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Introduction
Type 1 diabetes (T1D) is a disorder of glucose homeostasis that 
results from the autoimmune destruction of insulin-producing 
islet β cells. The importance of the immune system in initiating 
the early phases of T1D is emphasized in recent clinical studies 
showing that blockade of the T cell receptor reduces β cell stress 
and delays the development of T1D (1–3). These and related pre-
clinical studies have collectively served as an impetus to shift ther-
apeutic emphasis toward disease modification and prevention 
(4, 5). Molecular alterations in β cells, genetically predetermined 
and/or initiated by environmental insults, may contribute to early 
disease pathogenesis by transmitting signals that initiate and/or 
amplify the autoimmune assault (6, 7). Environmental insults that 

can trigger β cell dysfunction and T1D in individuals with genetic 
predispositions include, among others, viral infections, systemic 
inflammation, and dietary factors that all alter immune tolerance 
(8). As a response to these insults, various stress response mech-
anisms, such as the unfolded protein response (UPR), integrated 
stress response (ISR), autophagy, antioxidant response, and pro-
teasomal degradation, are employed by β cells in an attempt to 
maintain cellular homeostasis (9).

The ISR is an evolutionarily conserved adaptive response used 
to mitigate cellular stress by reducing protein production burden, 
enhancing the expression of stress-response genes such as chaper-
ones, and inducing the degradation of misfolded proteins (10). As 
part of the ISR, 4 kinases act as sensors of distinct stress signals: 
PKR (induced by viral infections), PKR-like ER kinase (PERK) 
(induced by UPR), GCN2 (induced by nutrient deprivation), and 
HRI (induced by Heme deprivation). When activated, each kinase 
phosphorylates eukaryotic translation initiation factor-2α (eIF2α) 
(11), which results in sequestration of initiation factor complex 
eIF2B. This sequestration suppresses the translation initiation of 
capped mRNAs while facilitating the alternative translation of 
“privileged” mRNAs that serve to combat stress and promote cell 
survival (12, 13). The translationally repressed mRNAs and their 
associated proteins aggregate to form nonmembranous bodies 
known as stress granules, where they reside until either disassem-
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tal Figure 1, A and B; supplemental material available online with 
this article; https://doi.org/10.1172/JCI176136DS1); further stud-
ies were therefore focused on NOD mice before 10 weeks of age. 
Because male NOD mice develop diabetes at a lower frequency 
than females, we compared the relative p-eIF2α immunostaining 
in males and females at 8 weeks of age, but observed no differ-
ences (Supplemental Figure 1, C and D). This finding suggests that 
activation of the ISR at this early age does not account for differ-
ences in diabetes incidence between the sexes.

To assess the relative activity of the ISR in NOD mice com-
pared with controls, islets and tissues from 8-week-old female 
NOD mice were compared with age- and sex-matched, diabe-
tes-resistant CD1 and NSG (NOD-scid IL-2R-γ-null) mice. NSG 
mice share the genetic background of the NOD mice, but lack a 
functional immune system and, therefore, do not develop diabetes. 
Immunoblotting of isolated islets showed significantly increased 
p-eIF2α levels in NOD and NSG islets compared with CD1 islets 
(Figure 1, E and F). Because islets from immunodeficient NSG 
mice also show an increase in p-eIF2α levels, this finding empha-
sizes that activation of the ISR is a feature of islets on the NOD 
genetic background independent of the immune system. To con-
firm ISR activation in β cells, we performed immunofluorescence 
staining for p-eIF2α in tissues from 8-week-old mice. Both NOD 
and NSG mice showed an increase in p-eIF2α immunostaining 
compared with CD1 controls (Figure 1, G and H), although statis-
tical significance was seen only for the NSG mice. Together, these 
data suggest that the ISR in β cells is activated before the onset of 
overt hyperglycemia and may be a feature that is independent of 
the immune system in T1D-prone NOD mice.

The ISR induces global mRNA translational initiation blockade. 
The phosphorylation of eIF2α during the ISR leads to sequestra-
tion of the translation initiation factor eIF2B, suppressing mRNA 
translation initiation (for a review see ref. 27) and thereby reduc-
ing protein synthesis. To assess the effects of ISR on protein syn-
thesis, we performed surface sensing of translation (SUnSET) (28) 
on isolated islets from 8-week-old CD1, NSG, and NOD mice. 
Incorporation of puromycin into elongating polypeptide chains, 
followed by immunoblotting with antipuromycin antibodies, 
allows for assessment of mRNA translation. Consistent with the 
activation of the ISR, we observed reduced puromycin incorpora-
tion into proteins of NSG and NOD islets, suggesting that global 
mRNA translation is reduced in prediabetic stages (Figure 1, I and 
J). ISR activation can be mediated by any 1 or more of the 4 kinas-
es—PERK, PKR, GCN2, and HRI. Based on our observed increase 
in UPR in NOD islets over time (Figure 1, A–D), we surmised that 
PERK may be the relevant activated kinase in NOD islets. Immu-
noblot analysis demonstrated an increased trend in phosphorylat-
ed PERK (p-PERK) in islets of both NSG and NOD mice compared 
with CD1 controls, implicating PERK as the ISR kinase (Figure 1, 
K and L). We next performed SUnSET using mouse MIN6 β cells 
treated with proinflammatory cytokines (IFN-γ+IL-1β+TNF-α) to 
induce a state mimicking β cell ER stress seen in T1D (29). Like 
NOD islets, we observed reduced puromycin incorporation into 
proteins of proinflammatory cytokine-treated cells compared with 
vehicle control (Figure 1M). To directly correlate the block in pro-
tein synthesis with the activity of the ISR, we utilized 2 inhibitors 
of the ISR. HC-5770 is a highly specific inhibitor of PERK (previ-

bly (post stress) or removal by autophagy (persistent stress) (14). 
The adaptive nature of the ISR during embryogenesis is exempli-
fied by Wolcott-Rallison syndrome, a human disorder in which 
homozygous loss-of-function mutations in the gene encoding 
PERK (EIF2AK3) result in neonatal diabetes (15); this phenotype 
is mirrored in Eif2ak3–/– mice (16). However, the ISR may also 
become maladaptive, particularly in the context of disease, and 
thereby exacerbate disease pathogenesis. For example, hetero-
zygous deletion of Eif2ak3 in Akita mutant mice (which develop  
β cell loss and diabetes owing to a mutation in proinsulin that crip-
ples its folding) significantly delays diabetes onset, a phenotype 
replicated by use of low-dose PERK inhibitors in these mice (17).

Whereas a maladaptive role for the β cell ISR during autoim-
mune T1D pathogenesis remains speculative, recent studies have 
shown the dysregulation of ISR genes in pancreatic tissue sections 
from donors with T1D and pre-T1D (18). The ISR kinase PERK is 
activated as 1 of 3 branches of the UPR. The roles of the other 2 
UPR branches (ATF6 and IRE1α) have been studied in the context 
of T1D (19–21). Given the developmentally essential role of PERK 
in both the exocrine pancreas and β cell (16, 22, 23), it remains 
unknown whether and how PERK activity might contribute to the 
pathogenesis of T1D. We hypothesized that prolonged activation of 
PERK contributes to β cell dysfunction and maintenance of auto-
immunity in T1D. In this study, we utilized a small molecule kinase 
inhibitor of PERK to define the molecular effects of the ISR and its 
role in mouse and human T1D pathogenesis. Our findings provide 
evidence that the ISR, via PERK, governs a molecular response that 
increases susceptibility of β cells to autoimmune attack and pro-
vides an alternative approach to intervening during the early stages 
of T1D to promote disease prevention and modification.

Results
The ISR is activated in β cells of prediabetic NOD mice and humans. 
ER stress in β cells has been implicated in promoting T1D patho-
genesis (24). In response to ER stress, the β cell activates the 
UPR, in part to reduce protein load and recover ER homeostasis. 
To assess UPR activation in islets in the pre-T1D period, we first 
reanalyzed a publicly available single-cell RNA-Seq (scRNA-Seq) 
data set (25) of pancreatic islets isolated from female NOD mice 
during the prediabetic period (4, 8, and 15 weeks of age) (Figure 
1A). Because the data set was enriched for immune cell popula-
tions, our analysis focused on the endocrine cell subset (mainly 
composed of β cells) without stratifying individual cell types. Gene 
set enrichment analysis (GSEA) revealed a gradual enrichment of 
genes of the UPR with advancing age in the endocrine cell pop-
ulation (Figure 1B). To specifically assess β cells, we reanalyzed 
a different publicly available scRNA-Seq data set (26) of islets 
from prediabetic female NOD mice (8, 14, and 16 weeks of age) 
(Figure 1C). Similarly to our observation with the endocrine cell 
population, GSEA showed an enrichment of the UPR over time in  
β cells (Figure 1D). Because the UPR includes a molecular arm 
(via PERK) that activates the ISR, we next probed for a hallmark 
feature of the ISR, phosphorylated (Ser51)-eIF2α (p-eIF2α) in pan-
creatic tissue of female NOD mice between 6 and 12 weeks of age. 
Although it did not reach statistical significance, relatively higher 
p-eIF2α immunostaining in β cells was observed in 6- and 8-week-
old mice compared with 10- and 12-week-old mice (Supplemen-
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Figure 1. The UPR and ISR are active in prediabetic NOD mice and proinflammatory cytokine–treated human islets. (A) UMAP embeddings of a reanalysis of 
scRNA-Seq of islets from female NOD mice. (B) GSEA of the endocrine cell population identified in A for UPR. (C) UMAP embeddings of a reanalysis of scRNA-Seq 
of islets from female NOD mice. (D) GSEA of the β cell population identified in C for UPR. (E) Representative immunoblot of p-eIF2α and total eIF2α; n = 3 biologi-
cal replicates. (F) Quantification of the immunoblots in E (ANOVA). (G) Representative images of pancreas immunostained as indicated. Scale bars: 50 μm. Dotted 
lines indicate islets. (H) Quantification of the images in G; each dot represents an islet from n = 3 mice (distinguished by color), with mean values of each mouse 
shown (ANOVA of means). (I) Representative puromycin immunoblot image (left panel) and corresponding total protein stain (right panel) from islets of 8-week-
old female mouse islets. (J) Quantification of the puromycin intensity normalized to total protein stain from I; n = 3 (each replicate represents pooled islets from 
3–4 mice) (ANOVA). (K) Representative immunoblot of p-PERK and total PERK from islets of 8-week-old female mice. (L) Quantification of the immunoblot for 
p-PERK normalized to total PERK from n = 4 (each replicate represents pooled islets from 3–4 mice). (M) Representative puromycin incorporation immunoblot 
(left panel) and corresponding total protein stain (right panel) from MIN6 cells treated as indicated. (N) Quantification of the puromycin intensity normalized to 
total protein stain from L; n = 3 independent experiments (RM-ANOVA). PIC, proinflammatory cytokine. (O) Polyribosomal profiling traces of human islets treated 
as indicated. Data are represented as mean ± SEM.
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mental Figure 2B). A second PK experiment in NOD mice followed 
a single oral administration of HC-5770 at 1 and 10 mg/kg and con-
firmed nearly identical exposure and clearance between NOD and 
BALB/c mouse strains (Supplemental Figure 2C).

The PD effect of HC-5770 on p-PERK (T980) was evaluated 
in mouse pancreas. Whole-protein lysates from mouse pancre-
ata isolated from BALB/c mice following single administration 
of HC-5770 at doses ranging from 0.3 to 30 mg/kg, as described 
above. At 10 and 30 mg/kg, HC-5770 achieved approximately 
75% inhibition 1 hour after dose, whereas doses ranging from 0.3 
to 3 mg/kg induced moderate effects on p-PERK/PERK levels 
that were sustained past 4 hours following administration (Sup-
plemental Figure 2D). We next sought to evaluate the impact of 
PERK inhibition on insulitis by treating prediabetic NOD mice 
with HC-5770 at doses ranging from 0.3 to 30 mg/kg (twice daily) 
for 2 weeks. Following the treatment period, mouse pancreas sec-
tions were stained and scored for the level of islet immune infil-
tration (insulitis). HC-5770 decreased insulitis at all doses tested, 
with the greatest response noted at doses of 1 mg/kg and above 
(Supplemental Figure 2E). As complete and sustained PERK inhi-
bition has previously been associated with pancreatic degenera-
tion and dysfunction (35), we reasoned that the lowest efficacious 
doses should be selected for continued investigation in vivo and 
selected 0.3, 1, and 3 mg/kg twice daily as reasonable doses to 
advance. Flexibility in the dosing regimen was then evaluated by 
assessing the insulitis response in animals treated twice daily ver-
sus once daily with HC-5770. NOD mice were treated either twice 
daily at 0.3, 1, and 3 mg/kg or once daily at 0.6, 2, and 6 mg/kg 
HC-5770 for 2 weeks. The once-daily dosing schedules resulted 
in effects similar to those of twice-daily dosing on insulitis, signifi-
cantly inhibiting insulitis at all doses tested (Supplemental Figure 
2F). Based on these findings, once-daily doses ranging from 0.6 
to 6 mg/kg (QD) were selected for continued evaluation in vivo.

Systemic inhibition of PERK delays autoimmune diabetes devel-
opment in NOD mice. We hypothesized that the β cell translational 
blockade induced by the ISR in the prediabetic state is maladaptive 
and contributes to the development of T1D. To test this hypothesis, 
we treated female NOD mice with HC-5770 for 4 weeks during the 
prediabetic stage when the ISR is active (6 to 10 weeks of age) and 
monitored for subsequent diabetes development until 25 weeks 
of age (see schematic in Figure 2A). NOD mice were treated with 
either vehicle or 3 different doses of HC-5770 (0.6, 2, or 6 mg/kg 
per day). Approximately 60%, 53%, and 68% of the mice treated 

ously characterized as Cmpd26 in ref. 30), and ISRIB is a previous-
ly described inhibitor of the p-eIF2α/eIF2B interaction (31). Treat-
ment with 250 nM HC-5770 or 50 nM ISRIB partially reversed the 
block in protein synthesis induced by proinflammatory cytokines 
(Figure 1, M and N).

To interrogate the effects of the ISR on mRNA translation 
initiation, we performed polyribosome profiling (PRP) studies of 
total RNA from cadaveric human donor islets. PRP can distinguish 
global changes in mRNA translation initiation and elongation by 
assessment of the RNA sedimenting with polyribosomes versus 
monoribosomes (Figure 1O). Lower polysome sedimentation of 
RNA suggests a relative translation initiation blockade (32). Human 
islets treated with proinflammatory cytokines (IFN-γ+IL-1β) to 
mimic T1D inflammation (29) showed reduced association of RNA 
with polyribosomes (or translation initiation blockade) by PRP 
compared with control islets (Figure 1O). Concurrent treatment 
of human islets with either 250 nM HC-5770 or 50 nM ISRIB led 
to a recovery of the RNA sedimenting with polysomes, reversing 
the effects of proinflammatory cytokines (Figure 1O). Collectively, 
these data indicate that inflammation induces a translation-initia-
tion blockade, which is reversed upon inhibition of the ISR.

PK and PD assessment of the PERK inhibitor HC-5770. To eval-
uate the role of PERK in β cell dysfunction in vivo, we utilized the 
PERK inhibitor HC-5770. First, to ensure that HC-5770 does not 
cause a compensatory activation of GCN2 (as reported for other 
PERK inhibitors) (33), we performed a dose-ranging study in isolat-
ed CD1 mouse islets followed by immunoblotting for p-GCN2 and 
total GCN2. Between 8 and 1,000 nM concentrations of HC-5770, 
we observed no changes in p-GCN2 (Supplemental Figure 2A). 
To ensure that our antibody detects p-GCN2, we also performed 
immunoblotting of mouse embryonic fibroblasts (MEFs), which 
showed that 100 nM halofuginone (a GCN2-ISR activator) (34) 
robustly induces p-GCN2, while thapsigargin treatment suppresses 
it (Supplemental Figure 2A). Initial pharmacokinetic and pharma-
codynamic (PK/PD) analyses were performed to confirm in vivo 
PERK inhibition in mouse pancreas and to identify appropriate 
doses for further study. The first PK analysis of HC-5770 followed 
a single oral administration of HC-5770 at doses ranging from 0.3 
to 30 mg/kg in BALB/c mice, which revealed dose-proportionate 
increases in plasma exposure with a half-life of approximately 3 
hours (Table 1). The unbound fraction (Fu) in mouse plasma was 
determined in vitro to be 0.3%, which enabled us to calculate the 
free, unbound drug plasma exposure across time in vivo (Supple-

Table 1. PK analysis of HC-5770 in mouse plasma and pancreas

Plasma Pancreas
Dose (mpk) Cmax (ng/mL) Terminal t1/2 (h) AUClast (h × ng/mL) AUCINF (h × ng/mL) Cmax (ng/mL) Terminal t1/2 (h) AUClast (h × ng/mL) AUCINF (h × ng/mL)
0.3 306 2.8 1754 1761 91 3.5 479 535
1 1239 3 6830 6865 355 3.2 2170 2185
3 3838 2.9 26094 26245 1314 3 8547 8600
10 11072 3.4 103631 104712 3309 3.5 35828 36265
30 27920 5.3 321718 339265 9420 5 118125 123646

HC-5770 quantified by LC-MS/MS following single oral administration at doses ranging from 0.3 to 30 mg/kg in BALB/c mice (n = 5 mice/group/time 
point). AUClast, AUC from the time of dosing to the last measurable concentration; AUCINF, AUC from the time of dosing extrapolated to infinity. 
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with 0.6 mg/kg, 2 mg/kg, and 6 mg/kg of HC-5770, respective-
ly, remained diabetes free by 25 weeks of age, whereas only 10% 
of the vehicle-treated mice remained diabetes free (Figure 2B). 
These findings suggest an enduring effect of early PERK inhibitor 
treatment. Notably, the exocrine pancreas of mice treated with 
HC-5770 (6 mg/kg) showed no gross pathological evidence of pan-
creatitis (Figure 2C), unlike findings observed upon more complete 
and sustained inhibition with other PERK inhibitors (36). This 
observation is also supported by gross pancreas weights that were 
unaffected by 2 weeks of treatment with either the twice-daily or 
once-daily dosing regimens (Supplemental Figure 2G).

HC-5770 treatment engages molecular pathways related to PERK 
functions in β cells, reduces β cell death, and enhances β cell replication. 
To identify proximal molecular effects of PERK inhibition and its 
impact on the islet microenvironment, we next performed a short-
term, 2-week oral treatment of prediabetic NOD mice (beginning 
at 6 weeks of age) with differing doses of HC-5770 followed by 
assessment of glucose homeostasis, pancreas pathology, and islet 
single cell molecular analyses (see scheme in Figure 2D). Upon 
treatment at any of the HC-5770 doses, there was no statistical 
change in β cell mass (Figure 2, E and F) compared with controls. 
However, as noted previously, there was a significant decrease in 
insulitis in HC-5770–treated mice at all doses compared with vehi-
cle controls (Figure 2, G and H), a finding preceding the eventual 
protection of these mice from diabetes. To confirm that the PERK 
inhibition effect occurs via blockade of p-eIF2α function, we next 
utilized ISRIB (an inhibitor of the p-eIF2α/eIF2B interaction) in 
NOD mice. Six-week-old NOD mice were treated with 2 different 
doses of ISRIB (0.25 or 2.5 mg/kg) or vehicle by intraperitoneal 
injection for 2 weeks (see schematic in Figure 2I). Consistent with 
the effects of HC-5770, mice receiving ISRIB exhibited no effect 
on β cell mass (Figure 2, J and K) and a significant reduction in 
insulitis (Figure 2, L and M).

To determine the effect of HC-5770 on molecular pathways in 
the cells of the islet microenvironment, we performed scRNA-Seq 
of islets following 2-week oral treatment of NOD mice beginning 
at 6 weeks of age. For these studies, we employed HC-5770 at 6 
mg/kg, as the mice that received this dose in our diabetes outcome 
study had the lowest incidence of diabetes. We visualized cells 
based on expression profiles using uniform manifold approxima-
tion and projection (UMAP) for dimension reduction plots and 
identified clusters representing distinct pancreatic cell types (Fig-
ure 3A). The β, α, δ, PP, acinar, stellate, duct, T cells, B cells, and 
myeloid cell types were characterized based on expression of genes 
Ins1/2, Gcg, Sst, Ppy, Prss1, Col3a1, Krt19, Trbc2, Cd79a, H2-Eb1, 
respectively. Dot plots of the top 5 genes in each cell type confirm 
the correct identification of cell types (Supplemental Figure 3A).

To assess the engagement of molecular processes by HC-5770, 
we performed a pseudo-bulk analysis followed by Gene Ontology 
(GO) analysis. We found that cytoplasmic translation, leukocyte 
proliferation, digestion, protein stabilization, and protein ubiq-
uitination were among the top significantly regulated pathways in 
HC-5770–treated islets (Figure 3B). Furthermore, we performed 
GO analysis on β cell clusters (9 clusters). We found that cytoplas-
mic translation, protein folding, ER stress response, and antigen 
processing and presentation were among the top significantly reg-
ulated pathways in HC-5770–treated β cells (Supplemental Table 
1). Consistent with these findings, GSEA showed that β cells of 
HC-5770–treated mice downregulated genes in the UPR pathway 
relative to vehicle controls, as indicated by a normalized enrichment 
score (NES) of –7.24 (Figure 3C). Because the UPR pathway encom-
passes 3 distinct arms — PERK, IRE1α, and ATF6 — we analyzed the 
PERK pathway by GSEA (prioritizing the genes Atf4, Eif2s1, Eif2ak3, 
Nck1, Nck2, Nfe2l2, Ptpn1, Ptpn2, Agr2, Abca7, Bok, Tmed2, Tmem33, 
and Qrich1). This analysis revealed a significant decrease in PERK- 
mediated UPR in the β cells of HC-5770–treated mice compared 
with vehicle controls (NES: –2.52) (Figure 3D). Collectively, these 
data support the suppression of PERK-related molecular processes 
by HC-5770, indicating appropriate target engagement.

Examination of cell clusters and numbers in the HC-5770 
group compared with vehicle controls revealed several nota-
ble findings: (a) there was a decrease in the percentage of T and 
B cells, with an increase in the proportion of myeloid cells (Fig-
ure 3E); (b) GO analysis (Supplemental Figure 3, B–D) of T, B, 
and myeloid cells revealed alterations in cytoplasmic translation 
and T cell proliferation (T cells), cytoplasmic translation and the 
humoral immune response (B cells), and antigen processing and 
chemotaxis (myeloid cells) — all indicating phenotypic changes in 
these immune cell populations that likely influenced their func-
tion in response to PERK inhibition; and (c) with respect to T cells, 
in particular, GSEA analysis revealed a reduction in T cell activa-
tion (NES: –11.8) upon PERK inhibition (Supplemental Figure 3E). 
Accordingly, the β cell population demonstrated a reduced inflam-
matory response by GSEA (NES: –6.85) (Supplemental Figure 3F).

Regarding the endocrine cell population, there was an increase 
in the overall percentage of β cells and a decrease in α cell percent-
age (Figure 3F). The increased β cell numbers upon HC-5770 treat-
ment led us to investigate β cell replication and death. Immuno-
staining of pancreata showed a trend toward an increased number 
of proliferating cell nuclear anthigen–positive (PCNA-positive)  

Figure 2. PERK inhibition delays autoimmune diabetes in NOD mice. 
Prediabetic female NOD mice (6 weeks of age) were treated with varying 
doses of HC-5770 or ISRIB. (A) Experimental design for diabetes inci-
dence study. (B) Diabetes incidence. n = 20 mice per group (Mantel-Cox). 
(C) Representative H&E stain of pancreata from nondiabetic mice at 25 
weeks of age that were treated between 6 and 10 weeks of age. A, acinar; 
I, islet. Scale bars: 50 μm. (D) Experimental design mechanistic studies. 
(E) Representative images of pancreata from NOD mice following 2 weeks 
of HC-5770 administration (6 mg/kg) stained for insulin (brown) and 
counterstained with hematoxylin (blue). Scale bars: 500 μm. (F) β Cell 
mass of mice treated with HC-5770 (6 mg/kg) for 2 weeks; n = 4–5 mice per 
group (ANOVA). (G) Representative images of pancreata from NOD mice 
following 2 weeks of HC-5770 administration immunostained as indicated. 
Arrows indicate regions of insulitis. Scale bars: 50 μm. (H) Average insulitis 
score of mice treated with varying doses of HC-5770 for 2 weeks; n = 4–5 
mice per group. NB: these data are replicated in Supplemental Figure 2F 
for comparative purposes (ANOVA). (I) Experimental design. (J) Repre-
sentative images of pancreata from NOD mice following 2 weeks of ISRIB 
administration stained as indicated. Scale bars: 500 μm. (K) β Cell mass of 
mice treated with ISRIB for 2 weeks; n = 4–5 mice per group (ANOVA). (L) 
Representative images of pancreata from NOD mice following 2 weeks of 
ISRIB administration immunostained as indicated; arrows indicate regions 
of insulitis. Scale bars: 50 μm. (M) Average insulitis score of mice treated 
with varying doses of ISRIB for 2 weeks; n = 4–5 mice per group (ANOVA). 
Data are presented as mean ± SEM.
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Figure 3. PERK inhibition increases levels of PD-L1 in β cells of NOD mice. Prediabetic female NOD mice (6 weeks of age) were treated with HC-5770 for 2 
weeks, isolated islets were subjected to scRNA-Seq, and pancreas tissue was subjected to NanoString spatial proteomics. (A) UMAP embeddings of merged 
scRNA-Seq profiles from islets. n = 3 mice per group. (B) GO analysis of all cell clusters (pseudo-bulk analysis). (C) GSEA of β cell clusters showing UPR. (D) 
GSEA of β cell clusters showing PERK-meditated UPR. (E) Percentages of T, B, and myeloid cells identified within the immune cell clusters. (F) Percent-
ages of α, β, δ, and PP cells identified within the islet cell clusters. (G) Example of the insulin-positive area and the insulitic area used to collect spatial 
tissue-based proteomics. (H) Heatmap of identified proteins in the insulitic area (left panel) and insulin-positive area (right panel); n = 10–11 ROI from 2 
mice per group. *P < 0.05, t test. (I) Representative images of pancreata from mice following 2 weeks of treatment with vehicle or HC-5770 immunostained 
as indicated; dotted lines indicate islets. Scale bars: 50 μm. (J) Quantification of PD-L1 intensity in the β cells of I; each dot represents an islet from n = 4 
mice (distinguished by color), with mean values of each mouse shown (t test for the means). (K) Six-week-old female NOD mice were treated as indicated 
with HC-5770 for 2 weeks, then administered either anti-PD-L1 or IgG control, followed by another 2 weeks of HC-5770 treatment; glucose was measured on 
alternate days after injection; n = 5 mice per group. (L) AUC analysis of the data in K (ANOVA). Data are represented as mean ± SEM.
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els following cytokine treatment appeared to be a transcriptional 
response (Supplemental Figure 4B), as no significant increase in 
GOLM1 mRNA levels was observed (Supplemental Figure 4C). 
Notably, the additional increase in PD-L1 protein levels seen 
with PERK or ISR inhibition was not associated with substantial 
increases in CD274 or GOLM1 mRNA in EndoC-βH1 cells (Figure 
4, C and D) or human islets (Supplemental Figure 4, B and C), sug-
gesting that upregulation of PD-L1 with PERK/ISR inhibition is a 
posttranscriptional process.

To investigate the potential dependence of PD-L1 produc-
tion on GOLM1, we next performed siRNA-mediated silencing of 
GOLM1 in EndoC-βH1 cells (Figure 4E). Upon GOLM1 silencing, 
PD-L1 protein levels, but not its encoding CD274 gene levels, were 
significantly attenuated with cytokine treatment (Figure 4, F and 
G), suggesting that GOLM1 is required for the maintenance of 
PD-L1 protein levels. In contrast, GOLM1 was not required for the 
production or maintenance of another known cytokine-induced 
molecule in β cells, human leukocyte antigen I (HLA-I) (Figure 4, 
H and I), signifying that GOLM1 does not function to promote pro-
duction of all cytokine-responsive proteins.

PD-L1 protein levels are known to be regulated by posttransla-
tional modification (glycosylation and ubiquitination) (41). We test-
ed the possibility that GOLM1 might affect PD-L1 protein stability 
by preventing its turnover by the proteasome. The attenuation of 
PD-L1 levels upon GOLM1 knockdown was partially reversed upon 
concurrent treatment of cells with MG132, an inhibitor of protea-
some-mediated degradation (Figure 4J). This finding suggests that 
GOLM1 stabilizes PD-L1, preventing its sequestration by the prote-
asome. Consistent with this finding, we observed (a) that GOLM1 
knockdown increases PD-L1 ubiquitination in HEK-293 cells (Fig-
ure 4K) and (b) there is a physical interaction between PD-L1 and 
GOLM1 based on coimmunoprecipitation studies in transfected 
HEK-293 cells (Figure 4L). These observations are in agreement 
with the decrease in the ubiquitin-proteasome degradation path-
way in the β cells of islets treated with HC-5770 from our scRNA-
Seq studies (Supplemental Figure 3D).

To identify the posttranscriptional mechanism whereby the 
ISR regulates GOLM1 and PD-L1 levels, we quantified the mRNA 
levels of CD274 (encoding PD-L1) and GOLM1 in the polyribo-
some and monoribosome fractions of human islets that were 
treated with cytokines in the presence or absence of HC-5770 
or ISRIB (from Figure 1N). We observed no significant change 
in CD274 mRNA or GOLM1 mRNA in the polyribosome fraction 
(actively translating) relative to the monoribosome fraction fol-
lowing proinflammatory cytokine treatment (Supplemental Fig-
ure 4, E and F). In the case of CD274, this finding suggests that 
the increased PD-L1 levels following cytokine treatment are like-
ly due to an increase in CD274 transcript levels. In the case of 
GOLM1, because its transcript levels remain unchanged, this find-
ing implies a posttranscriptional effect of cytokines to stabilize 
GOLM1. Following PERK or ISR inhibition, the relative occupancy 
of CD274 in polyribosomes showed no change despite the further 
increase in its encoded protein levels (Supplemental Figure 4F). 
Together, these findings are consistent with the stabilization of the 
PD-L1 protein by GOLM1.

To correlate our findings to T1D, we next interrogated GOLM1 
levels in mouse and human tissues. No differences in GOLM1 

β cells upon HC-5770 treatment (Supplemental Figure 3, G and H) 
and no changes in β cell death by TUNEL assay (Supplemental Fig-
ure 3, G and I). In addition, scRNA-Seq revealed an increase in the 
percentage of β cells in S/G2M phases consistent with the increased 
trend in PCNA-positive β cells (Supplemental Figure 3J).

PERK inhibition increases β cell PD-L1 levels. To interrogate the 
nature of the immune cell populations in the islet microenviron-
ment in PERK inhibitor–treated NOD mice, we performed spatial 
tissue-based proteomics after 2 weeks of HC-5770 treatment. We 
used insulin immunostaining and nuclei staining to identify β cells 
and the surrounding insulitic regions, respectively (Figure 3G). 
Prevalidated antibodies in the GeoMx mouse immune panel were 
used to probe for immune cell subtypes in the peri-islet insulitic 
region and within the islet. Whereas there were no statistical dif-
ferences in the immune cell subtype populations in the insulitic 
regions of HC-5770–treated mice versus vehicle controls (Figure 
3H), within the β cell region, there was a striking and significant 
upregulation of programmed death–ligand 1 (PD-L1) as well as 
elevations of its cognate receptor PD-1, CD3e, CD8a, and CD11b 
(Figure 3H) following PERK inhibition. The increase in PD-L1 
levels on β cells was confirmed by immunofluorescence staining 
of pancreatic tissues (Figure 3, I and J). The interaction of PD-L1 
on β cells with PD-1 on immune cells is known to skew immune 
cell populations to a more immunosuppressive phenotype (37). 
To assess whether increased PD-L1 levels after PERK inhibition 
mediate protection against T1D development, we treated female 
NOD mice that received HC-5770 for 2 weeks (6 to 8 weeks of age) 
with a single dose of monoclonal antibody against PD-L1 or the 
corresponding isotype IgG control, then continued HC-5770 treat-
ment for an additional 2 weeks. As a control for diabetes devel-
opment, 8-week-old female NOD mice were treated with a single 
dose of anti–PD-L1. HC-5770–treated mice that received isotype 
IgG control remained normoglycemic, while mice that received 
only anti–PD-L1 became hyperglycemic within 7 days (Figure 3, 
K and L). The mice receiving both HC-5770 and anti–PD-L1 dis-
played average glucose levels intermediate between those of the 2 
controls (Figure 3, K and L), emphasizing that anti–PD-L1 admin-
istration partially antagonized the effect of HC-5770.

Augmentation of PD-L1 levels requires posttranslational stabili-
zation by Golgi membrane protein 1. We next sought to clarify the 
molecular link between the ISR and PD-L1 levels in β cells. We 
first interrogated a proteomics data set previously published by 
our group, in which EndoC-βH1 human β cells were treated with 
proinflammatory cytokines (IL-1β+IFN-γ) or vehicle (38). Pro-
teins significantly increased following cytokine treatment includ-
ed PD-L1 and Golgi membrane protein 1 (GOLM1) (Figure 4A). 
GOLM1 is a Golgi-associated protein that functions, in part, as a 
chaperone for protein trafficking (39) and has been shown in hepa-
tocellular carcinoma to positively regulate PD-L1 production (40). 
The increase in GOLM1 protein levels following cytokine treat-
ment was confirmed by immunoblotting in EndoC-βH1 cells (Fig-
ure 4B) and seen as a trend in primary human islets (Supplemen-
tal Figure 4A). In EndoC-βH1 cells, the increase in PD-L1 protein 
levels following cytokine treatment appears to be a transcriptional 
response, as both GOLM1 and CD274 (encoding PD-L1) mRNA 
levels increased following cytokine treatment (Figure 4, C and D). 
However, in human islets, only the increase in PD-L1 protein lev-
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Figure 4. GOLM1 stabilizes PD-L1. (A) PD-L1 and GOLM1 protein levels were identified using proteomics of EndoC-βH1 human β cells treated with or without 
proinflammatory cytokines; n = 3 biological replicates. t test. (B) Representative immunoblot analysis of PD-L1 and GOLM1 from EndoC-βH1 cells treat-
ed with or without PIC, HC-5770, and ISRIB (left panel) with quantification of PD-L1 levels (middle panel) and GOLM1 levels (right panel); n = 3 biological 
replicates (ANOVA). (C and D) Relative CD274 and GOLM1 mRNA levels by quantitative reverse-transcriptase PCR (RT-PCR) normalized to ACTB in EndoC-βH1 
cells treated as indicated; n = 4–7 biological replicates (ANOVA). (E) Relative GOLM1 RNA levels normalized to ACTB in EndoC-βH1 cells treated as indicated; 
n = 3 biological replicates (ANOVA). (F) Representative immunoblot analysis of PD-L1 and GOLM1 in EndoC-βH1 cells treated as indicated (left panel) with 
quantification of PD-L1 levels (right panel); n = 3 biological replicates (ANOVA). (G) Relative CD274 mRNA levels by quantitative RT-PCR normalized to ACTB 
in EndoC-βH1 cells treated as indicated; n = 3 biological replicates (ANOVA). (H) Representative immunoblot analysis of HLA-I from EndoC-βH1 cells treated 
as indicated (left panel) with quantification of HLA-I levels (right panel); n = 3 biological replicates (ANOVA). (I) Relative HLA-I mRNA levels by quantitative 
RT-PCR normalized to ACTB in EndoC-βH1 cells treated as indicated; n = 3 biological replicates (ANOVA). (J) Representative immunoblot analysis of PD-L1 in 
EndoC-βH1 cells treated as indicated. (K) Immunoblot analysis of ubiquitin following immunoprecipitation for PD-L1 from HEK-293 cells treated as indicated. 
(L) Immunoblot analysis for GOLM1 following immunoprecipitation for PD-L1 from HEK-293 cells. Data are presented as mean ± SEM.
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β cells (Figure 5, C and D), suggesting that its gradual decline may 
impair an otherwise more robust PD-L1 response. Upon treatment 
of 6-week-old NOD mice with HC-5770 for 2 weeks, an elevation 
in GOLM1 levels was observed in β cells by immunofluorescence 

levels were observed in 8-week-old female NOD mice compared 
with age- and sex-matched CD1 and NSG mice by immunofluo-
rescence staining (Figure 5, A and B). With advancing age, predi-
abetic female NOD mice trend to a reduction in GOLM1 levels in 

Figure 5. PERK inhibition increases GOLM1 levels in β cells. (A) Representative images of pancreata from 8-week-old female CD1, NSG, and NOD mice 
immunostained as indicated. Scale bars: 50 μm. Dotted lines indicate islets. (B) Quantification of the GOLM1 fluorescence intensity from data in A; each dot 
represents an islet. n = 3 mice (distinguished by color), with mean values for each mouse shown (ANOVA for means). (C) Representative images from 6-, 8-, 
10-, and 12-week-old female NOD mice immunostained for GOLM1 (magenta), insulin (cyan), and nuclei (blue). Scale bars: 50 μm. Dotted lines indicate islets. 
(D) Quantification of GOLM1 fluorescence intensity from data in C; each dot represents an islet from n = 3–4 mice (distinguished by color), with mean values 
of each mouse shown (ANOVA for means). (E) Representative images of pancreata from 8-week-old female NOD mice that have been treated with vehicle 
or HC-5770 for 2 weeks, immunostained as indicated. Scale bars: 50 μm. Dotted lines indicate islets. (F) Quantification of the GOLM1 fluorescence intensity 
from data in E; each dot represents an islet from n = 4 mice (distinguished by color), with mean values of each mouse shown (t test for means). (G) Dot plot 
analysis of scRNA-Seq data in the HPAP of residual β cells for GOLM1 and CD274. The size of the dots indicates the percentage of cells that express the stud-
ied gene. The color scale shows the change of normalized and centered average gene expression within the different groups. No diabetes (ND): n = 15; single 
autoantibody positive (AAb1+): n = 8; double-autoantibody positive (AAb2+): n = 2; T1D: n = 9. Data are represented as mean ± SEM.
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of 4 kinases (PERK, HRI, PKR, GCN2), which act to reduce gener-
al protein synthesis and divert energy expenditure toward cellular 
recovery (55). Although it is adaptive in the short term, long-term 
ISR activation (or a greater magnitude of activation) potentially 
reduces the production of proteins necessary for cellular survival, 
thereby becoming maladaptive. A recent study demonstrated that 
the genes encoding 3 of the 4 ISR kinases (PERK, GCN2, PKR) are 
elevated in islets of T1D donors, with the gene encoding PERK 
(EIF2AK3) being notably dysregulated in islets of T1D donors (18). 
Similarly, in pancreatic tissue sections of autoantibody-positive 
donors, EIF2AK3 is reported to be elevated compared with that of 
nondiabetic donors (18). These findings are also consistent with 
our own results here of elevated p-eIF2α (a proxy for ISR activa-
tion) and reduced protein translation in prediabetic NOD (and 
NSG) mice, collectively suggesting that the ISR might contribute 
to T1D development.

PERK activity in the pancreas is essential for supporting a func-
tional β cell population, yet dysregulation and prolonged hyperac-
tivation of PERK have been linked to several disorders, including 
cancer, diabetes, and neurodegeneration (56–58). This presents a 
challenge for interrogating PERK-driven disease: complete loss of 
PERK through genetic ablation or high-dose treatment with PERK 
inhibitors results in endocrine and exocrine pancreatic toxicity. 
Previous studies have shown that genetic manipulations of PERK 
or eIF2α result in postnatal lethality and severe β cell deficiency 
(16, 59, 60). These findings may be related to activation of type 
1 interferon signaling in the developing pancreas (36) and the 
requirement for PERK in neonatal and postnatal β cell expansion 
(23). Considering these prior observations, genetic models pose 
limitations on testing a direct role of PERK in the context of dis-
ease, in which the timing, duration, and extent of PERK activity 
may be critical to pathogenesis. To sidestep this issue, we made 
use of a selective PERK inhibitor that has a highly stable PK profile 
in mice. PK/PD analyses confirmed that lower doses of HC-5770 
attenuate PERK without completely abolishing PERK activity. By 
working within this dose range (0.6–6 mg/kg, QD), we demon-
strated the therapeutic benefit of PERK inhibition by delaying 
T1D onset in the NOD mouse model without observable negative 
impact on the pancreatic islet. These studies suggest a reasonable 
safety window can be achieved through a dosing regimen, high-
lighting therapeutic potential for PERK-driven diseases.

A finding that was only evident upon spatial proteomics anal-
ysis was the enhancement of β cell PD-L1 protein levels following 
HC-5770 treatment. The effect of HC-5770 on increasing PD-L1 
levels is likely related to PERK-mediated phosphorylation of eIF2α, 
since we observed that blockade of the p-eIF2α/eIF2B interaction 
with ISRIB has a similar effect. The role of β cell PD-L1 in dampen-
ing the autoimmune attack through its interaction with the recep-
tor PD-1 on immune cells is a highly engaging topic in the context 
of T1D treatment and islet transplantation, with studies reporting 
that the PD-L1/PD-1 interaction suppresses the adaptive immune 
response (61–65). Conversely, in humans, the use of immune 
checkpoint inhibitors (which block this interaction) increases the 
incidence of T1D in genetically susceptible populations (66, 67), 
representing one of the more common immune-related adverse 
events associated with this therapy. Our studies show that block-
ade of PD-L1 using a monoclonal antibody accelerated diabetes 

(Figure 5, E and F) and in islets by immunoblot (Supplemental 
Figure 4G), although quantification of these data did not reach 
statistical significance. In human tissues, analysis of scRNA-Seq 
data in the Human Pancreas Analysis Program (HPAP) showed 
that GOLM1 mRNA increases in both quantity and in the propor-
tion of β cells in individuals with single- (n = 8 donors) and double- 
autoantibody (n = 2 donors) positivity and with T1D (n = 9 donors) 
compared with nondiabetic controls (n = 15 donors) (Figure 5G), 
suggesting that “surviving” β cells have more GOLM1 mRNA. 
This increase in GOLM1 transcript is consistent with increases in 
CD274 (encoding PD-L1) (Figure 5G).

Discussion
With recent studies showing that targeting the immune system 
can delay T1D onset (1), the use of complementary approaches 
that target β cells raises the possibility of augmenting therapeu-
tic efficacy to achieve more robust disease prevention. To date, 
such approaches remain limited, although some successes have 
been observed by targeting ER and oxidative stress (42, 43). Pri-
or studies in mice (19–21, 44), human pancreas tissue (45, 46), 
and humans (47) suggest that ER stress in islet β cells contributes 
to both cellular dysfunction (reduced insulin secretion) and the 
production of neoantigens that trigger autoimmunity. The IRE1α 
and ATF6 arms of the ER stress cascade (for a review, see ref. 9) 
have been genetically and/or chemically investigated in these 
prior studies. Yet, the role of PERK, an ISR kinase, has remained 
largely unexplored. In this study, we interrogated the PERK/ISR 
arm of the UPR pathway in the context of autoimmune diabetes. 
Because the genetic knockout of PERK in mice is known to result 
in endocrine and exocrine dysfunction during pancreas forma-
tion and maturation, we used a recently described PERK inhibi-
tor, HC-5770 (30). Our results show that (a) inhibition of PERK 
during a period of β cell ER stress in NOD mice reduces insulitis, 
preserves β cell mass, and delays the development of diabetes; (b) 
gene expression patterns in β cells following PERK inhibition are 
consistent with reductions in the UPR and PERK response; and (c) 
inhibition of PERK activity augments the immune checkpoint pro-
tein PD-L1 through stabilization mediated by GOLM1.

In early T1D, β cells are exposed to inflammation, putative 
viral infections, hypoxia/ischemia, and/or impaired nutrient 
handling (resulting from insulin deficiency) (48–50). Moreover, 
genetic risk may increase the susceptibility of β cells to these 
underlying stress-inducing signals. For example, a prior study (51) 
suggested that pancreas tissue from immunodeficient NOD/SCID 
mice exhibits features of the UPR/ER stress, and another (44) 
showed that the proinsulin/insulin ratio (a feature associated with 
the UPR) is elevated in NOD/SCID mice — these findings suggest 
that β cells of the NOD strain may be especially prone to propa-
gating inflammatory insults. Additionally, in humans, it has been 
observed that β cell death/stress and reduced pancreas mass are 
present in autoantibody-negative, first-degree relatives of indi-
viduals with T1D (52, 53). In genetically high-risk infants, relative 
increases in glycemia are observed before the onset of seroconver-
sion (54). These observations in humans support the possibility of 
a stressed state of β cells even in the absence of detectable auto-
immunity. Under conditions of stress, β cells engage the ISR, an 
emergency response that is triggered by the activation of 1 or more 
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catalog 022), and NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) (catalog 5557) 
and NOD/ShiLtJ (NOD) (catalog 1976) mice were purchased from The 
Jackson Laboratory. PK studies using BALB/c mice were performed 
under a contract with Pharmaron.

For diabetes incidence, 6-week-old female NOD mice were oral-
ly gavaged with vehicle (0.5% methylcellulose) or 0.6, 2, or 6 mg/kg 
HC-5770 (30) for either 2 or 4 weeks. Six-week-old female NOD mice 
were injected intraperitoneally with vehicle (5% DMSO, 2% Tween 80, 
20% PEG400, and saline) or 0.25 or 2.5 mg/kg ISRIB (trans-isomer) 
(MedChemExpress: HY-12495) for 2 weeks (71). Blood glucose was 
measured by the tail vein using a glucometer (AlphaTrak). For diabetes 
incidence, diabetes was classified as 2 consecutive blood glucose val-
ues greater than 250 mg/dL. At the end of each study, mice were eutha-
nized, and tissue and blood were collected. To isolate islets, collagenase 
was injected into the pancreatic bile duct to inflate the pancreas before 
removal, as previously described (72). Briefly, a Histopaque-HBSS gra-
dient was applied to the dissociated pancreas, followed by centrifuga-
tion at 900 g for 18 minutes. The mouse islets were then removed from 
the center of the gradient and cultured in RPMI medium. Islets were 
handpicked and allowed to recover overnight before experimentation.

For experiments involving anti–PD-L1, 6-week-old female NOD 
mice were orally gavaged with 6 mg/kg HC-5770 for a total of 4 
weeks. When the mice were 8 weeks old, a single intraperitoneal injec-
tion of neutralizing rat monoclonal antibody against PD-L1 (dosage: 
200 mg/kg; BioXCell; BE0101) or rat IgG2b isotype control (dosage: 
200 mg/kg; BioXCell; BE0090) was administered, while continuing 
the HC-5770 treatment for an additional 2 weeks. Control 8-week-old 
female NOD mice were administered a single dose of 200 mg/kg of 
anti–PD-L1 intraperitoneally. Glucose was monitored over the subse-
quent 16 days after injection of anti–PD-L1 or IgG control.

PK analysis of HC-5770 in mouse plasma followed a methodology 
described elsewhere (30). HC-5770 was suspended in a vehicle consist-
ing of 0.5% methylcellulose (400 cP) and 0.1% Tween 80 in water and 
administered to female BALB/c nude mice by oral gavage at 0.3, 1, 3, 
10, and 30 mg/kg. Plasma was sampled from 5 mice per group follow-
ing a single oral administration at 1, 4, 8, 12, and 24 hours after dosing. 
The plasma concentration of the compound was determined by protein 
precipitation with acetonitrile and liquid chromatography with tandem 
mass spectrometric detection (LC-MS/MS). Parameters were estimat-
ed using Phoenix (WinNonlin) PK software, version 6.1.0, using a non-
compartmental approach consistent with the oral route of administra-
tion. PK analysis in female NOD mice followed a similar methodology, 
with the exception that only the 1 and 10 mg/kg doses were evaluated. 
Methods for the determination of mouse protein plasma binding were 
described previously (73). Frozen pancreata from mice treated with 
HC-5770 were homogenized and protein isolated in preparation for 
Simple Western analysis, as described previously (30). In brief, protein 
detection was performed on the Jess Simple Western high-throughput 
protein analysis platform (ProteinSimple) according to the manufac-
turer’s protocol using a 12-230 kDa Separation Module (ProteinSim-
ple, SM-W004) and Total Protein Detection Module (ProteinSimple, 
DM-TP01). The following antibodies were used: p-PERK (Eli Lilly; 
1:50) (74) and PERK (Cell Signaling Technology, 1:200, catalog 3192).

Human islets. Deidentified nondiabetic male and female human 
donor islets were obtained from the Integrated Islet Distribution Pro-
gram (IIDP) and the University of Alberta Diabetes Institute Islet Core 
(Edmonton, Alberta, Canada) (Supplemental Table 2).

onset in control NOD mice, as expected. Notably, the levels of 
hyperglycemia were attenuated through the inhibition of PERK, 
emphasizing the role of PERK inhibition in enhancing β cell 
PD-L1 levels. Our current finding highlights that PERK/ISR can 
be manipulated to enhance β cell PD-L1 levels to attenuate auto-
immunity. Although it was previously shown that the ISR might 
potentiate the posttranscriptional production of PD-L1 in cancer 
cells (68), the mechanism by which the ISR suppresses PD-L1 lev-
els in other disease contexts remains largely unexplored. A recent 
study (39) suggested that GOLM1 may stabilize PD-L1 protein. 
Consistent with that study, we show here that PD-L1 levels are sta-
bilized by GOLM1, likely through direct interaction and suppres-
sion of ubiquitination. Notably, this stabilization by GOLM1 is not 
a universal feature of proteins shuttled to the membrane, as we did 
not observe similar effects on HLA-I.

Previous studies have shown that PD-L1 levels are elevated in 
the residual β cells of donors with T1D (69), which is a possible 
explanation for the persistence of these cells. Our analysis of the 
scRNA-Seq data set of the HPAP data set (70) suggests that the 
gene encoding GOLM1 (GOLM1) is similarly elevated in the resid-
ual β cells of donors with T1D. Collectively, our studies demon-
strate an axis linking PERK/ISR to posttranscriptional suppression 
of GOLM1, which in turn stabilizes PD-L1 protein levels in β cells.

Some key limitations of our study should be acknowledged. 
First, because of the early neonatal lethality of Eif2ak3–/– mice and 
the challenges of generating timed, tissue-conditional deletions 
on the NOD background, our study utilized pharmacologic inhibi-
tion of PERK in mice in vivo. Although our scRNA-Seq studies are 
consistent with PERK inhibition in β cells and the target specificity 
of HC-5770 across kinome has been previously established (30), 
they do not fully exclude the potential for off-target responses. 
Additionally, our findings do not rule out a role for PERK in other 
cell types (e.g., immune cells or exocrine cells) that contribute to 
T1D pathogenesis. These limitations also reveal a strength of our 
studies — namely, the systemic administration of a pharmacologic 
agent (HC-5770), which provides context for how PERK inhibition 
might be leveraged in humans for the prevention/delay of T1D. A 
final limitation is that our studies do not directly address whether 
and how other ISR kinases (PKR, GCN2, HRI) might contribute 
to T1D development and whether additional inhibition of these 
other kinases might potentiate the responses we observed and 
thereby more completely prevent disease. Collectively, our stud-
ies emphasize the need to consider a maladaptive role of PERK 
in β cells in the pathogenesis of T1D and how inhibition of PERK 
might provide an opportunity, either alone or in combination with 
immune-modulating agents, for disease modification in T1D.

Methods
Sex as a biological variable. Our study mostly examined female mice 
because T1D in the NOD strain is more frequently observed in females. 
However, some data from male mice are included that parallel those 
seen in females, suggesting that the effects observed in females may 
be relevant to males.

Animals and procedures. Mouse experiments were performed 
under specific pathogen–free conditions, and mice were maintained 
on a 12-hour light/12-hour dark cycle with free access to food and 
water. CD1 mice were purchased from Charles River (Charles River, 
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were processed with Cell Ranger, version 6.1.2 (81), for quality con-
trol, alignment, and gene expression quantification. The reads were 
aligned to the human genome reference (GRCh38). The “ambient” 
mRNA was removed using SoupX, version 1.6.1 (76), employing genes 
(INS, GCG, SST, TTR, IAPP, PYY, KRT9, and TPH1) identified from 
the initial clustering by Seurat (77) as markers that represent the major 
cell types of human islets. The potential doublet cells were assessed 
and removed by scDblFinder, version 3.16 (82). The remaining cells 
were further filtered by the following criteria: number of genes detect-
ed greater than 200 and fewer than 9,000, percentage of mitochon-
drial reads less than 25%, and number of counts less than 10,000. 
Next, the SCTransform function (83) implemented in Seurat software 
was used to normalize the counts by removing the effects of library 
depth and regressing out the variation from the mitochondrial reads’ 
ratio. The top 3,000 variable genes were selected to perform the prin-
cipal component analysis (PCA). Finally, software Harmony, version 
0.1.1 (84), was employed to integrate all the samples. This integration 
was performed based on the top 50 PCA components, considering the 
donor identity and reagent kit batches as the primary confounding 
factors. scSorter, version 0.0.2 (85), which uses known marker genes 
of cell types, was utilized to annotate the cell types in human islets. 
After the above-described analyses, a total of 10,167 β cells from all 
the donors were identified, including 4,730 cells from nondiabetic 
donors, 2,372 cells from single-autoantibody–positive donors, 2,480 
cells from double-autoantibody–positive donors, and 585 cells from 
type 1 diabetic donors.

NanoString spatial proteomics. Paraffin-embedded pancreata were 
used for NanoString spatial proteomics analysis. Tissues were stained 
with morphology markers as follows: AF-647–conjugated insulin (Cell 
Signaling Technology; 9008s; 1:400) and nuclei marker (SYTO13). 
Tissues were hybridized using a prevalidated mouse GeoMx Immune 
Cell Panel (NanoString; GMX-PROCONCT-MICP) comprising the 
following markers: PD-1, CD11c, CD8a, PanCk, MHC II, CD19, 
CTLA4, SMA, CD11b, CD3e, fibronectin, Ki-67, CD4, GZMB, F4/80, 
CD45, PD-L1; housekeeping genes: histone H3, S6, GAPDH; and IgG 
antibodies: Rb IgG, Rat IgG2a, and Rat IgG2b for background subtrac-
tion. All the markers were conjugated to UV-photocleavable oligos for 
indexing. At least 5 to 6 islets with insulitis were chosen as regions of 
interest (ROI) per mouse based on the morphology markers (insulin 
and nuclei). The ROIs were segmented into insulitic region and insu-
lin+ region for each islet. Oligos from the segmented ROIs were pho-
tocleaved and collected in a 96-well plate; reads were counted using 
nCounter (NanoString). Analysis was performed using NanoString 
software, version 2.4.0.421. Scaling was performed to normalize for 
any differences in tissue surface area and depth. After scaling, reads 
were normalized to housekeeping markers and background was sub-
tracted using IgG markers. Normalized counts were visualized as 
heatmaps using GraphPad Prism, version 10.

Statistics. All data are represented as mean ± SEM. For compar-
isons involving more than 2 conditions, 1-way ANOVA or repeat-
ed-measures ANOVA (with Tukey’s post hoc test or Dunnett’s post 
hoc test) was performed. For comparisons involving only 2 conditions, 
a 2-tailed Student’s unpaired t test was performed. Mantel-Cox log-
rank test was performed to determine the differences between groups 
in the NOD diabetes outcome experiments. GraphPad Prism, version 
10, was used for all statistical analyses and visualization. Statistical 
significance was assumed at P < 0.05.

SUnSET assay. New protein production was determined using 
the SUnSET technique (28). Briefly, at the end of the treatments, cells 
were incubated with 10 μg/mL puromycin for 15 minutes for MIN6 
cells and 30 minutes for mouse islets, and protein was isolated using 
RIPA lysis buffer and used for immunoblotting. After detection of 
puromycin, the blots were stripped using RESTORE PLUS Stripping 
Buffer (Thermo Fisher. 46430) and then stained with REVERT 700 
Total Protein Stain (Licor, 926-11016). Puromycin lanes were nor-
malized against corresponding lanes in total protein stain to account 
for loading differences.

scRNA-Seq. Islets were submitted to the University of Chicago 
Genomics Facility for library generation using 10x Chromium Sin-
gle Cell 3′ v 3.1, as previously described (75). Approximately 12,800 
cells were loaded to achieve 8,000 captured cells per sample to be 
sequenced. Sequencing was performed on Illumina NovaSeq 6000. 
Raw sequencing files were processed through the Rosalind (https://
rosalind.bio/) pipeline with a HyperScale architecture (Rosalind). 
Quality scores were assessed using the FastQC tool (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). Cell Ranger was 
used to align reads to the Mus musculus genome build GRCm38, count 
unique molecular identifiers (UMIs), call cell barcodes, and perform 
default clustering. After initial processing, raw RNA matrices from 
each sample were then analyzed for quality control, “ambient” mRNA 
was removed using SoupX, version 1.6.1 (76), and clustering was per-
formed utilizing Seurat (77), version 4.3.0, in R, version 4.2.2. Basic 
filtering parameters included cells with unique features of a mini-
mum of 200 and a maximum of 7,500. Cells expressing less than 
25% mitochondrial-related genes were included. The cell-cycle effect 
was regressed using previously established methods in Seurat. After 
filtering, replicates from each condition were merged using standard 
sctransform Seurat protocols using 3000 integration features. After 
clustering, cells were visualized using UMAP (78) and color custom-
ized using ggplot2 (79). Marker genes were determined using the 
FindAllMarkers function (Wilcoxon’s rank-sum test) in Seurat. Con-
taminating endothelial and neuronal cells were distinct from the other 
clusters and were subsequently removed from the final analysis.

GSEA was performed using the msigdbr package (https://
cran.r-project.org/web/packages/msigdbr/vignettes/msigdbr-intro. 
html) to determine lists of genes from the following gene sets: Hall-
mark Gene Set (Unfolded Protein Response, Inflammatory Response), 
GO Biological Processes (PERK Mediated Unfolded Protein 
Response), and Reactome (Antigen processing: Ubiquitin & Protea-
some degradation). Pseudo-bulk differential gene expression analysis 
was performed where gene counts in all the cells for each biological 
replicate were aggregated and pathways identified by GO (80). Pre-
viously published single-cell transcriptional data (25, 26) deposited 
in the NCBI’s Gene Expression Omnibus database (GEO GSE141786 
and GSE117770) were reanalyzed using the above-mentioned protocol 
using R. GSEA for the Hallmark UPR pathway was performed on the 
endocrine subpopulation from 4-week-old, 8-week-old, and 15-week-
old NOD islets from the GSE141786 data set and from the β cell pop-
ulation from 8-week-old, 14-week-old, and 16-week-old NOD islets 
from GSE117770 data set.

FASTQ files of 10x Genomics scRNA-Seq data for human islets 
were downloaded from the data portal of the HPAP (70) (https://hpap.
pmacs.upenn.edu). The data sets were generated from pancreatic islet 
samples of the donors indicated in Supplemental Table 3. Raw reads 
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