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SUMMARY

During the progression of type 1 diabetes (T1D), β-cells are exposed to significant stress and 

therefore require adaptive responses to survive. The adaptive mechanisms that can preserve 

β-cell function and survival in the face of autoimmunity remain unclear. Here we show that 

deletion of the unfolded protein response (UPR) genes, Atf6α or Ire1α, in β-cells of NOD 

mice prior to insulitis generates a p21-driven early senescence phenotype and altered β-cell 

secretome that significantly enhances leukemia inhibitory factor-mediated recruitment of M2 
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macrophages to islets. Consequently, M2 macrophages promote anti-inflammatory responses and 

immune surveillance that cause resolution of islet inflammation, removal of terminally senesced 

β-cells, reduction of β-cell apoptosis, and protection against T1D. We further demonstrate that 

p21-mediated early senescence signature is conserved in residual β-cells of T1D patients. Our 

findings reveal a previously unrecognized link between β-cell UPR and senescence that, if 

leveraged, may represent a novel preventive strategy for T1D.

eTOC

Lee et al. show that β-cell-specific deletion of ATF6 and IRE1α in NOD mice prior to insulitis 

initiates early senescence, which alters β-cell secretome and induces M2 macrophage recruitment 

to the islets. M2 macrophages promote immune surveillance and removal of terminally senesced 

β-cells resulting in protection against type 1 diabetes.

Graphical Abstract

INTRODUCTION

Maintenance of cellular and organismal homeostasis under stress conditions is achieved by 

the activation of highly conserved cellular stress responses. The adaptive stress responses 

engage a network of signaling mechanisms to resolve the stress and re-establish cellular 

homeostasis, but persistent and/or excessive stress responses can be detrimental and lead 

to apoptosis. Cellular stress often affects multiple organelles simultaneously, triggering 
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multiple stress responses. The crosstalk among these stress responses, their coordinated 

regulation, and non-cell autonomous effects likely play a critical role in determining 

adaptive vs. maladaptive outcomes, but knowledge of the mechanisms involved in this 

crosstalk is limited.

One type of cellular stress is the endoplasmic reticulum (ER) stress that is caused by 

the accumulation of unfolded proteins inside the ER, viral infections, toxins, and chronic 

inflammation. ER stress triggers the unfolded protein response (UPR) to mitigate the 

stress and restore cellular homeostasis. The canonical UPR is mediated by activation of ER-

membrane localized proteins inositol-requiring protein-1 (IRE1), protein kinase RNA-like 

ER kinase (PERK) and activating transcription factor-6 (ATF6). PERK attenuates translation 

of most mRNAs but also specifically induces translation of the transcription factor Atf4, 

which directs transcription of genes involved in amino acid metabolism and oxidative stress 

reduction.1 IRE1α activation leads to a highly specific splicing reaction of XBP1 mRNA 

generating spliced XBP1, a transcription factor that regulates the expression of the UPR 

target genes including ER chaperones, ER-associated degradation (ERAD) components, and 

lipid biosynthetic enzymes. ATF6, upon undergoing proteolytic cleavage in Golgi, functions 

as an active transcription factor upregulating target genes encoding ER chaperones, ERAD 

components, and XBP1. While the UPR initially attempts to promote adaptation of the cells 

to ER stress, in the presence of prolonged or severe stress it induces a pro-apoptotic response 

that eliminates terminally stressed cells.2,3

Type 1 diabetes (T1D) results from insulin insufficiency owing to near complete destruction 

of insulin-producing pancreatic β-cells by an autoimmune process. Over the last decade, 

the active participation of pancreatic β-cells in their own autoimmune destruction and the 

impact of aberrant stress responses to T1D disease progression have gained considerable 

attention.4–6 Early studies demonstrated that β-cells exposed to pro-inflammatory cytokines 

have significantly increased ER stress and UPR.7,8 Preclinical and clinical studies provided 

further evidence for the presence of β-cell ER stress and dysregulated UPR long before 

the initiation of T1D.9–12 Pharmacological mitigation of ER stress and inhibition of IRE1α 
activity prevented T1D in preclinical models.9,13,14 However, the β-cell-specific functions of 

the other UPR sensors (ATF6 and PERK), the crosstalk between β-cells and immune cells, 

and the intricate relationship between ER stress and other cellular stress responses during 

autoimmune progression have remained largely unknown.15

Senescence is a stress response program of stable growth arrest mediated by cyclin-

dependent kinase inhibitors such as p21Cip1 and p16Ink4a and involves a variety of cellular 

changes, such as a prosurvival phenotype and a complex and dynamic secretome consisting 

of growth factors, cytokines, chemokines, and other factors known as the senescence-

associated secretory phenotype (SASP).16,17 The SASP elicits immune surveillance, leading 

to removal of senescent cells from tissues and restoration of homeostasis,18–20 but when the 

immune system is compromised, such as during aging, senescent cells accumulate leading 

to tissue dysfunction.21 Notably, senescent β-cells accumulate during the natural history of 

T1D in non-obese diabetic (NOD) mice and humans and contribute to disease progression, 

as small molecule targeting of senescence prevents T1D in NOD mice.22 The accumulation 

of senescent β-cells with SASP in T1D suggests a defect or lack of immune surveillance, but 
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whether senescent β-cells elicit surveillance by the immune system has not been determined. 

Moreover, how senescence relates to other β-cell stress responses, such as the UPR, is not 

clear.

Here we show that deletion of key UPR mediators, Atf6α or Ire1α, in β-cells leads to 

an early senescence program driven by p21 resulting in a unique secretome that recruits 

M2 macrophages to islets. Consequently, M2 macrophage-mediated anti-inflammatory, 

immunosuppressive responses and immune surveillance result in markedly diminished 

terminally senesced β-cells, resolution of islet inflammation, reduction of β-cell apoptosis, 

and increased β-cell survival, leading to protection from T1D in NOD mice. Analysis 

of single cell transcriptomics data from human T1D islets and studies inhibiting ATF6 

in human EndoC-βH1 cells and donor islets show that p21-mediated early senescence 

signature is also present in residual β-cells of T1D patients. Our work demonstrates a 

novel link between β-cell UPR and senescence in the restoration of islet homeostasis and 

attenuation of T1D.

RESULTS

Atf6 deletion in NOD β-cells protects against T1D

Previous reports show that while whole-body deletion of α and β isoforms of Atf6 
in mice leads to embryonic lethality,23 β-cell-specific deletion of Atf6α on C57BL/6J 

background leads to mild glucose intolerance and a decrease in glucose-stimulated insulin 

secretion.9 When crossed with a virally-induced diabetes mouse model, Atf6α deficiency 

in β-cells does not alter diabetes incidence.9 To get insight into the role of β-cell ATF6 in 

T1D development, we generated β-cell-specific Atf6α knockout mice (Atf6β−/−) on NOD 

background. To this end, we mated NOD Atf6fl/fl mice with NOD Ins2CreERT mice.13 

The resulting Atf6fl/fl; Ins2CreERT mice were further mated with Atf6fl/fl mice. Of note, 

we had previously characterized the NOD Ins2CreERT mice,13 which gave rise to the non-

littermate controls in this study. To achieve deletion of Atf6 in β-cells prior to insulitis, 

we administered tamoxifen to all pups during P1–3 (Figure 1A). We confirmed β-cell-

specific deletion of Atf6 by co-staining pancreatic sections with anti-ATF6 and anti-insulin 

antibodies (Figure 1B). The quantitative PCR (qPCR) analysis showed a ~60% reduction of 

Atf6 mRNA in the islets of Atf6β−/− mice (Figure 1C).

To determine the effects of Atf6 deletion on diabetes progression in NOD mice, we 

measured the blood glucose levels of knockout, littermate floxed control, and Cre-only mice 

weekly from 3 to 50 weeks of age (Figure 1D). Remarkably, while ~55–65% of the floxed 

and Cre-only control mice became diabetic by 50 weeks, only 15% of the Atf6β−/− mice 

became diabetic, indicating a significant protective effect of loss of Atf6 in β-cells (Figure 

1E). The islets from Atf6fl/fl and Atf6β−/− mice showed normal morphological features at 

10 weeks of age, as evaluated by immunofluorescence (IF) staining on pancreatic sections 

using anti-insulin and anti-glucagon antibodies, along with nuclear stain DAPI (Figure 1F), 

but there was a higher relative fluorescence intensity for insulin in islets of Atf6β−/− mice 

(Figure 1G). Serum insulin levels were also markedly increased in knockout mice compared 

to their littermate controls (Figure 1H), indicating preservation of β-cell functionality in 

Atf6β−/− mice. Histomorphometric analyses did not indicate any significant differences in 
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the average islet area of Atf6fl/fl and Atf6β−/− mice (Figure 1I). Taken together, these data 

demonstrate that deletion of β-cell Atf6 prior to insulitis results in maintenance of β-cell 

function and reduced diabetes incidence in NOD mice.

Atf6β−/− mice exhibit markedly reduced insulitis

Atf6 activation induces proliferation of mouse and human β-cells under hyperglycemic 

conditions,24 however, quantification of the percentage of Ki67+ β-cells in Atf6β−/− mice 

versus control animals did not reveal any significant differences at either 5 or 10 weeks of 

age (Figures 1J and 1K), suggesting no impact on proliferation. We then stained the cells 

with Annexin V, a marker of apoptosis, and propidium iodide (PI) and observed markedly 

decreased apoptosis in the islets of Atf6β−/− mice compared to control islets (Figures 1L and 

1M), a finding that is in line with the reduced diabetes incidence phenotype (Figure 1E).

Infiltration of islets by immune cells, insulitis, is a hallmark of T1D, hence we asked if 

loss of Atf6 in β-cells affected islet immune infiltration. Hematoxylin and eosin (H&E) 

staining of pancreatic sections from 10 weeks of age Atf6fl/fl and Atf6β−/− mice revealed that 

knockout mice had notably less islet immune cell infiltration (Figure 1N). Both aggressive 

and non-aggressive insulitis were markedly diminished in the pancreata of Atf6β−/− mice, 

as evaluated by insulitis scoring (Figure 1O), whereas the percentage of insulitis-free intact 

islets was significantly increased (38% vs. 68%, p<0.05) in Atf6β−/− mice (Figure 1P). 

These results indicate that the extent of invasive islet immune infiltration was markedly 

diminished in the pancreata of Atf6β−/− mice, which is reflected in their increased serum 

insulin levels, preserved islet architecture, and significantly decreased diabetes incidence.

We next investigated the impact of the observed β-cell protection on the distributions and 

proportions of immune cell populations involved in T1D pathogenesis. Immunophenotyping 

by flow cytometry of pancreata, spleen, and pancreatic lymph nodes (PLNs) of 12-week-old 

control and knockout mice revealed no significant differences in the relative representation 

of effector T cells, B cells, regulatory T cells, and dendritic cells (Figures 1Q–1S and S1A–

S1L). There was only a non-significant (p>0.05) trend towards a decreased percentage of 

macrophages in the pancreata of Atf6β−/− mice (Figure 1Q) when cells were stained for the 

pan-macrophage marker F4/80. These results suggest that while the distribution of immune 

cell populations remain unaltered, better islet function and survival might have reduced 

recruitment of immune cells to the islets of Atf6β−/− mice, reflected in reduced insulitis.

Compromised UPR induces senescence

Next, we performed RNA sequencing (RNA-seq) on sorted β-cells from 6-week-old control 

and knockout mice to gain insight into the underlying mechanisms of diabetes protection 

in Atf6β−/− mice. We used a modified version of a previously described protocol,25 

which allowed us to obtain high quality RNA from sorted β-cells (Figures S2A–S2E). 

Differential expression analysis of Atf6β−/− and Atf6fl/fl β-cells with EdgeR at false 

discovery rate (FDR) <0.05 identified 698 differentially expressed genes (Figures S2F and 

S2G). KEGG pathway analysis revealed 17 enriched pathways (pBonf<0.05), of which 

the top one was the p53 signaling pathway (p value of 0.008) (Figure S2H). Of note, 

expression of several genes in the p53 signaling pathway (Mdm2, Sfn, Ccng1, Cdkn1a, 
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Cd82, Zmat3, Ccnd1), which play important roles in regulation of the cell cycle and 

cell survival, were substantially upregulated in β-cells of Atf6β−/− mice (Figure 2A). 

Interestingly, we detected a significant increase in the expression of Nrf2 (Nfe2l2), a 

master regulator of antioxidant, anti-inflammatory and other cytoprotective mechanisms, 

and genes that are directly regulated by Nrf2 (Gpx3, Gstp1, Gstm2, Hmox1, Txnrd1, 
Gclc) in β-cells of Atf6β−/− mice (Figure 2B). The p53/21 signaling can regulate several 

different cell stress responses including oxidative stress and the DNA damage response 

(DDR).26 Hence, we examined the expression of DDR genes and observed several of 

these markers to be differentially expressed in β-cells of Atf6β−/− mice (Figure 2C). To 

determine if this intriguing phenotype was unique to the ATF6 branch of the UPR, we 

focused on another UPR sensor, IRE1α. We reanalyzed our single-cell RNA sequencing 

(scRNA-seq) dataset from Ire1αβ−/− mice13 and observed that markers of these pathways 

were also substantially upregulated in β-cells of Ire1αβ−/− mice (Figures 2D–2F). Despite 

these similarities, the striking morphological differences between Atf6β−/− and Ire1αβ−/− 

islets led us to investigate the possibility of β-cell dedifferentiation in Atf6β−/− mice at the 

molecular level. The analysis of RNA-seq data for the expression of β-cell markers (Figures 

S2I), disallowed genes (Figure S2J), and dedifferentiation markers (Figure S2K) indicated 

comparable gene expression levels between control and knockout mice. Together with our 

histological findings indicating unaltered islet architecture and cellular composition, lack of 

insulin+/glucagon+ bihormonal cells and normal insulin/glucagon staining pattern (Figure 

1F), these data support the lack of β-cell dedifferentiation in Atf6β−/− mice.

The significant upregulation of Cdkn1a (that encodes for p21) and of DDR genes hinted at 

alterations in the cellular senescence program, as senescent β-cells show upregulation of p21 

at the mRNA and protein levels in NOD mice and human islets.22,27 Since mRNA levels do 

not necessarily reflect protein levels, we investigated the protein expression of senescence 

markers. P21 was markedly increased in β-cells of Atf6β−/− mice at 5 and 10 weeks of age, 

but it returned to basal levels at 20 weeks (Figures 2G and 2H). In addition to Atf6β−/− 

mice, we investigated the protein levels of p21 in β-cells of Ire1αβ−/− mice and observed 

a significant increase in p21 at 5 weeks which gradually decreased at 12 and 24 weeks but 

remained significantly higher compared to control mice (Figures 2I and 2J).

The phosphorylation of the histone H2A member X (γ-H2AX) is a key step in the DDR.28 

γ–H2AX is often present in senescent cells due to accumulated DNA damage,16 and also 

marks senescent β-cells in NOD mice and in genetic models of diabetes that involve β-cell 

senescence.22,29,30 We detected a gradual increase in γ–H2AX levels in β-cells of Atf6β−/− 

mice (Figures 2K and 2L). γ–H2AX levels were also elevated in β-cells of 5-week-old 

Ire1αβ−/− mice but returned to control levels at 12 weeks of age (Figures 2M and 2N). 

Another important feature of senescent cells is cell cycle arrest. We examined the cell cycle 

progression in the islets of Atf6β−/− and Ire1αβ−/− mice by flow cytometry. At 6 weeks of 

age, the percentage of islet cells in G0/G1 phase was markedly decreased in both knockout 

models, while the percentage of knockout cells in G2/M phase was substantially increased, 

suggesting a cell cycle arrest at this stage (Figures 2O–2Q). Taken together, these findings 

provide strong evidence that UPR-deficient (throughout the text this refers to specific loss of 

ATF6 and IRE1α sensors but does not include the PERK arm of the UPR) β-cells exhibit 

features of cellular senescence.
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p21 is important for β-cell survival

The increase in p21 expression in both Atf6β−/− and Ire1αβ−/− mice led us to further 

investigate the biological significance of p21 in Atf6β−/− mice. To this end, we exposed 

isolated islets from control and knockout mice to a chemical inhibitor of p21, UC2288,31 

and confirmed the efficacy of this inhibition via western blot (Figures S3A and S3B). P21 

inhibition resulted in reduced expression of NRF2, a known target of p21, in the islets 

of Atf6β−/− mice (Figures S3A and S3C). The apoptosis marker cleaved Caspase-3 was 

markedly upregulated upon inhibition of p21 both in control and knockout islets (Figures 

S3A and S3D), suggesting that p21 plays a key role in islet cell survival during stress.

To complement this ex vivo study, we investigated the impact of genetic inhibition of p21 

on diabetes incidence in the Ire1αβ−/− mouse model. To this end, we injected 3-week-old 

Ire1αβ−/− mice with either an adeno-associated virus targeting β-cell p21 or a control virus 

(Figures S3E and S3F). By 20 weeks of age, while AAV8-shScramble-injected Ire1αβ−/− 

mice exhibited approximately 25% diabetes incidence, AAV8-RIP-shp21-injected mice 

showed more than 75% diabetes incidence supporting the notion that p21 is important for 

β-cell survival (Figure S3G). Taken together, these data suggest that maintaining p21 levels 

is important for β-cell survival and that elevated p21 levels in β-cells can lead to diabetes 

prevention or recovery32 in T1D animal models.

UPR sensors differentially regulate p21

Next, we investigated the molecular mechanisms by which the UPR regulate p21 expression. 

Analysis of the Cdkn1a promoter revealed a consensus cyclic AMP (cAMP) response 

element (CRE) (Figure 3A).33 CRE binding protein (CREB) binds to the CRE element on 

the promoter of several genes and activates them. ATF6 has been previously shown to inhibit 

CREB-dependent transcription of gluconeogenic enzymes,34 and we asked whether Cdkn1a 
upregulation in the absence of ATF6 is CREB-dependent. Co-treatment of a rat insulinoma 

cell line, INS1 832/3, with the ER stressor tunicamycin and an ATF6 inhibitor, Ceapin-A7,35 

led to significant upregulation of Cdkn1a mRNA levels, while CREB inhibition by the 

specific inhibitor 666–1536 suppressed Cdkn1a mRNA and protein expression induced by 

ATF6 inhibition (Figures 3B–3D). Moreover, treatment of INS1 832/3 cells with forskolin, 

which stimulates CREB activity, significantly increased p21 at both mRNA and protein 

levels (Figures 3E–3G). Together, these data support the hypothesis that ATF6 suppresses 

Cdkn1a expression in a CREB-dependent manner (Figure 3H). To address this directly, 

we performed an electrophoretic mobility shift assay (EMSA) (Figures 3I–3J). Using an 

oligo containing the consensus CRE sequence as our positive control, we detected a robust 

shift when incubated with nuclear extracts from forskolin-treated INS1 832/3 cells. The 

same shift was observed upon forskolin treatment with the oligo containing Cdkn1a CRE 

element, consistent with previous reports showing CREB’s direct binding to the Cdkn1a 
promoter.37,38 On the other hand, nuclear extracts from cells transfected with constitutively 

active ATF6 before forskolin treatment decreased the Cdkn1a oligo shift. To eliminate 

the possibility that transfection alone was causing this decrease, we overexpressed GFP 

as a control and did not observe any effect. Furthermore, we observed that while excess 

cold Cdkn1a oligos competed to decrease the shift, excess cold Cdkn1a oligo containing 

mutations in CRE site did not do so. In addition, mutated Cdkn1a oligo did not induce a 
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shift in the presence of forskolin treatment (Figures 3I–3J). To verify the EMSA findings, 

we performed chromatin immunoprecipitation (ChIP) of p-CREB followed by qPCR for 

Cdkn1a promoter in INS1 832/3 cells. We observed that while forskolin treatment increased 

binding of p-CREB to its canonical target, Sik1, and to Cdkn1a promoter, overexpression of 

constitutively active ATF6 decreased the binding of p-CREB to Sik1 and Cdkn1a promoter 

(Figure 3K). Taken together, these findings indicate that ATF6 blocks CREB-dependent 

transcription of Cdkn1a.

In addition to the CRE element, we identified a highly conserved unfolded protein response 

element (UPRE) (TGACGTG), a target sequence for spliced XBP1 (sXBP1),39 on the 

Cdkn1a promoter (Figure 3L). This led us to evaluate whether the IRE1α/sXBP1 axis of 

the UPR regulates Cdkn1a directly. First, we confirmed specific immunoprecipitation of 

endogenous sXBP1 in INS1 832/3 cells (Figure 3M). Next, we performed ChIP of sXBP1 

followed by qPCR for the sXBP1 canonical target, Hspa5, and Cdkn1a promoter regions. 

While the Cdkn1a promoter region containing CRE site was enriched following sXBP1 

ChIP, the 3’UTR region of Cdkn1a was not, suggesting that sXBP1 directly binds to and 

regulates Cdkn1a expression (Figures 3N and 3O). Collectively, these data indicate the 

presence of direct and indirect regulation of p21 expression by two different UPR sensors.

Early senescence increases M2 macrophage recruitment

To further elucidate the mechanisms of β-cell survival upon UPR deficiency, we utilized 

an in vitro cell culture system and performed a transwell migration assay (Figures S4A 

and S4B). Treatment of NOD mouse-derived NIT1 cells with Ceapin-A7 resulted in 

upregulation of the early senescence marker p21 (Figure S4C). Since p21 is known to 

drive a unique secretome in early senescent cells known as the p21-associated secretory 

phenotype (PASP),20 we next investigated PASP markers in NIT1 cells. Consistent with 

increased p21 levels, we detected substantially increased expression of PASP markers when 

cells were treated with Ceapin-A7 (Figure S4C). Next, we examined proliferation, which 

was reduced in a DNA damage model of senescence in NIT1 cells.27 In agreement with 

this, we identified significantly reduced Ki67+ cells when treated with Ceapin-A7 (Figures 

S4D and S4E), while we did not detect any difference in apoptosis (Figures S4F and S4G). 

These data suggest that Ceapin-A7-treated NIT1 cells can mimic some aspects of cellular 

senescence and allow us to explore the mechanisms by which p21-mediated signaling affects 

β-cell survival.

The PASP markers were recently identified in senescence-induced mouse embryonic 

fibroblast (MEF) cells.20 Using the PASP gene list from this study along with our own 

RNA sequencing data from Atf6β−/− and Ire1αβ−/− mice, we identified 23 markers that 

form the “core” PASP markers in the UPR-deficient mice (Figure 4A). These markers 

included Serpin1a, Ache, Gdf15, Pamr1, Ltbp2, Ptprg, and Cd81 (Figure 4B and Table S1). 

Analysis of our datasets revealed a remarkable increase in the expression of cytokines and 

chemokines associated with macrophage recruitment (Figures 4C and 4D). This raised the 

possibility that UPR deficiency could alter the PASP phenotype and consequently impact 

the migratory behavior of macrophages. To test this possibility, we used peritoneal immune 

cells of NOD mice and showed that conditioned medium from Ceapin-A7-treated NIT1 
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cells promoted migration of macrophages in a transwell system (Figures S4H and S4I). The 

migration of the suspended cells (lymphocytes), on the other hand, was not affected by the 

conditioned medium (Figure S4J).

These in vitro findings led us to examine whether islet infiltration by macrophages was 

altered in the UPR-deficient mice. Macrophages play a significant role in T1D etiology40 

and play a pivotal role in initiation and perpetuation of the disease. Macrophages are 

classified as proinflammatory “classically activated” (M1) cells and anti-inflammatory 

“alternatively activated” (M2) cells. Because our UPR-deficient models were protected 

from diabetes, we hypothesized that PASP might lead to increased recruitment of M2 

macrophages to the islets of Atf6β−/− and Ire1αβ−/− mice. To test this, we co-stained 

pancreatic sections from UPR-deficient models for Arginase1, a prototypic M2 macrophage 

marker,41 and insulin. Quantification of the IF images revealed a striking increase in the 

number of Arginase1-positive M2 macrophages in the islets of Atf6β−/− (Figures 4E and 

4F) and Ire1αβ−/− mice (Figures 4G and 4H) compared to control animals. Next, we 

investigated the distribution of M1 and M2 macrophages in the PLN and pancreata of 

Atf6β−/− and Ire1αβ−/− mice via flow cytometry. While there were no marked differences 

in the percentages of M1 and M2 macrophages in PLN, we detected significantly less M1 

and substantially more M2 macrophages in the pancreata of Atf6β−/− and Ire1αβ−/− mice 

(Figures 4I–4L).

To investigate whether p21 plays a role in macrophage recruitment, we inhibited p21 

in NIT1 cells using UC2288 in the presence or absence of Ceapin-A7 (Figure S4K). 

Pharmacological inhibition of p21 significantly diminished the migration of macrophages 

induced by Ceapin-A7 (Figures S4L and S4M). In line with this, we also detected 

significantly reduced M2 macrophage infiltration in the islets of Atf6β−/− and Ire1αβ−/− 

mice that underwent AAV8-mediated shp21 knockdown compared to control animals. 

(Figures 4M and 4N). These data support the hypothesis that p21 upregulation contributes to 

islet M2 macrophage recruitment in UPR-deficient mice.

The PASP component chemokine CXCL14 was shown to impact M1 macrophage 

polarization and contribute to mounting a cytotoxic T cell response to eliminate target 

cells.20 Given that PASP alters the macrophage phenotype, we examined the secreted 

CXCL14 levels in conditioned medium of Ceapin-A7-treated NIT1 cells or cultured islets 

from Atf6fl/fl and Atf6β−/− mice. Our results indicate that the CXCL14 levels were low and 

therefore unlikely to have any biological impact under these in vitro and ex vivo conditions 

(Figures S4N and S4O).

Next, we investigated the chemokines that may have contributed to the increased 

macrophage recruitment. We identified that leukemia inhibitory factor (LIF), a well-

established macrophage attractant,42 was markedly upregulated in β-cells of both Atf6β−/− 

and Ire1αβ−/− mice (Figures 4C and 4D). Therefore, we probed the role of LIF in 

macrophage migration. Addition of anti-LIF neutralizing antibody to conditioned media 

from Ceapin-A7-treated NIT1 cells significantly blocked macrophage migration, unlike 

addition of control IgG (Figure 4O). Next, we investigated the role of LIF in M2 

macrophage recruitment in vivo. To this end, we administered Atf6β−/− and Ire1αβ−/− 

Lee et al. Page 9

Cell Metab. Author manuscript; available in PMC 2024 December 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mice with either IgG or anti-LIF antibody and analyzed M2 macrophage infiltration by IF. 

Remarkably, LIF inhibition significantly reduced M2 macrophage infiltration to Atf6β−/− 

and Ire1αβ−/− islets (Figures 4P and 4Q).

To identify whether p21 is directly involved in regulation of LIF expression, we inhibited 

p21 in NIT1 cells. While ATF6 inhibition increased LIF expression, p21 inhibition almost 

completely attenuated this increase, supporting the notion that p21 acts upstream of LIF 

and regulates its expression in NIT1 cells (Figures 4R and 4S). Taken together, these 

data suggest that when β-cell UPR is compromised in the early stages of T1D, an early 

senescence mechanism is triggered. This transient senescence, through its unique secretome, 

augments M2 macrophage recruitment to the islet microenvironment and diminishes 

inflammation.

β-cell terminal senescence is reduced in UPR-deficient NOD mice

Our findings of early senescence inhibiting insulitis contrast with late senescence (terminal 

senescence) of β-cells that contributes to T1D pathogenesis.22 This motivated us to test if 

early senescence leads to reduced late terminal senescence development and, consequently, 

attenuated disease progression. Therefore, we investigated the β-cell terminal senescence 

phenotype in UPR-deficient mice. One of the hallmarks of terminal/late senescence is 

permanent cell cycle arrest.43 Hence, we analyzed cell cycle progression in the islets of 

Atf6β−/− and Ire1αβ−/− mice. At 12 weeks of age, the percentage of islet cells in G0/G1 

phase was markedly decreased while the percentage of cells in G2/M phase remained 

significantly higher in Atf6β−/− mice. At 16 weeks of age, while the percentage of islet cells 

in G0/G1 phase was decreased in Atf6β−/− mice, cells in G2/M phase in knockout animals 

were no longer significantly different from control cells (Figures 5A and 5B). Indeed, the 

population of islet cells observed in the G2/M phase of Atf6β−/− mice at 16 weeks was 

substantially reduced when compared to 6 weeks of age Atf6β−/− mice (5.3% vs 10.2%) 

(Figures 2O and 2P). Similarly, Ire1αβ−/− mice at 16 weeks of age no longer presented 

significant changes in the percentage of cells in G0/G1 or G2/M phases as compared to 

controls (Figure 5C). The percentage of cells in G2/M phases was markedly reduced in 

Ire1αβ−/− at 16 weeks of age when compared to 6 weeks of age (1.3% vs 4.2%) (Figure 2Q), 

suggesting that either most knockout cells escaped the cell cycle arrest in these models, or 

that terminally senesced β-cells were cleared from the islet microenvironment.

To further investigate whether UPR-deficient mice have less terminally senescent β-cells as 

they age, we measured senescence-associated β-galactosidase (SA-β-gal) activity. SA-β-gal 

expression is widely used as a biomarker of terminal senescence.43 C12FDG is a substrate 

that is cleaved by SA-β-gal to produce a fluorescent product and serves as a surrogate 

marker for SA-β-gal activity. While we did not detect any changes at 5 weeks of age, 

we observed significantly reduced SA-β-gal activity in the islets of 20-week-old Atf6β−/− 

mice compared to control animals (Figures 5D and 5E). Ire1αβ−/− mice at 20 weeks of age 

also showed substantially decreased SA-β-gal activity than control mice (Figures 5F and 

5G). Another characteristic feature of senescent cells is an enlarged morphology; therefore, 

we assessed the size of islet cells in Atf6β−/− and Ire1αβ−/− mice at different timepoints. 

While there was no marked change in cell size at 5-week-old Atf6β−/− mice, 20-week-old 
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Atf6β−/− and Ire1αβ−/− mice exhibited significantly reduced cell size compared to their 

control littermates (Figures 5H–5K). Altogether, these data suggest that terminal senescence 

is markedly diminished in β-cells of the UPR-deficient NOD mice. These data also suggest 

that senescence induced by compromised UPR early in disease progression is different than 

the senescence detected in β-cells of aged NOD mice. The cells that are undergoing early 

senescence do not show typical features of terminal senescence such as increased cell size 

or SA-β-gal activity. Hence, we propose this state of senescence as an acute state which 

leads to immune surveillance by M2 macrophages and removal, while their non-senescent 

counterparts are subsequently protected from autoimmune destruction.

P21 early senescence signature is conserved in human T1D

To examine whether loss of the UPR impacts human β-cells similarly to NOD mice, we 

treated a human β-cell line, EndoC-βH1, with Ceapin-A7 in the presence or absence of 

tunicamycin. Inhibition of ATF6 resulted in significantly increased mRNA expression of 

CDKN1A and markers of PASP (Figure 6A). In agreement with this, treatment of islets 

from human donors (Table S2) with Ceapin-A7 and IRE1α/XBP1 inhibitor, 4μ8C, showed 

markedly increased expression of CDKN1A and markers of PASP (Figure 6B). Next, we 

explored the expression of these markers in residual β-cells of individuals with T1D using 

scRNA-seq dataset produced by the Human Pancreas Analysis Program (HPAP)44 (Table 

S3). Remarkably, we found that markers of the p53/p21 pathway, antioxidant response, 

DDR, and PASP that we identified in our animal models, were significantly upregulated in 

β-cells of T1D donors (FDR<0.05) (Figures 6C–6F). These data suggest that upregulation 

of conserved adaptive responses in residual β-cells of T1D donors may have contributed 

to their escape from autoimmune attack. It also suggests that these responses were not 

sufficient to preserve β-cell function as observed in UPR-deficient mice, likely due to 

insufficient immune clearance and the presence of persistent inflammatory environment in 

human islets.

DISCUSSION

Our current knowledge of ATF6 functions comes from its prosurvival homeostatic functions 

on ER proteostasis. While its function in β-cells is still under investigation, evidence 

suggests that ATF6 can promote β-cell survival and proliferation during the adaptive stress 

response.24,45,46 The present study reveals, for the first time, a novel and key role for 

β-cell ATF6 in T1D. Atf6β−/− mice show significantly reduced diabetes incidence. This 

phenotype resembles Ire1α knockout mice on NOD background,13 although with some 

differences. First, NOD Ire1αβ−/− mice show transient dedifferentiation that Atf6β−/− mice 

do not exhibit. Second, Ire1αβ−/− mice have a greater degree of diabetes protection. Third, 

unlike the observations in Ire1αβ−/− mice,13 we did not detect a significant reduction in the 

percentage of CD8+ T cells in pancreata of Atf6β−/− mice, albeit this could be due to the 

differences in time point that was chosen for the analysis in these mice or differences in the 

milieu of antigens presented by β-cells in these models.

How does losing specific UPR sensors prior to insulitis lead to β-cell survival? What 

is the reason for the induction of multipronged stress responses in UPR-deficient NOD 
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mice? One possibility is that ATF6 and IRE1α hyperactivity during early stages of disease 

leads to increased transcriptional burden in the ER and, consequently, exacerbates stress in 

β-cells of NOD mice which are already fragile.47 Hence, deletion of these sensors during 

this stage could be beneficial. Another plausible explanation would be that mild stress 

induced by deletion of the UPR sensors results in engagement of a “hormetic” response.48,49 

Hormesis is a phenomenon in which a low level of stress stimulates stress adaptation that 

enhance cellular and organismal health and render them resilient to a subsequent and more 

severe stress. Hence, the activation of early senescence response and subsequent immune 

surveillance, along with the antioxidant response and DDR, can all be an integral part of a 

hormetic response to achieve resolution of stress and re-establishment of homeostasis.

While the continuous accumulation of senescent cells compromises tissue function, a 

short-term SASP triggers immune-mediated clearance of these senescent cells, therefore 

preventing persistent accumulation of senescence-induced signals and re-establishing tissue 

homeostasis.20,50 Indeed, transient senescence plays an important role in development, 

wound healing, regeneration, and tissue repair.50–59 These examples suggest that the 

duration and timing of the senescence program may be the major determinants of its 

adaptive outcomes, a phenomenon also observed in other stress responses, including the 

UPR.

Our results suggest that early senescence, induced by selective loss of UPR signaling in 

NOD mice, promotes high levels of islet infiltration by M2 macrophages. The role of M2 

macrophages in NOD mice was previously investigated and it was shown that adoptive 

transfer of M2 macrophages to prediabetic NOD mice was sufficient to prevent T1D.60 

This protective effect was mostly attributed to the immunosuppressive functions of M2 

macrophages, however, whether removal of senescent β-cells also contributed to diabetes 

protection have remained unknown. Additionally, the M2 polarization process was shown 

to be less effective in T1D patients than in healthy subjects depending on the stage of 

disease.61 While monocytes of new-onset T1D children were still able to differentiate into 

M2 macrophages, this process and the ability of these cells to produce anti-inflammatory 

IL-10 were significantly limited in long-standing T1D patients.61

Accumulating evidence suggest that once recruited, macrophages can clear senescent cells, 

allowing for regeneration and repair of the damaged tissue.18,62−64 Senescent hepatic 

stellate cells secrete a SASP that attracts macrophages,65 and promote M1 macrophage 

polarization. M1 macrophages then eliminate senescent cells and support an antitumor 

microenvironment.66 The SASP secreted by senescent thyroid cells skews macrophage 

polarization toward M2 phenotype.67 These data suggest that depending on the cell type and 

context, macrophage polarization might be differentially affected by SASP. In line with this, 

our data showing reduced M1, but increased M2 macrophage populations in the pancreata 

of UPR-deficient mice suggest that not only the recruitment but also the polarization of 

macrophages might be affected in these models. Consequently, these findings support that 

M2 macrophages are likely to mediate the clearance of senescent β-cells leading to reduced 

terminal/late senescence in UPR-deficient NOD mice.
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Human and mouse β-cells show different characteristics that often limit the translational 

efficacy of preclinical findings. Using IF assay9 and scRNA-seq analysis,68 we previously 

showed significantly diminished ATF6 protein and mRNA levels in β-cells of individuals 

with T1D. Our previous scRNA-seq analysis also revealed markedly reduced expression 

of the adaptive UPR transcriptomes in human T1D β-cells.68 Interestingly, we observed 

a similar protective stress signature in β-cells of T1D donors that we identified in UPR-

deficient NOD mice suggesting that, at least in part, the early senescence mechanisms are 

present and might have contributed to β-cell survival in the face of protracted autoimmunity 

in these individuals. While there is a growing interest in T1D clinical studies to inhibit 

harmful stress responses, we propose that enhancing adaptive responses during early stages 

of disease may present an alternative approach to help prevent β-cell immune destruction.

Limitations of study

Our current breeding scheme does not allow us to obtain the littermate control mice 

expressing Cre transgene alone. Although we confirmed that Cre transgene levels in 

these mice did not differ from knockout mice,13 and Cre transgene did not alter diabetes 

progression and pathology in NOD mice, we still consider this as a limitation. Additionally, 

we did not demonstrate that M2 macrophages selectively phagocytose senescent β-cells or 

the specific receptors involved in such a process. Thus, it remains to be formally established 

whether M2 macrophages or other immune cells are responsible for the elimination of 

senescent β-cells in these models. Lastly, it is also possible that other mechanisms involving 

macrophages might have contributed to the observed phenotype.

STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Feyza Engin (fengin@wisc.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

• The RNA-seq data reported in this publication have been deposited in the NCBI 

Gene Expression Omnibus (GEO) (GSE239947). Uncropped western blots and 

source data can be found in Data S1.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Lines and Tamoxifen Injections—The animal care and experimental 

procedures were carried out in accordance with the recommendations of the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals. The protocol 

(#M005064-R01-A03 by F.E. for mice) was approved by the University of Wisconsin-

Lee et al. Page 13

Cell Metab. Author manuscript; available in PMC 2024 December 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Madison Institutional Animal Care and Use Committee. Female NOD/ShiLtJ mice were 

purchased from Jackson Laboratory and housed under a 12:12-hr light/dark cycle, with 

unrestricted access to food and drinking water in an animal housing facility accredited by the 

Association for Assessment and Accreditation of Laboratory Animal Care. ATF6α floxed 

mice were a gift from Dr. Gökhan Hotamisligil (Harvard University, USA). Ins2-CreERT 

mice were a gift from Dr. Douglas Melton (Harvard University, USA). IRE1α floxed mice 

were a gift from Dr. Iwawaki (Riken, Japan). Mice were backcrossed to NOD background 

more than 20 times. The genetic backgrounds of all intercrossed mouse models were verified 

by Jackson Laboratory’s Genome Scan Service and the congenicity was reported as 100%.

To induce Cre recombinase activity, tamoxifen (T5648; Sigma-Aldrich) was dissolved in 

sterilized corn oil (C8267; Sigma-Aldrich) by shaking overnight in a 37°C incubator. The 

solution was protected from light. For IRE1αfl/fl,IRE1αfl/fl; Ins2CreERT/+, and Cre+ mice, 

10 mg/mL tamoxifen was administered to lactating mothers, beginning the day after delivery 

via intraperitoneal injection twice every 24 hours in five consecutive days as previously 

described.13 To delete ATF6, 1 mg/mL tamoxifen was given once daily via daily intragastric 

injections to all newborn pups during P1–3 (including control and knockout mice). Animals 

were observed daily for health status, and any mice that met IACUC criteria for euthanasia 

were immediately euthanized. Weekly blood glucose measurements were performed after 6 

hours of fasting through the tail tip using a CONTOUR Next glucometer (Ascensia) with 

CONTOUR Next test strips (Ascenscia). Mice with a fasting blood glucose level of ≥250 

mg/dL for two consecutive measurements were classified as diabetic. Experiments were 

performed on female mice between P1 and 50 weeks of age.

Cell lines—INS1 832/3 cells69 were maintained in RPMI 1640 medium supplemented 

with 10% calf serum, 10mM HEPES, 1mM Na-pyruvate, 2mM Glutamax, 1% antibiotic/

antimycotic, and 50μM 2-mercaptoethanol. They were kept in a 37°C incubator with a 

humidified atmosphere of 5% CO2 in air. Cells were used at passages between 25–40. NIT1 

cells were purchased from ATCC (#CRL-2055). They were maintained in high-glucose 

DMEM medium supplemented with 10% FBS, 20mM HEPES, 1mM Na-pyruvate, 1X 

antibiotic/antimycotic, and 50μM 2-mercaptoethanol. They were kept in 37°C incubator with 

a humidified atmosphere of 5% CO2 in air. Cells were used at passages between 20–35.

The human pancreatic β-cell line EndoC-βH1 was provided by R. Scharfmann (Institut 

Cochin, Université Paris, Paris, France).70 The EndoC-βH1 cells were cultured in 

Dulbecco’s modified Eagle medium with 5.6mM glucose, 2% fatty acid–free BSA fraction 

V, 50μM 2-mercaptoethanol, 10mM nicotinamide, 5.5μg/mL transferrin, 6.7ng/mL selenite, 

and 100U/ml penicillin + 100μg/mL streptomycin in Matrigel-fibronectin–coated plates.7 

All the experiments performed with cell lines refer to independent experiments.

Human islets—Human islets were procured through the Integrated Islet Distribution 

Program (IIDP) under the study, BS480P. Detailed information for donor islets used in 

this study is listed in Supplementary Table S2. Following receival, islets were cultured in 

complete PIM(S) (Prodo Labs) overnight at 37°C incubator with a humidified atmosphere 

of 5% CO2 in air for recovery. The next day, they were treated with vehicle (DMSO), 

0.25μg/mL tunicamycin, 15μM Ceapin-A7, and 50μM 4μ8C. After 48 hours, media of islets 
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were changed to fresh, serum-free, PIM(S) containing freshly added drugs. After 24 hours 

of incubation, conditioned media was collected, filtered, snap-frozen, and stored at −80°C. 

Islets were processed for RNA isolation using RNeasy Mini Kit (Qiagen). Equal amounts 

of RNA were used to synthesize cDNA (Thermo Fisher Scientific, #4368814). Quantitative 

RT-PCR was performed as described. Primers used to detect target genes are listed in Table 

S4.

Plasmids, AAV viruses, and reagents—3XFlag-CA-Atf6 was cloned to encode 1–

360aa of mouse Atf6 gene. 3Xflag tag was expressed at the N-terminal of the protein. CMV-

GFP plasmid was a kind gift from Dr. Judith Simcox, UW-Madison. AAV8 viruses encoding 

for shRNA against mouse Cdkn1a with GFP tag under the control of rat Ins1 promoter 

(Ramzy et al., 2020), as well as shScramble with GFP tag under the control of CMV 

promoter, were purchased from VectorBuilder. shRNA sequence against mouse Cdkn1a was: 

5’AAGTTAGGACTCAACCGTAATATAGTGAAGCCACAGATGTATATTACGGTTGAGT

CCTAACTG-3’.

The reagents used in the study were: tunicamycin (Sigma, #T7765), Ceapin-A7 (Sigma, 

#SML2330), forskolin (Cayman, #11018), p21 inhibitor; UC2288 (Sigma, #532813), 

CREB inhibitor; 666–15 (MedChem, #HY-101120), 4μ8C (Sigma, #SML0949), mouse LIF 

antibody (R&D systems, #AF449), and normal goat IgG control (R&D systems, #AB-108-

C).

In vivo administration of virus and antibodies—1×1012 VG AAV8 viruses (encoding 

for shCdkn1a or shScramble) were injected intraperitoneally once to 3-week-old, female, 

Ire1αβ−/− mice. At 5 weeks of age, pancreas tissue was extracted for histology and step-

sections were obtained. 10μg mouse anti-LIF neutralizing antibody or 10μg normal goat IgG 

control were injected intraperitoneally into female Ire1αβ−/− or Atf6β−/− mice every other 

day starting from 3-week-old until they reached 5-week-old.71 At 5 weeks of age, pancreata 

were extracted for histological analyses.

Histology and immunofluorescence—Mice were euthanized, their pancreas removed 

and fixed in zinc formalin (Thermo Fisher Scientific). Paraffin-embedded pancreata were 

cut at 5μm thickness at 3 depths and 200μm between depths. One section at each depth 

was stained with H&E. Insulitis was scored as previously described.13 “Peri-insulitis” 

is defined as focal aggregation at one pole of the islet and in contact with the islet 

periphery. “Non-aggressive insulitis” refers to lesions with clear, and often extensive, islet 

infiltrates occupying less than 50% of the islet area, whereas “aggressive insulitis” refers 

to an extensive infiltrate, where lymphoid cells invade the entire islet and intermingle with 

endocrine cells, showing extensive signs of β-cell damage.

For immunostaining, sodium citrate buffer pH6.0 at 95°C was used as antigen retrieval 

buffer. Anti-Insulin (Linco), anti-Glucagon (Cell Signaling, #2760S), anti-ATF6α (Santa 

Cruz, #sc22799), anti-Ki67 (Abcam, ab16667), anti-p21 (Abcam, ab188224), anti-pH2AX 

(Cell Signaling, #9718), anti-Arginase1 (Cell Signaling, #93668S), anti-GFP (Santa Cruz, 

sc#9996), Alexa Fluor 488 (Invitrogen, #A11073), and Alexa Fluor 568 (Invitrogen, 

#A11036) were used following established protocols. Sections were mounted using 
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mounting media containing 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Vector 

Labs, H-1800).

Microscopy—For islet morphometry measurements, images of the H&E-stained 

pancreatic sections were taken using an Amscope light microscope. The images of the 

immunostaining on pancreatic sections were obtained using a Nikon A1R-SI+ confocal 

microscope and a Nikon Storm/Tirf/Epifluorescence. The images were analyzed using Fiji 

image analysis software72 and Nikon NIS-Elements by two experimenters blind to the 

genotypes.

Immunophenotyping—Prior to organ dissection, mice were perfused with 20mL PBS 

to eliminate contaminating blood leukocytes. Single-cell suspensions of the pancreata were 

prepared by Collagenase P (Roche) digestion. Cells from pancreatic lymph nodes and spleen 

were prepared by physical dissociation. All stainings began with incubation with TruStain 

fcX anti-mouse CD16/32. Antibodies used for subsequent stainings were anti-CD45 (30-

F11), -CD19 (6D5); -CD3 (145–2C11), -CD4 (RM4–5), -CD8 (53–6.7), -CD25 (PC61), 

CD11b (M1/70), -CD11c (N418), -CD206 (C068C2), -F4/80 (BM8), and -Gr1 (RB6–8C5) 

(all from BioLegend). Intracellular Foxp3 (FJK-16s) staining was performed according to 

eBioscience’s protocol. For M1/M2 macrophage analysis, pregated CD45+ and F4/80+ cells 

that were CD11c+/CD206− were counted as M1, while CD206+/CD11c− were counted as 

M2. Samples were acquired with an Attune NxT flow cytometer (Thermo Fisher Scientific) 

or LSRFortessa X-20 (BD Biosciences), and data were analyzed with FlowJo software (Tree 

Star, Inc.).

Islet isolation—Islets were isolated by using the standard collagenase/protease digestion 

method. Briefly, the pancreatic duct was cannulated and distended with 4°C 0.5mg/mL 

collagenase/protease solution using Collagenase P (Sigma-Aldrich). The reaction was 

stopped using 10% fetal bovine serum in RPMI 1640 (Gibco) before being washed three 

times with a 0.02% bovine serum albumin solution (Sigma Aldrich) in 1X Hank’s balanced 

solution (Corning). The islets were separated from the exocrine tissue by using a gradient 

of Histopaque-1077 (Sigma-Aldrich) and serum-free RPMI 1640 73. Islets were hand-picked 

and cultured overnight at 37°C prior to the experiments.

C12FDG staining and cell size analyses—Analysis of SA-β-gal activity by C12FDG 

staining was performed according to a previously published method74 with some 

modifications. Briefly, isolated islets were dispersed using Accutase (Innovative Cell 

Technologies, #AT104) and pre-strained using a 40μm filter. Dispersed islet cells were 

incubated with 33μM C12FDG (Cayman Chemical, #25583) for 1 hour at 37°C before being 

washed twice with cell staining buffer (Biolegend, #420201) and incubated with TruStain 

fcX anti-mouse CD16/32 (Biolegend, #101319) for 10 minutes. Immune cells were able 

to be excluded from our analyses with staining of anti-CD45 (Biolegend, #103133). Prior 

to analyses, cells were incubated with propidium iodide (PI) for 15 minutes. Cells were 

gated for debris exclusion (FSC-A/SSC-A), singlets (FSC-H/FSC-A), viability (PI−), and 

non-immune cells (CD45−). Cells were analyzed for forward scatter (FSC-A) for the size 
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analyses, and C12FDG fluorescence for the SA-βGAL analyses. Samples were run using a 

LSRFortessa X-20 (BD Biosciences) and analyzed with FlowJo software (Tree Star, Inc.).

Apoptosis assay—Dispersed islet cells were filtered using a 40μm mesh and washed with 

Annexin V binding buffer (Biolegend, #422201). After filtration, cells were incubated with 

FITC-conjugated Annexin V and propidium iodide (Biolegend, #640914). Cells were gated 

for debris exclusion (FSC-A/SSC-A) and singlets (FSC-H/FSC-A). Cells that were positive 

for Annexin V and PI were considered as apoptotic. Samples were run using a LSRFortessa 

X-20 (BD Biosciences) and analyzed with FlowJo software (Tree Star, Inc.).

Cell cycle analysis—Following dispersion, islet cells were washed twice with phosphate-

buffered saline (PBS). After the second wash, supernatant was removed until 1mL of PBS 

remains. While vortexing gently at the lowest speed, 4mL of 100% ethanol was slowly 

added dropwise to the sample for fixation overnight. After fixation, cells were rehydrated 

with PBS for 15 minutes and then incubated with 3μg/mL DAPI solution (Biolegend, 

#422801) overnight at 4°C. Cells were gated for debris exclusion (FSC-A/SSC-A) and 

singlets (FSC-H/FSC-A) prior to cell cycle analysis. Samples were run with a LSRFortessa 

X-20 (BD Biosciences) and analyzed with FlowJo software (Tree Star, Inc.).

ELISA—Serum insulin levels of mice were quantified by ELISA (n=4–5) at 13 weeks of 

age according to manufacturer’s instructions (Alpco, Ultrasensitive Mouse Insulin ELISA). 

Mouse CXCL14 levels were determined by according to manufacturer’s instructions 

(RayBiotech, ELM-CXCL14).

RNA isolation and quantitative-PCR—Samples from cell lines and mouse islets were 

collected with TRIzol reagent (Invitrogen, #15596026) and RNA isolation was performed 

following the product manual. Turbo DNase kit (Invitrogen, #AM1907) was used following 

manufacturer’s protocol to remove genomic DNA. Equal amounts of RNA were used to 

synthesize cDNA (Thermo Fisher Scientific, #4368814). Quantitative PCR (qPCR) was 

done using Power SYBR Green master mix (Applied Biosystems, #4368708). Primers used 

to detect target genes are listed in Table S4.

Western blotting—INS1 832/3 or NIT1 cells were collected with cold RIPA buffer 

(0.1% SDS, 1mM EDTA, 50mM Tris-HCl, pH7.5, 150mM NaCl, 1% Triton X-100 

supplemented with 30mM NaF, 10mM Na3VO4, 1mM PMSF, and 1X protease inhibitor 

cocktail (Sigma, #8340). Samples were briefly sonicated with Branson sonicator to pellet 

genomic DNA. Samples were centrifuged at 14000rpm for 15 minutes at 4°C and 

supernatant transferred into new tubes. Protein concentrations were measured with BCA 

assay (Thermo Fisher Scientific, #23227). Equal amounts of protein (25–30μg) were loaded 

for each sample. Samples were resolved in 10% SDS-PAGE gel. Following wet transfer to 

PVDF membranes and 1 hour of blocking with 5% nonfat-dry milk in TBS-T, membranes 

left to incubate with primary antibodies in blocking buffer (anti-p21, 1:200, sc#53870; anti-

NRF2, 1:500, CST#12721; anti-cleaved caspase 3, 1:500, CST#9661; anti-phospho CREB, 

1:200, sc#81486; anti-CREB, 1:1000, Millipore#06–863; anti-β-actin, 1:5000, sc#47778) 

overnight at 4°C. The next day, membranes were washed with TBS-T and incubated with 

appropriate HRP conjugated secondary antibodies in blocking buffer (anti-rabbit, 1:2000, 
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CST#7074; anti-mouse, 1:2000, CST#7076) for 2 hours at room temperature. Membranes 

were developed with SuperSignal West Pico Plus (Thermo Fisher Scientific, #34577) 

and imaged with Azure Imaging Systems. Quantification of bands was done following 

background corrections using Image Studio Lite Ver 5.2.

EMSA—6μg nuclear lysate was incubated with 75fmol radiolabeled DNA substrates in 

50mM Tris-HCl (pH8.0), 0.1mg/mL bovine serum albumin, 2mM dithiothreitol, 5mM 

ethylenediaminetetraacetic acid, 1μg/mL poly dI-dC, and 6% glycerol at room temperature 

for 30 minutes. Where indicated, unlabeled DNA competitors were included at 10X or 25X 

molar excess of the radiolabeled DNA substrate. The samples were resolved through a 6% 

TBE-PAGE gel (6% Acryl/Bis 29:1, 0.5X TBE) for three hours at 80V. Gels were dried 

with a vacuum gel-dryer for one hour at 80°C. Dried gels were exposed to Storage Phospho 

screens overnight and imaged with a Typhoon FLA 9500. Images were quantified using 

ImageQuant software. Assay was repeated with nuclear lysates collected 3 independent 

times.

Chromatin Immunoprecipitation assay followed by quantitative PCR—
Chromatin immunoprecipitation was performed as described previously with the following 

adjustments (Bayam et al., 2015). INS1 832/3 cells were fixed with 1% formaldehyde for 10 

minutes following quenching with 125mM glycine for 10 minutes at room temperature with 

slow shaking. Cells were collected with ChIP Lysis buffer: 1% SDS, 10mM EDTA, 50mM 

Tris-HCl, pH8.0 supplemented with 30mM NaF, 10mM Na3VO4, 1mM PMSF, and 1X 

protease inhibitor cocktail (Sigma, #8340). Cell lysates were sonicated using with Branson 

sonicator to obtain DNA fragments around 500bp. They were centrifuged at 14000rpm for 

20 minutes to collect supernatant and diluted at 1:4 ratio with 1% Triton X-100, 2mM 

EDTA, 20mM Tris-HCl pH8.0, 150mM NaCl, supplemented with 30mM NaF, 10mM 

Na3VO4, 1mM PMSF, and 1X protease inhibitor cocktail. Samples were pre-cleared for 

an hour with Protein A+Protein G magnetic beads at 4°C on a rotator. 1% of the sample 

was reserved for input control. Chromatin was immunoprecipitated with 1ug p-CREB 

(Millipore #06–519), 1μg sXBP1 (Cell Signaling, #82914) or 1μg IgG (Cell Signaling, 

#3900) antibodies at 4oC overnight on a rotator. The next day, protein-antibody complexes 

were captured onto Protein A+Protein G magnetic beads and the beads were washed twice 

with High Salt wash buffer (500mM NaCl, 1% Triton X-100, 20mM Tris-HCl, pH 8.0, 0.1% 

SDS and 2mM EDTA), Low Salt wash buffer (150mM NaCl, 1% Triton X-100, 20mM 

Tris-HCl, pH 8.0, 0.1% SDS and 2mM EDTA) and LiCl wash buffer (250mM LiCl, 1% 

Na-DOC, 10mM Tris-HCl, pH8.0, 1% NP-40 and 1mM EDTA). DNA complexes were 

eluted from the beads with 1% SDS and 100mM NaHCO3 at 65°C for an hour. Following 

removal of beads, the immunoprecipitated samples as well as input sample were left at 

65°C overnight for reverse-crosslinking. The next day, equal volumes of 100mM Tris-HCl, 

pH 8.0 and 20mM EDTA were added to samples. Following 1 hour of RNase A (Thermo 

Fisher Scientific, #EN0531) incubation at 37oC and 2 hours of Proteinase K (Thermo 

Fisher Scientific, #EO0491) incubation at 50°C, eluted DNA samples were purified with 

phenol-chloroform extraction. DNA pellets were reconstituted in 30μl nuclease-free water. 

For qPCR, equal volume of samples was used to amplify target regions.
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Following PCR primers used for qPCR; Hspa5 F: 5’- GGTGGCATGAACCAACCAG-3’, 

R: 5’GCTTATATATCCTCCCCGC-3’, p21 F: 5’- GGCTCATCGTGACGTGTTT-3’, 

R: 5’- CAAGGAGTGGTGAGTCAGTTTC-3’, p21 3’ UTR F: 5’- 

GAAGGGAACGGGTACACAGG-3’, R: 5’- ACACACACAGGGATGCTCTG-3’. The 

numerical value 6.64 (log2(0.01), representing 1% of input chromatin) was subtracted 

from the Ct value of the input sample to generate the adjusted input Ct. The following 

formula was used to calculate the % input normalized ChIP’ed DNA amount: 100 × 

2(Adjusted input Ct – ChIP Ct).

Transfection and nuclear extraction—INS1 832/3 cells were reverse transfected 

using Lipofectamine 2000 (Invitrogen, #11668027). At the day of transfection, cells were 

trypsinized, counted and 2 million cells were seeded to one-well of 6-well plate. Empty 

backbone vector (p3X-Flag-CMV.10, Sigma), GFP, and 3XFlag-CA-Atf6 vectors were 

prepared with Lipofectamine 2000 at 1:4 ratio. Transfection was done using manufacturer’s 

protocol. After 18 hours of transfection, cells were treated with either vehicle (DMSO) 

or 20μM forskolin. After 6 hours of treatment, cells were collected and nuclear extraction 

was performed using nuclear extraction kit (Cayman, #10009277). Nuclear lysates were 

aliquoted, snap-frozen and stored at −80°C until further use.

Conditioned media collection—NIT1 cells were seeded in 6-well plates a day before 

treatments. Cells were treated with vehicle (DMSO), 6μM Ceapin-A7, and 2.5μM p21 

inhibitor (UC2288) as indicated. After 48 hours, whole media of cells were replaced with 

fresh media containing treatments. After 24 hours, the media with drugs were removed from 

cells and media containing 5% FBS without any drugs were added to collect conditioned 

media (CM). 24 hours later, CM was collected, filtered with 0.2μm filter and stored at 4°C. 

For LIF neutralization experiment, CM was treated with either 1μg IgG or anti-LIF antibody 

for 3 hours to allow the anti-LIF antibodies to bind. Then, the actual migration assay was 

done over 48 hours. All collected CM were used within 3 weeks of collection for transwell 

migration assays.

Isolation of peritoneal immune cells—4- to 6-week-old male NOD mice were used to 

collect the peritoneal immune cells using 4mL of ice-cold PBS supplemented with 3% FBS 

as described previously.75 The immune cells were centrifuged at 1500rpm for 8 min at 4°C. 

Cells were counted and subjected to transwell migration assays.

Transwell migration assay—To perform transwell migration assays using peritoneal 

immune cells, 500μl of CM was added to a 24-well plate with coverslip. A transwell 

insert (3μm pore size, Costar, #3415) was loaded with ~2.8×105 peritoneal immune cells 

in 100μl of medium (matching the medium used for CM production). Immune cells were 

allowed to migrate for 42 hours. Migrated lymphocytes (suspension cells) were counted 

using hematocytometer. Migrated adherent cells (macrophages) at the insert membrane were 

counted either after crystal violet staining on the membrane itself or on the glass coverslips 

after imaging with bright-field microscope. For crystal violet staining, membranes were 

stained as described previously.76
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Staining and sorting β-cells for RNA-seq—Following isolation of islets from 6-week-

old mice, islets were dispersed into single cells and β-cells were sorted for RNA-seq as 

previously described.25 Briefly, isolated islets were dispersed and stained with Ghost Dye 

Red 780 (Tonbo Biosciences) and anti-CD45 (BD Biosciences) antibodies. Next, cells were 

fixed with 4% paraformaldehyde (Electron Microscopy Sciences) and permeabilized with 

0.1% saponin (Sigma-Aldrich) according to manufacturer’s instructions before being stained 

with anti-insulin (R&D Systems) and anti-glucagon (BD Biosciences) antibodies. Β-cells 

were then sorted by using FACSAria II (BD Biosciences).

Bulk RNA-seq—Following sorting, fixed β-cells were processed using the RecoverAll 

Total Nucleic Acid Isolation kit (Ambion) until the protease digestion stage. Then, RNA 

was extracted using the RNeasy Micro Kit (Qiagen) including a column for elimination 

of genomic DNA. RNA concentration was determined using 2100 Bioanalyzer instrument 

(Agilent Technologies). RNA Integrity Number (RIN) was measured using Agilent RNA 

6000 Pico Kit (Agilent Technologies). The RNA integrity number (RIN) of samples ranged 

from 7.8 to 9.8. RIN > 8 was used in the experiments. RNA library is generated using the 

TruSeq Stranded Total RNA (Human/Mouse/Rat) (Illumina Inc). Cytoplasmic ribosomal 

RNA is removed from the sample using complementary probe sequences attached to 

magnetic beads. Subsequently, each mRNA sample is fragmented using divalent cations 

under elevated temperature and purified. First-strand cDNA synthesis is performed using 

SuperScriptII Reverse Transcriptase (Invitrogen) and random primers. Second strand cDNAs 

are synthesized using DNA Polymerase I and RNase H for removal of mRNA. Double-

stranded cDNA is purified using Agencourt AMPure XP beads (Qiagen) as recommended 

in the TruSeq RNA Sample Prep Guide. The blunt ended cDNA and the adapter-ligated 

products are purified using Agencourt AMPure XP beads. Quality and quantity of finished 

libraries are assessed using an Agilent DNA1000 series chip assay (Agilent Technologies) 

and Invitrogen Qubit HS cDNA Kit (Invitrogen), respectively. Cluster generation is 

performed using a TruSeq Paired End Cluster Kit (v4) and the Illumina cBot, with libraries 

multiplexed for 1×100bp sequencing using the TruSeq 250bp SBS kit (v4) on an Illumina 

HiSeq2500.

Single-cell RNA sequencing and differential gene expression (DGE) analysis
—Generation of single cell RNA sequencing data for Ire1αβ−/− mice was previously 

described.13 DGE analysis was performed by using Monocle v2.8.0.77

Single-cell RNA sequencing analysis from human donors—scRNA-seq analysis 

on β-cells from T1D and healthy human donors have been performed as described 

previously.68 Briefly, the scRNA-seq raw data from T1D and healthy donors’ datasets 

were obtained from HPAP (https://hpap.pmacs.upenn.edu/).44 The raw data pooled and 

normalized using SCtransform in the Seurat package in R. Cell types were assigned by 

Seurat clustering results according to the expression of pancreatic marker genes.78 Non-

supervised Uniform Manifold Approximation and Projection (UMAP) of the dataset to 

cluster cells with similar expression profiles have been applied.
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QUANTIFICATION AND STATISTICAL ANALYSIS

For all experiments, the statistical analyses, error bars, and number of biological replicates 

are described in the figure legends. A minimum of n = 3 or more biological replicates were 

used for all statistical analyses. Sample sizes were based on pilot experiments and previously 

published work.9,13 For quantification of IF images and insulitis scoring, each sample was 

blinded for data analysis to prevent bias. Data are represented as mean ± SEM and were 

represented and analyzed in GraphPad Prism (GraphPad Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Context and Significance

Type 1 diabetes (T1D) develops when the body’s own immune system kills the insulin-

producing pancreatic β-cells. The adaptive mechanisms that can enhance β-cell survival 

during autoimmune progression remain unclear. Lee et al. from the University of 

Wisconsin-Madison show that deletion of the unfolded protein response (UPR) genes, 

ATF6 or IRE1α, in β-cells of a type 1 diabetes (T1D) mouse model before immune cell 

invasion triggers early senescence leading to changes in β-cell secretome and recruitment 

of M2 macrophages to pancreatic islets. M2 macrophages mediate anti-inflammatory 

responses and immune surveillance that promote clearance of terminally senesced 

β-cells, reduction of β-cell inflammation, and protection against T1D. These results 

uncover a novel link between the UPR and senescence and suggest that stress-induced 

adaptive mechanisms may be utilized as a potential preventive strategy for T1D in at-risk 

individuals.
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Highlights

• ATF6 and IRE1α deletion in NOD β-cells before insulitis triggers early 

senescence

• p21-mediated secretome induces recruitment of M2 macrophages to the islets

• ATF6 and IRE1α deficiency reduces terminal β-cell senescence and diabetes 

incidence

• Early senescence signature is conserved in residual β-cells of T1D patients
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Figure 1. Atf6 deletion in NOD β-cells protects against T1D
(A) Schematic representation of Atf6 deletion.

(B) Insulin and ATF6 co-staining in pancreatic sections from 4–5-week-old Atf6fl/fl and 

Atf6β−/− mice.

(C) RT-qPCR of Atf6 in the islets of 6-week-old Atf6fl/fl and Atf6β−/− mice (n=3/group).

(D and E) (D) Blood glucose measurements and (E) diabetes progression in mice. Blue line 

denotes 250 mg/dL.
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(F) Representative images of insulin, glucagon, and DAPI co-staining of pancreatic sections 

of 10-week-old Atf6fl/fl (n=8) and Atf6β−/− (n=5) mice.

(G) Quantification of insulin RFI.

(H) Serum insulin of 13-week-old mice (n=4–5/group).

(I) Quantification of mean islet area (75–100 islets/animal).

(J and K) (J) Representative images and (K) quantification of insulin, Ki67, and DAPI 

co-staining (n=5/group).

(L and M) (L) Representative dot plots of Annexin V and PI co-staining of the islets from 

19-weekold Atf6fl/fl (n=3) and Atf6β−/− (n=5) mice and (M) quantification of apoptotic cells.

(N) Representative H&E images.

(O and P) (O) Percent islet infiltration in 10-week-old Atf6fl/fl (n=6) and Atf6β−/− (n=5) 

mice and (P) percent intact islets.

(Q-S) Immunophenotyping of (Q) pancreas, (R) spleen and (S) PLN of 12-week-old Atf6fl/fl 

(n=6) and Atf6β−/− (n=4) mice. Scale bars: 20μm. RFI, relative fluorescence intensity; w, 

weeks; ns, not significant; PLN, pancreatic lymph node. Data are represented as mean ± 

SEM. *p<0.05, **p<0.01. Unpaired, two-tailed t-tests ([C], [G]-[I], [K], [M], [P]-[S]) and 

Kaplan-Meier estimate [E].
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Figure 2. Atf6β−/− and Ire1αβ−/− mice exhibit p21-mediated early senescence
(A-F) (A-C) Expression of genes in the p53/p21 signaling, antioxidant, and DDR pathways 

from RNA-seq of sorted β-cells from 6-week-old Atf6β−/− mice and (D-F) scRNA-seq of 

islets from 5week-old Ire1αβ−/− mice, compared to control mice.

(G-J) Insulin, p21, and DAPI co-staining and quantification in pancreatic sections from 

(G and H) Atf6fl/fl
, Atf6β−/− (n=6/time point), and Ins2CreERT/+ (n=3) mice, and (I and J) 

Ire1αfl/fl and Ire1αβ−/− mice (n=5/time point) at indicated time points.
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(K-N) Insulin, γ-H2AX, and DAPI co-staining and quantification in pancreatic sections 

from (K and L) Atf6fl/fl, Atf6β−/− (n=6/time point), and Ins2CreERT/+ (n=3) mice, and (M 

and N) Ire1αfl/fl and Ire1αβ−/− mice (n=5/time point) at indicated time points.

(O) Representative histograms of DAPI staining.

(P and Q) Cell cycle analysis of islet cells from 6-week-old (P) Atf6fl/fl and Atf6β−/− 

(n=5/group) mice and (Q) Ire1αfl/fl and Ire1αβ−/− mice (n=4/group). Scale bars: 20μm. 

FC, fold change; w, weeks; ns, not significant. Data are represented as mean ± SEM. 

**p<0.01, ***p<0.001, ****p<0.0001. Unpaired, two-tailed t-tests ([H], [J], [L], [N], [P], 

[Q]). FDR<0.05.
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Figure 3. ATF6 and IRE1α/XBP1 differentially regulate p21
(A) Identification of CRE element at Cdkn1a promoter of human, mouse, and rat.

(B-D) (B) Cdkn1a mRNA levels following 8 hours and (C and D) p21 protein levels 

following 16 hours in INS1 832/3 cells treated with 2μg/ml tunicamycin (Tun), 15μM 

Ceapin-A7 and 1μM CREB inhibitor (CREBi), 666–15.

(E-G) (E) mRNA levels of canonical CREB targets and Cdkn1a, and (F and G) p21 protein 

levels in INS1 832/3 cells following 20μM forskolin treatment for 6 hours.

(H) Model for regulation of Cdkn1a expression.
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(I and J) (I) Representative blot and (J) quantification of EMSA of Cdkn1a promoter oligo 

following incubation with nuclear extracts from transfected and treated INS1 832/3 cells as 

depicted.

(K) pCREB ChIP-qPCR for Cdkn1a promoter in INS1 832/2 cells transfected with empty 

vector, CA-ATF6, or GFP and treated with 20μM forskolin for 6 hours (n=2 independent 

experiments).

(L) Identification of UPRE element at Cdkn1a promoter of human, mouse, and rat.

(M) Representative image of IP of sXBP1 in INS1 832/3 cells.

(N and O) sXBP1 and IgG ChIP-qPCR for Cdkn1a promoter (n=2 independent 

experiments). Ns, not significant. Data are represented as mean ± SEM. *p<0.05, **p<0.01, 

***p<0.001. Unpaired, two-tailed t-tests ([E], [G]) and one-way ANOVA followed by 

Tukey’s post-hoc pair-wise comparisons ([B], [D], [J]).
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Figure 4. M2 macrophage recruitment to the islets of UPR-deficient mice
(A) Comparison of PASP genes using RNA-seq datasets from Atf6β−/−, Ire1αβ−/− mice, and 

a published gene set from MEF cells.

(B) Correlation of PASP genes between Atf6β−/− and Ire1αβ−/− mice.

(C and D) mRNA levels of macrophage attractants in (C) Atf6β−/− and (D) Ire1αβ−/− β-cells 

based on RNA-seq analysis.
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(E-H) (E and G) Representative images and (F and H) quantification of Arginase1, insulin, 

and DAPI co-staining in pancreatic sections from 5- and 10-week-old Atf6fl/fl (n=5) and 

Atf6β−/− (n=6) mice, and 5- and 12-week-old Ire1αfl/fl and Ire1αβ−/− mice (n=5/group).

(I-L) Quantification of M1/M2 macrophages via flow cytometry in (I and K) PLN and (J and 

L) pancreas from 5-week-old Atf6fl/fl and Atf6β−/− (n=5/group) and Ire1αfl/fl and Ire1αβ−/− 

mice (n=4/group).

(M and N) Quantification of Arginase1, insulin, and DAPI co-staining in pancreatic sections 

from 5-week-old (M) Atf6β−/− (n=5/group) and (N) Ire1αβ−/− mice (n=4/group) following 

shScramble or shCdkn1a transduction.

(O) Quantification of migrated macrophages in the presence of CM from NIT1 cells that 

were incubated with α-LIF or control IgG.

(P and Q) Quantification of Arginase1, insulin, and DAPI co-staining following LIF 

neutralization from 5-week-old (P) Atf6β−/− (n=5/group) and (Q) Ire1αβ−/− mice (n=3 for 

IgG, n=4 for α-LIF).

(R and S) (R) Representative western blot image and (S) quantification of LIF expression 

in NIT1 cells. Scale bars: 20μm. CM, conditioned media; PLN, pancreatic lymph node; 

w, weeks; ns, not significant. Data are represented as mean ± SEM. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. FDR<0.05. Unpaired, two-tailed t-tests ([F],[H-N],[P-Q]) and 

one-way ANOVA followed by Tukey’s post-hoc pair-wise comparisons ([O], [S]).
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Figure 5. β-Cells of Atf6β−/− and Ire1αβ−/− mice exhibit significantly less terminal senescence
(A-C) Cell cycle analysis of islet cells from (A) 12- and (B) 16-week-old Atf6fl/fl and 

Atf6β−/− mice (n=3–4/group), and (C) 16-week-old Ire1αfl/fl (n=4) and Ire1αβ−/− (n=3) mice 

by flow cytometry.

(D and E) (D) Representative histogram of C12FDG staining and (E) its quantification in 

islets from 5- and 20-week-old Atf6fl/fl and Atf6β−/− mice (n=5/group/time point).

(F and G) (F) Representative histogram of C12FDG staining and (G) its quantification in 

islets from 20-week-old Ire1αfl/fl and Ire1αβ−/− mice (n=4/group).

(H and I) (H) Representative histogram of cell size and (I) its quantification in islets from 5- 

and 20-week-old Atf6fl/fl and Atf6β−/− mice.

(J and K) (J) Representative histogram of cell size and (K) its quantification 

in islets from 20-week-old Ire1αfl/fl and Ire1αβ−/− mice (n=4/group). C12FDG, 5-

Dodecanoylaminofluorescein Di-β-D-Galactopyranoside; w, weeks; ns, not significant. Data 

are represented as mean ± SEM. *p<0.05, **p<0.01. Unpaired, two-tailed t-tests ([A], [B], 

[C], [E], [G], [I], [K]).
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Figure 6. Early senescence signature of UPR-deficient mice is preserved in residual β-cells of 
T1D donors
(A and B) qPCR analysis of PASP gene expression in (A) EndoC-βH1 cells, following 2.5 

μg/mL tunicamycin and 15μM Ceapin-A7 treatments for 72 hours, and (B) islets obtained 

from healthy donors following 0.25μg/ml tunicamycin, 15μM Ceapin-A7, and 50μM 4μ8C 

treatments for 72 hours (n=3 male donors).

(C-F) Log expression analysis of (C) p53/p21 signaling pathway, (D) antioxidant response, 

(E) DDR, and (F) PASP genes in individuals with no-diabetes (ND) (n=5) and T1D (n=6). 

Expression is normalized read counts. ns, not significant. Data are represented as means 
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± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. One-way ANOVA followed by 

Tukey’s post-hoc pair-wise comparisons ([A], [B]) and Wilcoxon–Mann–Whitney test ([C], 

[D], [E], [F]).
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Guinea pig anti-insulin (1:200) Linco Research Cat# 4011-01; RRID: AB_433702

Rabbit polyclonal anti-glucagon (1:100) Cell Signaling Technology Cat# 2760S; RRID: AB_659831

Rabbit monoclonal anti-Ki67 (1:100) Cell Signaling Technology Cat# 9129; RRID: AB_2687446

Goat anti-Guinea Pig IgG (H+L) Highly CrossAdsorbed Secondary 
Antibody, Alexa Fluor 488 (1:200)

ThermoFisher Cat# A-11073; RRID: AB_2534117

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 568 (1:200)

ThermoFisher Cat# A-11036; RRID: AB_10563566

TruStain FcX (anti-mouse CD16/32) (1:10) Biolegend Cat# 101319; RRID: AB_1574973

Brilliant Violet 421 anti-mouse CD3 (1:100) Biolegend Cat# 100228; RRID: AB_2562553

FITC anti-mouse/human CD11b (1:100) Biolegend Cat# 101205; RRID: AB_312788

Brilliant Violet 785 anti-mouse CD45 (1:100) Biolegend Cat# 103149; RRID: AB_2564590

APC anti-mouse F4/80 (1:100) Biolegend Cat# 123116; RRID: AB_893481

PerCP/Cyanine5.5 anti-mouse Ly-6G/Ly-6C (Gr1) (1:100) Biolegend Cat# 108427; RRID: AB_893561

Brilliant Violet 421 anti-mouse CD45 (1:100) Biolegend Cat# 103134; RRID: AB_2562559

Brilliant Violet 785 anti-mouse CD8a (1:100) Biolegend Cat# 100749; RRID: AB_11218801

FITC anti-mouse CD4 (1:100) Biolegend Cat# 100510; RRID: AB_312713

PerCP/Cyanine5.5 anti-mouse/human CD11b (1:100) Biolegend Cat# 101228; RRID: AB_893232

PE anti-mouse CD25 (1:100) Biolegend Cat# 101903; RRID: AB_312846

PE/Dazzle 594 anti-mouse CD19 (1:100) Biolegend Cat# 115553; RRID: AB_2564000

PE anti-mouse FOXP3 (1:100) Biolegend Cat# 126404; RRID: AB_1089117

PE anti-mouse CD4 (1:100) Biolegend Cat# 116005; RRID: AB_313690

FITC anti-mouse CD8a (1:100) Biolegend Cat# 100705; RRID: AB_312744

PE anti-mouse CD11c (1:100) Biolegend Cat# 117307; RRID: AB_313776

FITC anti-mouse CD206 (1:100) Biolegend Cat# 141703; RRID: AB_10900988

Anti-mouse LIF (1:100) R&D Systems Cat# AF449; RRID: AB_2136095

Normal goat IgG control (1:100) R&D Systems Cat# AB-108-C; RRID: AB_354267

Goat anti-ATF6 (1:50) Santa Cruz Cat# SC22799; RRID: AB_2242950

Rabbit anti-p21 (1:100) Abcam Cat# ab188224; RRID: AB_2734729

Rabbit anti-phosphohistone H2A.X (1:100) Cell Signaling Cat# 9718S; RRID: AB_2118009

BV421 anti-mouse glucagon (1:100) BD Cat# 565891; RRID: AB_2739385

APC anti-mouse insulin (1:100) R&D Systems Cat# IC1417A; RRID: AB_2126535

Mouse anti-pCREB1 (1:200) Santa Cruz Cat# sc-81486; RRID: AB_1125727

Rabbit anti-CREB (1:1000) Millipore Cat# 06-863; RRID: AB_310268

Mouse anti-p21 (1:200) Santa Cruz Cat# sc-53870; RRID: AB_785026

Mouse anti-β-actin HRP (1:2500) Santa Cruz Cat# sc-47778; RRID: AB_626632

Rabbit anti-Arginase1 (1:100) Cell Signaling Cat# 93668; RRID: AB_2800207

Rabbit anti-NRF2 (1:1000) Cell Signaling Cat# 12721; RRID: AB_2715528
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Rabbit anti-Cleaved Caspase-3 (1:1000) Cell Signaling Cat# 9661; RRID: AB_2341188

Anti-rabbit IgG, HRP-linked Antibody (1:2500) Cell Signaling Cat# 7074; RRID: AB_2099233

Anti-mouse IgG, HRP-linked Antibody (1:3000) Cell Signaling Cat# 7076; RRID: AB_330924

Rabbit IgG control (1:7000) Cell Signaling Cat# 3900; RRID: AB_1550038

Rabbit anti-sXBP1 (1:200) Cell Signaling Cat# 82914

Mouse anti-GFP (1:100) Santa Cruz Cat# sc-9996; RRID: AB_627695

Bacterial and virus strains

AAV8-RIP-GFP-shCdkn1a VectorBuilder Vector ID: VB220330-1271yha

AAV8-CMV-GFP-shScramble VectorBuilder Vector ID: VB010000-9397wgw

Biological samples

Mouse islets and pancreatic sections In house procedure For information contact Feyza Engin

Human donor islets Integrated Islet Distribution 
Program

See Table S2

Chemicals, peptides, and recombinant proteins

Collagenase Sigma Cat# C7657

Histopaque (1.077 g/mL) Sigma Cat# 10771

Ghost Dye Red 780 Tonbo Biosciences Cat# 13-0865

Accutase Innovative Cell Technologies Cat# AT-104

Vibrance antifade mounting medium with DAPI Vector Laboratories Cat# H-1800

Tamoxifen Sigma Cat# T5648

ACK lysing buffer ThermoFisher Cat# A1049201

Power SYBR Green PCR Master Mix ThermoFisher Cat# 4367659

Fetal bovine serum ThermoFisher Cat# F0926

Bovine serum albumin Sigma Cat# A7888

Normal goat serum ThermoFisher Cat# 50413254

Tunicamycin Sigma Cat# T7765

Ceapin-A7 Sigma Cat# SML2330

Forskolin Cayman Cat# 11018

UC2288 Sigma Cat# 532813

666-15 MedChem Cat# HY-101120

4μ8C Sigma Cat# SML0949

C12FDG Cayman Cat# 25583

DAPI Biolegend Cat# 422801

RNasin ribonuclease inhibitor Promega Cat# N2615

SuperSignal West Pico Plus ThermoFisher Cat# 34577

SuperScript II Reverse Transcriptase ThermoFisher Cat# 18064014

TRIzol Reagent ThermoFisher Cat# 15596026

Protease inhibitor cocktail Sigma Cat# P8340
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RNase A ThermoFisher Cat# EN0531

Proteinase K ThermoFisher Cat# EO0491

Lipofectamine 2000 ThermoFisher Cat# 11668019

Critical commercial assays

Mouse Ultrasensitive Insulin ELISA Alpco Cat# 80-INSMSU-E01

High-Capacity cDNA Reverse Transcription Kit with RNase 
Inhibitor

ThermoFisher Cat# 4374966

Agilent RNA 6000 Nano Kit Agilent Cat# 5067-1511

Agilent DNA 1000 Kit Agilent Cat# 5067-1504

Qubit RNA HS Assay Kit ThermoFisher Cat# Q32852

TruSeq Stranded Total RNA (Human/Mouse/Rat) Illumina Cat# 20020597

Qubit dsDNA HS Assay Kit ThermoFisher Cat# Q32851

RNeasy Plus Mini Kit Qiagen Cat# 74134

FITC Annexin V Apoptosis Detection Kit with PI Biolegend Cat# 640914

Mouse CXCL14 ELISA Kit RayBiotech Cat# ELM-CXCL14

RNeasy Micro Kit Qiagen Cat# 74004

RecoverAll Total Nucleic Acid Isolation Kit Invitrogen Cat# AM1975

TURBO DNA-free Kit Invitrogen Cat# AM1907

Nuclear Extraction Kit Cayman Cat# 10009277

BCA Protein Assay Kit ThermoFisher Cat# 23227

Deposited data

Single cell Ire1α RNA-seq data Lee et al., 2020 GEO: GSE144471

Sorted β-cell Atf6 RNA-seq data This paper GEO: GSE239947

Single cell RNA-seq data The Human Pancreas Analysis 
Program - HPAP

HPAP-019

Single cell RNA-seq data The Human Pancreas Analysis 
Program – HPAP

HPAP-022

Single cell RNA-seq data The Human Pancreas Analysis 
Program – HPAP

HPAP-024

Single cell RNA-seq data The Human Pancreas Analysis 
Program – HPAP

HPAP-026

Single cell RNA-seq data The Human Pancreas Analysis 
Program – HPAP

HPAP-029

Single cell RNA-seq data The Human Pancreas Analysis 
Program – HPAP

HPAP-020

Single cell RNA-seq data The Human Pancreas Analysis 
Program – HPAP

HPAP-021

Single cell RNA-seq data The Human Pancreas Analysis 
Program – HPAP

HPAP-023

Single cell RNA-seq data The Human Pancreas Analysis 
Program – HPAP

HPAP-028

Single cell RNA-seq data The Human Pancreas Analysis 
Program – HPAP

HPAP-032
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Single cell RNA-seq data The Human Pancreas Analysis 
Program - HPAP

HPAP-055

Experimental models: Cell lines

INS1 823/3 Hohmeier et al., 2000 RRID: CVCL_ZL55

NIT1 ATCC Cat# CRL-2055

EndoC-βH1 Ravassard et al., 2011 RRID: CVCL_L909

Experimental models: Organisms/strains

Mouse: NOD Tg(Ins2-cre/ERT)1Dam/J Lee et al., 2020 N/A

Mouse: NOD Ire1αfl/fl Lee et al., 2020 N/A

Mouse: Atf6fl/fl Engin et al., 2013 N/A

Mouse: NOD Atf6fl/fl This paper N/A

Oligonucleotides

Primers for qPCR, see Table S4 Integrated DNA Technologies N/A

EMSA CRE oligo: GTCAGTCAGATGACGTCATATCGGTCAG Integrated DNA Technologies N/A

EMSA Cdkn1a oligo: 
GTCAGTCAGATGACGTCATATCGGTCAG

Integrated DNA Technologies N/A

EMSA mutant Cdkn1a oligo: 
CCTGGGCTCATCGGGTACGGTTTTGTGGCC

Integrated DNA Technologies N/A

Primer: ChIP Cdkn1a:
F: GGCTCATCGTGACGTGTTT
R: CAAGGAGTGGTGAGTCAGTTTC

Integrated DNA Technologies N/A

Primer: ChIP Cdkn1a 3’ UTR:
F: GAAGGGAACGGGTACACAGG
R: ACACACACAGGGATGCTCTG

Integrated DNA Technologies N/A

Primer: ChIP Hspa5:
F: GTCCAGGCTGGTGTCCTCTC
R: GATTATCGGAAGCCGTGGAG

Integrated DNA Technologies N/A

Recombinant DNA

Plasmid: CMV-GFP Laboratory of Judith Simcox N/A

Plasmid: 3XFlag-CA-Atf6 This paper N/A

Plasmid: CA-Atf6 This paper N/A

Software and algorithms

GraphPad Prism v8-10 GraphPad Software https://www.graphpad.com/

Fiji Schindelin et al., 2012 https://imagej.net/software/fiji/
downloads

FlowJo v10 FlowJo, LLC https://www.flowjo.com

FACSDiva v3.0 BD Biosciences N/A

Monocle v2.8.0 Qiu et al., 2017 https://cole-trapnell-lab.github.io/
monocle-release/

Seurat V3 Stuart et al., 2019 https://satijalab.org/

R v3.5.2 RCore Team, R Foundation for 
Statistical Computing

https://www.r-project.org/
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NIS-Elements Nikon N/A

Other

LSRFortessa X-20 BD Biosciences N/A

Attune NxT Flow Cytometer Invitrogen N/A

A1R+ Confocal Nikon N/A

STORM/TIRF/epifluorescence Microscope Nikon N/A

HiSeq 2500 System Illumina N/A

Countess II Automated Cell Counter ThermoFisher Cat# A27977

CONTOUR Next glucometer Ascensia N/A

CONTOUR Next test strips Ascensia N/A

Typhoon FLA 9500 GE N/A
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