ob mice and mice on high-fat and high-fructose diet affects the DC 
proteome.
(A) Plasma concentrations of glucose, insulin, triglycerides (TG), nonesterified fatty acids 

(NEFA), and cholesterol in B6 (control), Ob/Ob mice, and B6 mice kept for 3 months on 

an HFHF diet. Each dot represents one biological sample. Values, from n = 14 biologically 

independent replicates, are reported as mean relative expression ± SD and were statistically 

analyzed using a two-tailed paired Student’s t test. Significance levels are reported as *P 
< 0.05, **P < 0.01 and ***P < 0.001. ns, nonsignificant. (B) Chart representing weight 

gain over a 3-month period in mice kept on a regular diet or HFHF diet. Values, from 

n = 14 biologically independent replicates, are reported as mean relative expression ± 

SD and were statistically analyzed using a two-tailed paired Student’s t test. (C) In vivo 

imaging of B6 (control), Ob/Ob, and HFHF mice using the In Vivo F PRO imaging 

system after intravenous injection with the oxidative stress detection reagent CellROX 
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(excitation, 640 nm; emission, 664 nm). (D) Ex vivo imaging of spleen, gut, kidney, heart, 

and fat tissue samples collected from CellROX intravenously injected animals, imaged with 

the In Vivo F PRO imaging system. Samples were imaged for 3 min at excitation 610 

nm/emission 700 nm using a built-in cooled charge-coupled device camera. Fluorescence 

intensity scale ranges from pink (lowest level) to red (highest level). (E) Representative 

fluorescence-activated cell sorting analysis of CellROX staining on CD11c+ DCs from the 

spleens of control, Ob/Ob, and HFHF mice, previously injected with CellROX as detailed 

in (C). (F) Bar graph of the MFI of CellROX as detected in CD11c+ DCs from the spleens 

of control, HFHF, and Ob/Ob mice; average and SD from four biological replicates (fig. 

S1). Values, from n = 6 biologically independent replicates, are reported as mean relative 

expression ± SD and were statistically analyzed using a two-tailed paired Student’s t test. 

(G) LFQ analysis of changes in the protein expression profiles induced by HFHF diet 

in primary murine DCs. The proteome was analyzed by nano-LC DIA, and the heatmap 

was generated in Scaffold DIA using the normalized DIA intensities. The normalized DIA 

intensities are summed over all identified and validated peptides from each protein group 

and are proportional to the relative abundance of each protein. A total of 948 target proteins 

were identified (0.9% FDR) across all 12 biological replicates from proteomic extracts of 

DCs from B6 on regular or HFHF diet, having at least three unique peptides (0.3% FDR). 

The complete proteomic dataset (including a total of 1487 proteins identified at a 2% FDR 

for proteins and 0.5% FDR for peptides) is presented in table S1. (H) Volcano plot generated 

using the normalized total DIA intensities from the proteomics data derived from n = 6 

biological control and HFHF replicates depicts the proteins that are up- or down-regulated 

in HFHF mice as compared with controls. LFQ DIA analysis identified 902 differently 

expressed proteins (P < 0.027 for green and 0.05 > P > 0.027 for yellow hits, respectively, by 

ANOVA/t tests with Benjamini-Hochberg correction). (I) Regression analysis of normalized 

DIA intensities for the 948 target proteins (identified with FDR < 1% and at least three 

unique peptides) in the murine DC proteomes from HFHF and controls. The Pearson’s 

correlation score (0.92 and 0.97, respectively) indicates the high reproducibility among 

the proteomes extracted from DCs of mice on either HFHF or normal diet. In contrast, 

the differential proteomic expression profiles among the replicates from HFHF and regular 

diet murine DCs are reflected by a lower Pearson coefficient (r2 = 0.864). (J) IPA of the 

top-scoring cellular and physiological pathways, derived from the proteins with differential 

expression profiles between control and HFHF mice. IPA identified significant cellular and 

molecular functions (P < 0.05 by Fisher’s exact test with Benjamini-Hochberg correction) 

associated with the inflammatory reaction, organ injury, and metabolic changes present in 

the HFHF group as compared with controls. (K) Analysis of the pathways associated with 

the proteins undergoing significant fold changes, based on LFQ DIA analysis presented 

in (H) and (I). The IPA-mediated quantitative analysis indicates for each pathway the 

percentage of proteins that are up-regulated (red) or down-regulated (green) in HFHF mice 

as compared with controls. Metabolic pathways [tricarboxylic acid (TCA), glycolysis, amino 

acid degradation, and fatty acid oxidation, among others] are the most affected by the HFHF 

diet. (L) IPA-generated analysis displaying mitochondrial oxidative phosphorylation and 

the associated macromolecular complexes affected by the HFHF diet. (M) IPA-generated 

analysis of the Janus kinase (JAK)/signal transducer and activator of transcription (STAT) 

pathway(s) up-regulated in the HFHF group as compared with controls. Green colors depict 
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proteins down-regulated, whereas red colors depict proteins up-regulated in the HFHF 

versus control mice. The color intensity directly correlates with fold changes, expressed 

as log2 (HFHF/control normalized DIA ratios). The complete proteomic dataset and IPA 

analysis are presented in tables S1 and S4.
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Fig. 2. The MHC-II immunopeptidome mirrors the changes observed in the DC proteome.
(A) Venn diagram reporting the total number of unique peptides identified by DDA nano-

LC-MS/MS in the pooled of biological replicates of the I-Ab–eluted immunopeptidomes 

(n = 4 for HFHF diet, n = 5 for control diet, n = 2 for isotype control). The complete 

analysis of I-Ab immunopeptidomes is presented in table S2. (B) Length distribution of I-Ab 

peptides eluted from control and HFHF was similar, with a median length of ~14 amino 

acids (aa). (C) Correlation plots of the I-Ab peptides (MS1 area) eluted from HFHF or 

control mice. Left: Control biological replicates (n = 5). Middle: HFHF biological replicates 

(n = 4). Right: Combined HFHF versus the control biological replicates. The correlation 

plots together with the Pearson’s correlation scores are presented in table S2. (D) I-Ab–

eluted peptides from control and HFHF DCs were analyzed using GibbsCluster 2.0 Server 

to identify binding motif and displayed using Seq2Logo. No differences were seen in the 

binding motives for control versus HFHF mice. (E) Analysis of the pathways associated 

with the proteins derived from the I-Ab–eluted peptides undergoing significant fold changes 

in HFHF versus controls. The IPA-mediated quantitative analysis indicates for each pathway 

the percentage of proteins that are up-regulated (red) or down-regulated (green) in Ob/Ob 
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mice as compared with controls. The yellow symbols indicate the “ratio” corresponding to 

the number of proteins from the experimental dataset mapped to each pathway divided by 

the total number of proteins that map to the canonical pathway from the IPA knowledgebase. 

The ratio is transformed into the significance and scored as −log(P value) from Fisher’s 

exact test; the significance threshold was set to a value of 1.3 for this dataset. Metabolic and 

stress pathways are the most affected by the HFHF diet. (F) Fractional abundance for all the 

unique peptides eluted from control and HFHF mice. (G) Predicted IC50 for the I-Ab–eluted 

peptides from control and HFHF DCs.
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Fig. 3. Increased MHC-II presentation of peptides derived from metabolic stress–associated 
proteins including PDIA3.
(A to C) MS-based PRM for quantitative analysis of selected endogenous peptide 

epitopes derived from glycolytic enzymes (ALDOA, MDHM, and KPYM) in the eluted 

peptidomes of liver immune infiltrates from mice on a control or HFHF diet. Values 

from n = 6 biologically independent replicates are reported as mean relative expression 

± SD. Values were statistically analyzed using two-tailed unpaired Student’s t tests. 

Significance levels are reported as *P < 0.05 and **P < 0.01. The complete transition 

list associated with the heavy and light (endogenous) peptides is presented in table S3. 

(D) Skyline-extracted MS2 (y and b ions) from MS-based PRM for absolute quantitation 
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of the endogenous PDIA3 peptide, DGEEAGAYDGPRTADG, after spiking the I-Ab 

immunopeptidome samples of control and HFHF eluates with 2 fmol of heavy-labeled 

PDIA3 DGEEAGAYDGPR[+10]TADG. (E) Representative ion-extracted chromatogram of 

the MS1 precursors corresponding to the identified MS2 ions shown in the left panel: 

The spiked heavy peptide PDIA3 DGEEAGAYDGPR[+10]TADG is shown in blue, and 

the corresponding endogenous light peptide is shown either in red (control diet) or in 

blue (HFHF diet), coeluting in both cases with the heavy standard. (F) MS2-extracted 

monoisotopic peaks corresponding to the b and y fragment ions resulted from the 

fragmentation of the PDIA3 peptide DGEEAGAYDGPRTADG and analyzed by the PRM 

method. (G) PRM-derived quantitative analysis of endogenous DGEEAGAYDGPRTADG 

in the I-Ab immunopeptidome eluate samples from control and HFHF mice. Values, from 

n = 6 biologically independent replicates, are reported as mean relative expression ± SD. 

Values were statistically analyzed using a two-tailed unpaired Student’s t test. Significance 

levels are reported as *P < 0.05. The complete transition list associated with the heavy 

and light (endogenous) peptides is presented in table S3. (H to J) Violin plots depicting 

antibody (Ab) titers against MDHM, ALDOA, and PYKM using mouse recombinant 

proteins and ELISA assays performed on serially diluted sera collected from control and 

HFHF or OB (Ob/Ob) mice. Values, from n = 5 biologically independent replicates, are 

reported as mean relative abundance ± SD. Values were statistically analyzed using one-way 

analysis of variance (ANOVA) Kruskal-Wallis test for multiple comparison followed by 

uncorrected Dunn’s test. Significance levels are reported as *P < 0.05 and **P < 0.01. 

(K) Violin plot depicting the amount of autoantibodies against full-length PDIA3 protein 

using mouse recombinant protein and ELISA assays performed on 1:500 diluted sera 

collected from control and HFHF mice. Values, from n = 41 (control) and 36 (HFHF) 

biologically independent replicates, are reported as mean relative abundance. Each dot 

symbol is an average of technical quadruplicates. Values were statistically analyzed using 

a two-tailed unpaired Student’s t test. Significance levels are reported as **P < 0.01. (L) 

Violin plot depicting amounts of autoantibodies against a linear B cell PDIA3 epitope 

(IFRDGEEAGAYDGPRTADGIVSHLK). ELISA assays were performed on 1:100 diluted 

sera collected from control and HFHF mice. Values, from n = 10 (control) and 14 (HFHF) 

biologically independent replicates, are reported as mean relative abundance. Each dot 

symbol is an average of technical quadruplicates. Values were statistically analyzed using a 

two-tailed unpaired Student’s t test. Significance levels are reported as P < 0.0001.
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Fig. 4. High-fat and high-fructose diet induces liver inflammatory response.
(A) Surface staining of splenocytes, nodal immune cells, and hepatocytes for PDIA3 protein. 

(B) Normalized MFI of surface PDIA3 expressed on nodal immune cells, splenocytes, 

pancreatic cells, hepatocytes, liver immune infiltrates, cardiomyocytes, and adipocytes 

harvested from control and HFHF mice. A statistically significant difference in the PDIA3 

HFHF/control ratio was observed. Values, from n = 4 biologically independent replicates, 

are reported as mean relative expression ± SD. Data were statistically analyzed using a two-

tailed paired Student’s t test. Significance levels are reported as *P < 0.05. (C) Sequence 
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of the linear autoantibody epitope (PDIA3 residues 104 to 128) shown in yellow mapped 

onto a surface representation of the PDIA3-tapasin complex crystal structure PDB.3F8U, 

with PDIA3 shown in magenta and tapasin shown in gray. (D to K) Livers were harvested 

from C57BL/6 mice on a regular diet or an HFHF diet for 3 months. Livers were fixed in 

formalin and stained to detect (D and E) steatosis (oil red staining), (F to I) hepatocyte injury 

and immune cell infiltration, and (J and K) proliferation. Steatosis, cellular infiltration and 

proliferation, lobular inflammation, and hepatocyte injury (ballooning) were all significantly 

up-regulated in HFHF mice as compared with controls. Values, from n = 6 biologically 

independent replicates, are reported as mean relative expression ± SD and were statistically 

analyzed using a two-tailed unpaired Student’s t test. (L and M) Increased ALT levels were 

seen in mice on a 3-month HFHF diet concomitantly with a decreased AST/ALT ratio (<1), 

which is indicative of NASH. Values from n = 13 biologically independent replicates are 

shown here, and data were statistically analyzed using a two-tailed unpaired Student’s t test.
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Fig. 5. High-fat and high-fructose diet induces PDIA3 antibody–mediated liver damage.
(A) ELISA quantification of antibody response to the PDIA3 peptide in mice at baseline or 

after 3 months following control or HFHF diet. Values, from n = 10 to n = 13 biologically 

independent replicates, are reported as mean relative expression ± SD and were statistically 

analyzed using a one-way ANOVA (α = 0.05) followed by Tukey’s multiple comparison 

test. Significance levels are reported as ****P < 0.0001. (B) Example of sera titration from 

one of the samples in (A), diluted 100-, 1000-, and 10,000-fold. (C) PDIA3 titer is reported 

for n = 9 biologically independent replicates. Data are reported as mean relative expression ± 

SD and were statistically analyzed using one-way ANOVA (α = 0.05) followed by Tukey’s 

multiple comparison test. Significance levels are reported as ****P < 0.0001 and ***P < 

0.001. Significance levels are reported as **P < 0.01 and ***P < 0.001. (D) Sera from 

control and HFHF mice were purified on biotin-labeled PDIA3 peptide affinity columns, 
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and the eluate was run on SDS-PAGE gel followed by silver staining. (E) Eluted antibodies 

were validated by immunoblotting using human recombinant His-tag PDIA3; representative 

immunoblotting (right) probed with HFHF-eluted antibodies shows the expected 58.5 to 

60.0 kDa corresponding to the His-tag PDIA3 loaded at 2 and 5 μg, respectively, on an 

SDS-PAGE gel; left, Ponceau S staining after transfer. (F) Eluted antibodies were also 

validated by ELISA against the full-length PDIA3 protein. Values, from n = 4 biologically 

independent replicates, are reported as mean relative expression ± SD and were statistically 

analyzed using one-way ANOVA (α = 0.05) followed by Tukey’s multiple comparison test. 

Significance levels are reported as ****P < 0.0001 for the antibodies purified from sera of 

control and HFHF mice. (G) Isotype testing was performed on the PDIA3-purified antibody 

from sera of mice at baseline and after HFHF diet. Data are reported as normalization to 

the A450 nm reading for each specific isotype control. Mice are color-coded to visualize 

isotype amount in each mouse. Each dot represents the average of technical quadruplicates, 

and data are reported for n = 8 biological replicates with significance levels *P < 0.05 and 

**P < 0.01 (two-way ANOVA and multiple comparisons using Fisher’s LSD test). Applying 

the unpaired t test retrieved significant difference between the relative abundance of IgM 

fraction in the sera from control versus HFHF mice (P < 0.05). (H) Representative confocal 

images of infiltrating PDIA3-specific antibody (Cy5-tagged; yellow) in the liver of control 

and HFHF mice. Plasma membrane is stained with wheat germ agglutinin–Alexa Fluor 594 

(red) and nuclei with DAPI (blue). Confocal images were collected in Z-stack of 5-mm 

thickness. (I) Representative three-dimensional (3D) view of confocal images of control and 

HFHF mouse liver collected as in (H). (J) Representative 3D confocal images of infiltrating 

PDIA3-specific antibody (Cy5-tagged; magenta) in the liver of control and HFHF mice 

binding to hepatocytes positive for active caspase 3 (green). Confocal images were collected 

in Z-stack of 5-mm thickness. (K) Fluorescence quantification for the PDIA3-specific 

antibody (Cy5-tagged; magenta) in the liver of control and HFHF mice after intravenous 

injection 24 hours before (n = 10 biological replicates). (L) Twenty thousand calcein-labeled 

liver cells (prepared from control or HFHF mice) were incubated with titrated amounts of 

the PDIA3 peptide–purified antibodies [as prepared in (C)] and incubated with 1 × 105 

nodal cells, also harvested from control and HFHF mice. After 6 hours, cultured cells 

were washed to eliminate dead cells and the remaining calcein-labeled cells were quantified 

by fluorescence (490-nm excitation and 520-nm emission filters). Data are reported as 

percentage of lysed cells. SDS-lysed cells were used as positive control (100% lysis), and 

untreated cells were used as negative control (no lysis). Values, from n = 10 to n = 14 

biologically independent replicates, are reported as mean relative expression ± SD and 

were statistically analyzed using a two-tailed paired Student’s t test. Each dot symbol is an 

average of technical quadruplicates, and the data were statistically analyzed using one-way 

ANOVA and Tukey’s multiple comparisons test. Significance levels are reported as **P < 

0.01 and ****P < 0.0001. (M) ALT quantification in control and HFHF sera before and after 

24 and 48 hours from the injection of control and HFHF antibody (100 μg per mouse). Data 

are reported as mean concentration ± SD (normalized to control diet) and were statistically 

analyzed using a one-way ANOVA test followed by Dunnett’s multiple comparison test. 

Significance levels are reported as *P < 0.05. (N) Ratio between AST/ALT quantified in 

control and HFHF sera before and after 24 and 48 hours from the injection of control 

and HFHF purified antibody (100 μg per mouse). Data are reported as a ratio between the 
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two enzymes, and values were normalized to control diet. Values of n = 5 biologically 

independent replicate is reported. Significance levels are reported as *P < 0.05.
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Fig. 6. High-fat and high-fructose diet induces T cell–mediated liver damage.
(A) MS-based PRM for absolute peptide quantitation and representative ion-extracted 

chromatogram of the MS1 precursors matching the 2 fmol of spiked heavy peptide 

DGEEAGAYDGPR[+10]TADG from PDIA3 (in black). The corresponding endogenous 

light peptides, found in the total peptidomes eluted from the liver immune infiltrates of 

control and HFHF mice, were coeluted with the spiked heavy standard. The complete 

transition list associated with the heavy and light (endogenous) peptide is presented in table 

S3. (B) PRM-derived quantitative analysis of endogenous DGEEAGAYDGPRTADG in the 
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total peptidomes from the liver immune infiltrates of control and HFHF mice. Values, from 

n = 6 biologically independent replicates, are reported as mean relative expression ± SD 

and were statistically analyzed using an unpaired Mann-Whitney t test. Significance levels 

are reported as **P < 0.01. (C) Liver-infiltrating immune cells were cultured in the absence 

or presence of the PDIA3 peptide (20 μg/ml), and proliferating cells were quantified by 

5-bromo-2′-deoxyuridine (BrdU) incorporation. Values, from n = 8 biologically independent 

replicates, are reported as mean relative expression ± SD and were statistically analyzed 

using multiple paired Student’s t test and Holm-Šídák method. Applying the unpaired t test 

retrieved a significant difference (P < 0.05) between the index proliferation of cells from 

control versus HFHF mice treated with PDIA3 peptide (20 μg/ml). (D and E) Immune 

infiltrates, separated as in (A), were labeled with CFSE and cultured with the PDIA3 

peptide (20 μg/ml) for 3 days. Cells were then stained with CD4, and CFSElowCD4+ cells 

were quantified. Values, from n = 6 biologically independent replicates, are reported as 

mean relative expression ± SD and were statistically analyzed using a two-tailed unpaired 

Student’s t test. Significance levels are reported as **P < 0.01. (F) Total liver cell lysates 

harvested from control and HFHF mice were analyzed for inflammatory cytokines using 

the TH17 arrays as described in Materials and Methods. Values, from n = 3 biologically 

independent replicates, are reported as mean relative expression ± SD and were statistically 

analyzed using a two-tailed unpaired Student’s t test. Significance levels are reported 

as *P < 0.05 and **P < 0.01. (G) GZMB quantification by ELISA in liver immune 

infiltrates of control and HFHF mice prepared as in (E). Values, from n = 3 to n = 4 

biologically independent replicates, are reported as mean relative expression ± SD and were 

statistically analyzed using ANOVA and Tukey’s multiple comparison test. Significance 

levels are reported as *P < 0.05 and **P < 0.01. (H) ELISPOT assay was performed on 

a PDIA3-specific T cell line prepared from lymph nodes isolated from HFHF-immunized 

mice. A statistically significant difference was observed for PDIA3 peptide (1 and 2 μg/ml) 

as compared with nonspecific hemagglutinin (HA) peptide and media alone. (I) Control 

and HFHF mice were injected with a CFSE-labeled PDIA3 T cell line; blood, spleen, 

and liver were harvested 24 hours after injection, and CD4+-CFSE+ cells were quantified. 

Representative histograms for control and HFHF mice. (J and K) Number of CD4+ CFSE+ 

cells harvested in each indicated organ from control and HFHF-injected mice. Experiments 

were performed in both C57BL/6 (K) and RAG2KO (L) mice kept for 3 months on a control 

or HFHF diet. Values from n = 3 or 4 biologically independent replicates are reported. 

Data were statistically analyzed by using two-tailed unpaired student’s t test. (L) AST/ALT 

ratio calculated from the sera of HFHF mice after injection of the PDIA3 T cell line. Data 

are normalized to control mice also injected with the PDIA3 T cell line. Values of n = 

4 biologically independent replicates are reported. Data were statistically analyzed using 

one-way ANOVA followed by Dunnett’s multiple comparison test. Significance levels are 

reported as *P < 0.05.
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Fig. 7. Elevated anti-PDIA3 autoantibodies in the sera of patients diagnosed with T2D, 
autoimmune hepatitis, and autoimmune cholangitis.
Sera, collected from 25 healthy age- and sex-matched controls, 48 patients with a diagnosis 

of T2D, 28 subjects with a diagnosis of AIH, and 18 subjects with PBC, were tested 

in ELISA against the full-length human PDIA3 protein. Antibody titers were quantified 

in each subject, and each dot symbol represents the average of three technical replicates. 

Statistical analysis for each serum and the representative binding curves are presented in 

fig. S7 and table S7. The statistical significance was determined with one-way ANOVA 

including mixed-effects model restricted maximum likelihood (REML) followed by multiple 

comparisons performed with uncorrected Fisher’s LSD test (***P < 0.0001, **P < 0.001, 

and *P < 0.01). For specificity testing, commercially available polyclonal anti-PDIA3 

antibody was used as positive control, whereas PBS buffer served as negative control.
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