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SUMMARY
Type 1 (T1D) or type 2 diabetes (T2D) are caused by a deficit of functional insulin-producing b cells. Thus, the
identification of b cell trophic agents could allow the development of therapeutic strategies to counteract dia-
betes. The discovery of SerpinB1, an elastase inhibitor that promotes human b cell growth, prompted us to
hypothesize that pancreatic elastase (PE) regulates b cell viability. Here, we report that PE is up-regulated in
acinar cells and in islets from T2D patients, and negatively impacts b cell viability. Using high-throughput
screening assays, we identified telaprevir as a potent PE inhibitor that can increase human and rodent b
cell viability in vitro and in vivo and improve glucose tolerance in insulin-resistant mice. Phospho-antibody
microarrays and single-cell RNA sequencing analysis identified PAR2 and mechano-signaling pathways as
potential mediators of PE. Taken together, our work highlights PE as a potential regulator of acinar-b cell
crosstalk that acts to limit b cell viability, leading to T2D.
INTRODUCTION

Type 1 (T1D) and type 2 diabetes (T2D) are characterized by a

progressive loss of functional b cell mass.1,2 Approaches aimed

at increasing functional b cell numbers to counteract diabetes in

patients include delivery of stem-cell-derived insulin-producing

cells,3,4 stimulating neogenesis from ductal pancreatic progen-

itors,5,6 inducing proliferation of pre-existing b cells, or counter-

acting b cell apoptosis.7 Multiple small molecules, including in-

hibitors of dual-specificity tyrosine phosphorylation-regulated

kinase 1A (DYRK1A),8,9 glycogen synthase kinase 3 beta

(GSK3b),10 or transforming growth factor beta (TGF-b) path-

ways,11 and endogenous factors including osteoprotegerin12

and leukemia inhibitory factor (LIF),13 have been shown to

induce b cell proliferation. Our lab identified SerpinB1, derived

from the liver and elevated in insulin-resistant states, as an

endogenous protease inhibitor that promotes human b cell pro-

liferation.14 Among the proteases inhibited by SerpinB1,

including elastases, cathepsin G, and proteinase 3, we focused

on pancreatic elastase (PE) as a primary target of its actions on
b cells for several reasons. First, the role of SerpinB1 as a b cell

trophic factor is directly related to its ability to inhibit elastase

activity.14 Second, sivelestat and GW311616A, known elastase

inhibitors, are both able to enhance human b cell proliferation.14

Third, PE is relevant in the context of diabetes15,16 and its fecal

levels are altered in patients with T2D, who also exhibit reduced

functional b cell mass.2,17 It is worth noting that polymorphisms

in the chymotrypsin-like elastase (CELA) 2A (CELA2A),CELA3B

(two of the PE genes), and SERPINB1 loci are associated with

multigenerational diabetes in human families.14,18,19 Finally,

elastase regulates the viability of different cell types, either by

impacting the integrin/focal adhesion pathway to modulate

ECM remodeling,20 collectively termed mechano-signaling, or

the protease-activated receptor (PAR) pathway.21 The latter

observation gains significance because PAR2 and PAR3 are ex-

pressed in b cells, and have been linked to insulin secretion.22,23

However, the overall integration of mechano-signaling and

PARs signaling in the context of the deleterious effects of PE

on b cells and exocrine-endocrine crosstalk has not been

explored in detail.
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Here, we report that PE levels are elevated in exocrine and

endocrine pancreas in T2D. We also show that the detrimental

effects of PE on human b cell viability due to impairment of the

mechano-signaling and PAR2 pathways are reversed by a

potent and specific PE inhibitor, telaprevir. Taken together,

our studies identify PE as a regulator of the crosstalk between

acinar and b cells and highlight PE inhibitors as potential ther-

apeutic candidates to increase b cell numbers in patients with

diabetes.

RESULTS

PE is increased in human acinar cells and islets of
patients with T2D
We first examined the expression levels of elastases and other

proteases inhibited by SerpinB1 in isolated human islets (HI)

and acinar cells (ACs) from non-diabetic (ND) and T2D donors.

The EndoC-bH3 (bH3) cell line24 was used to represent human

b cells. This analysis revealed that while neutrophil proteases,

including elastase (ELANE) (Figure 1A) and cathepsin G (CTSG)

(Figure S1A), were virtually absent in pancreatic samples, the

CELA genes coding for PE proteins (i.e., CELA2A, CELA2B, CE-

LA3A, and CELA3B) were expressed exclusively in human ACs

(Figures 1B–1E) and virtually absent in either pure b cells or hu-

man islets. Among these, CELA3B transcripts were significantly

up-regulated in ACs from donors with T2D compared with ND

samples (Figure 1E). The purity of the human islet and AC prep-

arations were confirmed by exclusive expression of amylase

a-2A (AMY2A), an AC marker, and pancreatic and duodenal ho-

meobox 1 (PDX1), an endocrine cell marker gene (Figures S1B

and S1C). As expected, the expression of the latter was lower

in T2D islets compared with ND samples25 (Figure S1C). Addi-

tionally, ductal cell genes, such as cytokeratin 19 (KRT19) and

mucin 1 (MUC1), were expressed at minimal levels in the AC

preparations compared with their expression in primary human
Figure 1. PE expression profile in acinar cell and islets from ND and T

(A–E) Transcript levels of (A) ELANE, (B) CELA2A, (C) CELA2B, (D) CELA3A, and

cells and bone marrow (BM). N/d, non-detected. Data are mean ± SEM. One-way

(F) Representative blots of indicated proteins in human endocrine and exocrine p

Arrows in the N-CELA3B blot indicate the bands corresponding to the full length

(G–K) Quantification of protein levels of indicated proteins from blots in (F). N/d

ANOVA test with Fisher’s LSD correction for multiple comparisons were used.

(L and N) Immunostaining of N-CELA3B (magenta) in the (L) exocrine and (N) endo

Nuclei are stained with DAPI (blue) in (L). Dotted white lines in (N) indicate the borde

in the figure.

(M and O) Quantification of the N-CELA3B signal intensity from (N) exocrine tissu

mean ± SEM. Two-tailed unpaired t test was used.

(P and Q) Representative pictures of confocal imaging to visualize the localizatio

ronment of islets from (P) ND and (Q) T2D pancreas. Insulin (INS, green) was used t

to mark cell borders. Nuclei are stained with DAPI (blue). Dotted lines in the inser

N-CELA3B with the plasma membranes. Scale bars are indicated in the figure.

(R) Representative images of N-CELA3B distribution in cultured human islets fr

(bottom) for 24 h. N-CELA3B is labeled in magenta, whereas insulin (INS) is labe

(S) Experimental design of viability assays in EndoC-bH3 cells following PE treat

(T andU) Percentages (%) of (T) EdU+/Annexin V+ cell ratio and (U) caspase-3 activ

mean ± SEM. One-way ANOVA test was used with Fisher’s LSD correction for m

(V) Glucose-stimulated insulin secretion assay in perifusion system on EndoC-

exposed to 2.8 mM (2.8G) and 16.7 mM (16.7G) glucose concentration. Secreted

16.7G were normalized on those at 2.8G to calculate the stimulation index (Y a

ANOVA test.

See also Figure S1 and Tables S1 and S2.
ductal cells (Figures S1D and S1E), indicating null spontaneous

differentiation into the ductal lineage.

Then, we evaluated protein levels of CELA3B and its paralog

CELA3A by western blotting, including a human PE prepara-

tion, containing all forms of CELA proteins, as positive control.

Because CELA3B is produced as a proenzyme (inactive, here-

inafter referred to as the full-length form or CELA3B) in ACs,

and it is cleaved by trypsin at the Arg28 residue in the N-termi-

nal domain and converted into the active enzyme (hereinafter

referred to as the cleaved form or N-CELA3B),19 we explored

the expression of both forms of CELA3B in pancreatic samples

using two distinguishing antibodies: one with higher affinity for

the full-length form (aa 1–270) and one specific for the N-termi-

nal domain of the cleaved form (aa 29–270). The affinity of the

two antibodies was tested by using increasing amounts of PE,

which contains the full-length form of CELA3B, and of a recom-

binant human CELA3B protein corresponding to the cleaved

product (Figure S1F). The purity of the human islet and AC

preparations was assessed by measuring PDX1 and amylase

levels. As previously described, PDX1 protein was detected

only in endocrine cells, and the levels were lower in the T2D

than the ND islets25 (Figures 1F and 1G), whereas amylase

expression was restricted to ACs (Figures 1F and 1H).

CELA3A and CELA3B proteins were clearly expressed in ACs

and undetectable in pure b cells (i.e., bH3) (Figures 1F, 1I,

and 1J). Intriguingly, both forms of CELA3B protein were de-

tected at significantly high levels in islets from patients with

T2D compared with ND preparations (Figures 1F and 1K).

Consistently, expression levels of trypsin were also augmented

in T2D compared with ND islets (Figure 1F). These results point

to the presence of exogenous and active CELA3B within the is-

lets, likely originating in ACs, as endocrine cells do not express

the CELA3B gene (Figure 1E). The low levels of amylase and

other PE proteins in the human islet preparations suggest it is

unlikely that the islets, especially those from donors with T2D,
2D donors and its effects on b cell viability

(E) CELA3B genes in the indicated human endocrine and exocrine pancreatic

ANOVA test was used with Fisher’s LSD correction for multiple comparisons.

ancreatic cells from ND and T2D donors and human pancreatic elastase (PE).

(fl) and the cleaved (cl) forms of CELA3B.

, non detected. Data are mean ± SEM. Two-tailed unpaired t test or one-way

crine compartment of pancreatic sections of ND (top) or T2D (bottom) donors.

r of the islets, labeled with insulin staining (INS, green). Scale bars are indicated

e and (O) islets in ND and T2D samples, normalized on the cell area. Data are

n of the cleaved form of CELA3B (N-CELA3B, magenta) within the microenvi-

o label the cytoplasm of b cells, whereas E-cadherin (E-CADH, white) was used

t images were built on top of the E-CADH staining to emphasize the overlap of

om ND donors following treatment with either PBS (top) or PE at 500 ng/mL

led in green. Scale bars are indicated in the figure.

ments.

ity (% vs. PBS) in EndoC-bH3 cells at the indicated conditions (ng/mL). Data are

ultiple comparisons.

bH1 pseudoislets treated with either PBS or PE at 500 ng/mL overnight and

insulin amounts were normalized on intracellular insulin content, and values at

xis). Data are mean ± SEM. Significance vs. PBS was tested using two-way
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were contaminated by ACs. In addition, the purity of the islet

preparations, assessed at the time of isolation, were similar be-

tween the T2D and ND samples (Table S1).

To define the precise protein localization of PE within the

islet microenvironment, we immunostained pancreas sections

from ND and donors with T2D, obtained from the network of

pancreatic organ donors (nPOD) repository, for CELA3A and

N-CELA3B. Although CELA3A was highly expressed in

exocrine tissue and virtually undetectable in ND islets, it was

easily detected within islets of T2D pancreatic sections (Fig-

ure S1G). By analyzing the abundance and distribution of

N-CELA3B protein (the cleaved and active form), we first

observed up-regulation in the exocrine tissue of the T2D

pancreas compared with the ND samples (Figures 1L and

1M), confirming our gene-expression data (Figure 1E). Addi-

tionally, we validated our western blotting results (Figures 1F

and 1K) by measuring higher N-CELA3B levels within the islets

of the T2D pancreas compared with those from the ND sam-

ples (Figures 1N and 1O). Interestingly, the abundance of

N-CELA3B within the islets positively correlated with its

expression levels in the exocrine compartment of the

pancreas, with the ND samples populating the bottom left of

the plot (i.e., low N-CELA3B levels in both islets and ACs),

and the T2D samples in the top right (i.e., high N-CELA3B

levels in both exocrine and endocrine compartments) (Fig-

ure S1H). Furthermore, the islet N-CELA3B intensity values

were variable among lobules of the same pancreatic sections

(Figures S1I and S1K). However, the insulin expression levels

were similar in islets across the different regions of the same

pancreatic section and globally reduced in T2D vs. ND

pancreas (data not shown).

Then we explored the relative localization of N-CELA3B in

comparison with insulin and E-cadherin labeling using confocal

microscopy. We observed that the N-CELA3B expression

pattern was distinct from insulin immunostaining and overlap-

ping with the E-cadherin labeling in both ND and T2D samples

(Figures 1P and 1Q), suggesting localization outside the b cells

and within the islet microenvironment in both physiological and

diabetic states. Taken together, we observed that CELA3B,

among the PE forms, was up-regulated in ACs from patients

with T2D and its active form was detected in the microenviron-

ment of islets, indicating a potential role in regulating endocrine

cell function in diabetes.

Excess of PE within the islet milieu affects b cell
homeostasis
To further characterize the effects of PE accumulated in the

islet milieu on b cell viability and function, we focused on an

in vitro model that reproduced the phenotype observed in

the human pancreas. To this end, we used isolated ND human

islets cultured with either vehicle or exogenous human PE

preparations. To estimate the amount of CELA3B present in

the islets and sensed by b cells, we used a PE standard

curve to quantify the concentration by western blotting. We

established that ND islet samples contained CELA3B

at �150 ng/mL, whereas the T2D islets were exposed to

a �10-times higher concentration (�1,000 ng/mL) (Figures

S1L and S1M; see STAR Methods). Because the latter con-

centration was revealed to be unsuitable for our studies in
4 Cell Metabolism 35, 1–19, July 11, 2023
preliminary experiments, we chose 500 ng/mL. Remarkably,

the addition of exogenous PE to the islet culture led to accu-

mulation of N-CELA3B in the islet microstructure, recapitu-

lating the conditions observed in the human pancreas of

T2D donors (Figures 1N and 1R).

We then sought to determine the effects of exogenous PE

on human b cell viability by treating EndoC-bH3 cells with

either PBS or PE at low (100 ng/mL) or high (500 ng/mL) con-

centrations for 24 h (Figure 1S). We observed that the highest

dose of PE dramatically reduced viability of b cells, mostly by

increasing apoptosis and in part by reducing proliferation

(Figures S1N and S1O), resulting in a reduction of the EdU+/

Annexin V+ cell ratio (Figure 1T). This effect was confirmed

by increased caspase-3 activity, which was largely due to

PE-induced apoptosis (Figure 1U). Interestingly, the dose of

PE found in the ND islets (i.e., 100 ng/mL) significantly

decreased proliferation levels without inducing apoptosis

and did not alter the b cell numbers (Figures 1T, 1U, S1K,

and S1L).

Finally, we tested the effects of PE on b cell function in EndoC-

bH1 (bH1) pseudoislets by performing glucose-stimulated insulin

secretion (GSIS) assays in a perifusion system.We observed that

overnight treatment with PE suppressed glucose responsive-

ness in b cells (Figure 1V). Taken together, these data showed

that exogenous PE, enriched in CELA3B whose levels are

increased in T2D islets, affects b cell viability by increasing

apoptosis and partially limiting proliferation as well as reducing

b cell secretory function. Therefore, blocking the activity of

CELA proteins within the islet microenvironment could represent

one strategy to promote b cell viability and insulin release in the

context of diabetes.

Identification of PE inhibitor compounds
To limit the off-target effects of a broad protease inhibitor such

as SerpinB1, which can inhibit elastase as well as proteinase 3

and cathepsin G, we performed high-throughput screenings

(HTSs) to test 16,320 DMSO-dissolved small molecules26–29

using a fluorescence-based porcine PE (pPE) activity assay to

identify inhibitors (Figure 2A). After normalizing and scaling

the Z score values of each compound to DMSO (negative con-

trol) and sivelestat (positive control), and adopting the restric-

tive cut-off of 50% inhibition compared with sivelestat, we iden-

tified two FDA-approved drugs as candidate PE inhibitors: (1)

telaprevir, an anti-HCV drug, which showed inhibition that

was �70% higher than sivelestat; and (2) tebipenem, an anti-

biotic of the b-lactam family, which blocked pPE activity in a

similar manner to sivelestat (Figure 2B). We validated these re-

sults by testing the efficacy of the candidate compounds in

blocking the activity of pPE, human PE, or human neutrophil

elastase (NE). We confirmed that telaprevir blocked the activity

of both porcine and human forms of PE at low concentrations

(IC50 pPE: 40.2 nM; IC50 PE: 15.8 nM), while tebipenem and si-

velestat displayed milder effects (sivelestat IC50 pPE: 2.0 mM,

IC50 PE: 2.3 mM; tebipenem IC50 pPE: 107.2 mM, IC50 PE:

3.6 mM) (Figures 2C and 2D), reflecting the results of the HTS

assay. NE activity was abolished by sivelestat (IC50:

189.1 nM), consistent with previous reports,30 while telaprevir

and tebipenem had a low impact on NE activity (telaprevir

IC50: 3.6 mM tebipenem IC50: 33.6 mM) (Figure 2E). None of
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Figure 2. Identification of telaprevir as a specific inhibitor of PE

(A) Experimental scheme of the high-throughput screening (HTS).

(B) Scatterplot of the HTS assay results highlighting the two hits as candidate PE inhibitors.

(C–E) Validation of sivelestat (green curves), telaprevir (red curves), and tebipenem (yellow curves) effect on (C) porcine PE, (D) human PE, and (E) human

neutrophil elastase (NE). Data are mean ± SEM (n = 2–4).

See also Figure S1.
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the tested compounds inhibited human cathepsin G, at rela-

tively low titers (Figure S1P). The ability of telaprevir to block

the activity of PE, with high specificity and at low concentra-

tions compared with other neutrophil proteases, in contrast to

sivelestat and tebipenem, prompted us to continue our studies

with this compound.
Telaprevir improves human b cell function and viability
in vitro and in vivo

To determine the consequences of inhibiting PE present within

the islet microenvironment on human b cell viability, we treated

ND human islet cultures for 24 h, either with DMSO or telaprevir

(1.5 or 150 mM). The concentrations were selected based on prior
Cell Metabolism 35, 1–19, July 11, 2023 5
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Figure 3. Effects of PE blockade on human b cell viability in vitro and in vivo

(A, D, and G) Representative picture of (A) Ki67, (D) pHH3, or (G) TUNEL (in green), insulin (in red) and DAPI (in blue) labeling by immunohistochemistry in non-

diabetic human islets treated with either DMSO or serial concentrations of telaprevir. Arrows indicate (A and D) proliferating or (G) apoptotic b cells. Scale bars are

indicated in the figure.

(B, E, and H) Quantification of (B) Ki67+ insulin+, (E) pHH3+ insulin+, or (H) TUNEL+ insulin+ cell percentage in samples in (A), (D), and (J). Data are mean ± SEM.

Paired one-way ANOVA test was used with Fisher’s LSD correction for multiple comparisons.

(C, F, and I) Paired analysis of (C) Ki67+ insulin+, (F) pHH3+ insulin+, and (I) TUNEL+ insulin+ cells extrapolated from graphs in (B), (E), and (H). Two-tailed paired t

test was used.

(legend continued on next page)
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studies using elastase inhibitors, such as sivelestat, on promot-

ing human b cell proliferation.14 Proliferation levels, measured by

Ki67 or pHH3 immunolabeling, were significantly increased (�3-

fold) in human b cells treated with telaprevir at 100 mg/mL

compared with the control (Figures 3A–3F), while apoptosis

was also significantly reduced (Figures 3G–3I). Importantly, te-

laprevir treatment did not stimulate proliferation of other islet

cell types, including a-cells (Figures S2A–2C) or d-cells (data

not shown).

To evaluate the beneficial effects of PE inhibition on b cell

function, we performed GSIS assays in bH1 cells treated with

PE ± telaprevir. Telaprevir was able to counteract the negative

effects of exogenous PE and restore glucose responsiveness

(Figure S2D). bH1 cells treated with telaprevir in the absence of

PE maintained normal function (Figure S2D), indicating that the

effect of the compound is dependent on the presence of PE.

To examine the ability of telaprevir to induce human b cell

proliferation in vivo, we transplanted human islets under the

kidney capsule of immunocompromised mice.31 After allowing

islet engraftment for 10 days post-surgery, animals received

either vehicle or telaprevir at a low (30 mg/kg/day) or a high

(300 mg/kg/day) dose via osmotic pumps for 4 weeks. As for

the in vitro studies, these dosages were selected based on pre-

vious studies.14 Analysis of human graft samples by immuno-

histochemistry after 4 weeks of treatment revealed an increase

in Ki67+ and a decrease in TUNEL+ b cells in the telaprevir high

dose (HD)-treated mice (Figures 3J–3O). However, we did not

observe differences between groups in blood glucose

(random-fed or fasting) levels, body weight, glucose sensitivity,

or human C-peptide levels in fasting states or in response to

glucose stimulation (Figures S2E–S2L). The lack of significant

changes in these parameters could be due to the brief treat-

ment period and/or the fact that the animals were in a relatively

normal physiological state, with intact regulatory mechanisms.

Together, these data reveal the mitogenic properties of PE

inhibition, mediated by telaprevir, specifically on human b cells

in both in vitro and in vivo systems without inducing

hypoglycemia.

PE inhibition increases b cell numbers in models of
diabetes
To address the relevance of telaprevir to pathophysiology we

began to investigate the effects of PE inhibition on b cell regen-

eration following diabetes induction using the Tg(ins:flag-

NTR);Tg(tp1:H2BmCherry) zebrafish model.32,33 This model is

characterized by expressing nitroreductase specifically in insu-

lin-producing cells to promote their ablation upon treatment

with metronidazole (Figures S3A and S3B), whereas the duct

cells are persistently labeled with the nuclear mCherry fluores-

cent protein. Either vehicle, sivelestat, or telaprevir were added

into the growth medium 4–6 days post-fertilization (dpf). We
(J and M) Representative picture of (J) proliferating or (M) apoptotic human b cells

labeling by immunohistochemistry in transplanted human islets exposed to eithe

Arrows indicate (J) proliferating or (M) apoptotic b cells.

(K and N) Quantification of the percentage of (K) Ki67+ insulin+ or (N) TUNEL+ insuli

ANOVA test was used with Fisher’s LSD correction for multiple comparisons.

(L and O) Paired analysis of (L) Ki67+ insulin+ or (O) TUNEL+ insulin+ cells extrapo

See also Figure S2 and Table S1.
observed an overall significant increase in Ins+ cells in telapre-

vir-treated samples compared with controls (Figures S3C and

S3D), and a trend toward an increase in larvae treated with sive-

lestat compared with those treated with DMSO (Figures S3E and

S3F). These data confirmed the ability of PE inhibitors to increase

b cell numbers in vivo.

Then, we focused on mammalian systems to test the potential

of telaprevir in promoting b cell viability and restoring glucose ho-

meostasis. To this end, we challenged 4-week-old wild type

mice with a 60% fat diet (high fat diet [HFD]), whereas a parallel

group was fed on a diet containing 10% fat as a control group

(low fat diet [LFD]). After 20 weeks, weight-matched mice fed

with the HFD were treated with either vehicle (DMSO) or telapre-

vir at a low dose (LD) or HD (30 or 300 mg/kg/day, respectively)

using osmotic pumps (Figure S4A). Mice fed with the LFD were

treated with vehicle to serve as baseline controls. During the

treatment period, HFDmice exposed to telaprevir did not exhibit

differences in random-fed blood glucose levels or in body

weights compared with HFD vehicle-treated animals

(Figures S4B and S4C). Interestingly, HFD mice treated with

the high dose of telaprevir showed an improvement in glucose

tolerance compared with the HFD animals subjected to vehicle

at week 4 (Figure S4D). Indeed, the area under the curve during

glucose tolerance test (GTT) in HFD telaprevir HD animals was

statistically similar to the LFD vehicle group, although not signif-

icantly different from vehicle-HFD mice (Figure S4E). Moreover,

telaprevir treatment in HFD animals did not affect insulin sensi-

tivity or GSIS compared with the HFD vehicle group at the

4-week time point (Figures S4F and S4G). In addition, telaprevir

at HD in HFD conditions lowered the 4 h fasting C-peptide and

fasting blood glucose after the 4-week treatment compared

with week 0 (Figures S4H and S4I), indicating a limited improve-

ment in glucose homeostasis. Quantification of b cell mass indi-

cated that HFD telaprevir HD mice exhibited a significantly

higher b cell mass compared with the HFD vehicle group

(Figures S4J and S4K). Interestingly, HFD telaprevir LD and HD

mice exhibited slightly lower b cell size compared with the

HFD-vehicle group (Figure S4L), suggesting that the increase

in b cell mass was likely due to b cell expansion rather than hy-

pertrophy. These data indicate that the blockade of PE activity

in insulin-resistant mouse models increased b cell mass and

slightly improved glucose tolerance.

PE blockade activates the mechano-signaling and PARs
pathways in human islets
To explore the molecular mechanism(s) linking PE activity to b

cell viability, we evaluated the phosphoproteomic and tran-

scriptomic changes induced by telaprevir treatment in human

islets by phospho-antibody microarrays and single-cell RNA

sequencing (scRNA-seq), respectively. In both experiments,

we also treated human islets with sivelestat as a positive control
in humanized models, using (J) Ki67 or (M) TUNEL (in green) and insulin (in red)

r vehicle or telaprevir at serial doses. DAPI (in blue) was used to stain nuclei.

n+ cells (Y axis) in samples in (J) and (M). Data aremean ± SEM. Paired one-way

lated from graphs in (K) and (N). Two-tailed paired t test was used.
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for the inhibition of PE (Figures 2C and 2D). To identify the

signaling pathways, we incubated human islets with DMSO,

telaprevir, or sivelestat for 10 or 30 min, after which protein

lysates were submitted to KAM 1325 microarrays (Kinexus,

Canada) (Figure 4A) to interrogate the expression and phos-

phorylation states of key cell signaling proteins simultaneously.

Using p value < 0.05 and fold change (FC)W|1.2| as cutoffs, we

observed 44 and 43 (10-min treatment), and 43 and 49 (30-min

treatment) differentially regulated phosphosites (DRPs) in hu-

man islets treated with telaprevir or sivelestat, respectively (Fig-

ure 4B). The two elastase inhibitors shared �50% of the regu-

lated phosphosites at both time points, highlighting the

presence of common elastase-specific effects. Pathway anal-

ysis revealed that MAPK and PI3K-AKT signaling were regu-

lated by both telaprevir and sivelestat after 10- and 30-min

treatment, respectively, consistent with our previous studies

on SerpinB1,14 in addition to growth factor signaling cascades

driven by EGFR, PDGFR, and the insulin receptor (Figures 4C,

S5A, and S5B). Interestingly, the integrin and focal adhesion

pathways, two major networks that integrate mechano-signals

originating from the extracellular environment, were differen-

tially regulated by both telaprevir and sivelestat at 10 as well

as 30 min, underlining a role for PE in regulating the me-

chano-signaling machinery responsible for ECM-cell interac-

tions (Figures 4C, 4D, S5A, and S5B). Finally, both compounds

regulated cell cycle and proliferation-related pathways, as well

as apoptosis and p53 signaling events, confirming the link be-

tween elastase blockade and growth in human islet cells

(Figures 4D, S5A, and S5B). Notably, sivelestat specifically

regulated Hippo and VEGF signaling and the leptin pathways

(Figures S5A and S5B).

The PARs signaling cascade was significantly modulated by

stimulation with telaprevir, but not sivelestat, at 30 min, sug-

gesting a distinct consequence of selective PE inhibition by

the former (Figures 4D, S5A, and S5B). Further interrogation

of top DRPs by STRING (Search Tool for the Retrieval of Inter-

acting Genes/Proteins) analyses suggested interconnections

between MAPK, mechano-signaling, and PARs pathways with

the cell cycle network in telaprevir-treated samples (Figure 4E).

Further analysis of the integrin/focal adhesion pathway re-

vealed that phosphorylation levels of paxillin (PXN) at Tyr118

and Tyr31 residues, and p21 (RACs1) activated kinase 1

(PAK1) at Ser144, were higher following PE inactivation, sug-

gesting activation of the focal adhesion machinery (Figure 4F).

In parallel, telaprevir increased the phosphorylation levels of

protein tyrosine kinase 2B (PTK2B) at the Tyr402 site, and

extracellular-signal-regulated kinase 1/2 (ERK 1/2) at the

Thr202 and Tyr204 sites, leading to the activation of PARs
Figure 4. Results of phospho-antibody microarrays in human islets fo
(A) Experimental design of phospho-antibody microarray experiments.

(B) Differentially regulated phosphosites (DRPs) in human islets treated with telapr

(lower circles).

(C and D) Selected differentially regulated pathways in human islets treated with

(E) STRING analysis showing network of proteins differentially phosphorylated b

(F) Selected heatmaps of differentially regulated phosphosites belonging to the me

(G) Representative blots of indicated phosphorylated and total proteins in huma

(H) Quantification of the indicated phosphorylated protein levels from blots in (G

correction for multiple comparisons.

See also Figure S5 and Table S1.
signaling (Figure 4F). We validated the results by western blot-

ting, using human islets treated with telaprevir (1.5 or 150 mM

for 30 min). Consistent with the previous data, phosphorylation

levels of PAK1 in the mechano-signaling pathway and PTK2B

and ERK1/2, downstream effectors of the PARs signaling

cascade were all up-regulated by telaprevir (Figures 4G and

4H). Taken together, these experiments suggest that PE: (1) in-

terrupts the ECM-cell interactions to inactivate the mechano-

signaling machinery and (2) inhibits PARs signaling. Further-

more, a significant correlation of these pathways with cell cycle

networks linked PE inhibition to growth processes.

Single-cell RNA-seq analysis reveals the impact of PE on
the mechano-signaling and PARs pathways in human
b cells
We then examined the transcriptomic profile of human islet cells,

following incubation with telaprevir or sivelestat for 24 h, to

assess the b cell-specific effects of sustained PE inhibition.

scRNA-seq (Figure 5A) recovered 1,199, 3,194 and 1,656 high-

quality cells from human islets treated with DMSO, telaprevir,

or sivelestat, respectively (Table S3). Following deconvolution

and cell cluster definition using the expression levels of gene

markers of pancreatic cell types, we obtained 157, 456, and

338 b cells in the samples treated with DMSO, telaprevir, or sive-

lestat, respectively (Figures 5B and S6A–S6H; Table S3). Differ-

ential gene-expression analyses revealed that 410 and 261

genes were significantly up-regulated in b cells in samples

treated with telaprevir and sivelestat, respectively (Figure 5C).

These included ribosomal protein S27 (RPS27), pancreatic pro-

genitor cell differentiation and proliferation factor (PPDPF), so-

lute carrier family 30 member 8 (SLC30A8; known as Zn2+ trans-

porter ZnT8), and receptor for activated C kinase 1 (RACsK1) in

telaprevir-treated samples, and ribosomal protein S29 (RSP29)

and actin gamma 1 (ACsTG1) in samples treated with sivelestat

(Figures 5D and 5E). Moreover, 161 and 184 geneswere differen-

tially down-regulated in b cells of samples treated with telaprevir

or sivelestat, respectively (Figure 5C). Among them, proprotein

convertase subtilisin/kexin type 1 inhibitor (PCSK1N) and b-2mi-

croglobulin (B2M) were significantly down-regulated in both te-

laprevir- and sivelestat-treated human b cells (Figures 5D and

5E). Canonical pathway analysis performed within the b cell da-

taset indicated an up-regulation of pathways important for prolif-

eration such as DNA replication and G1/S transition, confirming

the mitogenic properties of PE inhibition (Figure 5F). Unexpect-

edly, telaprevir positively regulated b cell identity genes (Fig-

ure 5F). In line with these data, exocrine-cell-specific pathways,

including Notch signaling and Hippo pathways, were down-

regulated by telaprevir in acinar and ductal cells compared
llowing telaprevir-mediated PE inhibition

evir (red circles) and sivelestat (green circles) for 10min (upper circles) or 30min

telaprevir at (C) 10 min or (D) 30 min.

y telaprevir at 30 min.

chano-signaling or PARs pathways in human islets at the indicated conditions.

n islets at the indicated conditions.

). Data are mean ± SEM. One-way ANOVA test was used with Fisher’s LSD
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Figure 5. Transcriptomic changes in human b cells regulated by telaprevir-dependent PE blockade

(A) Experimental design of single-cell RNA sequencing (scRNA-seq) experiments.

(B) Global t_SNE plot representing the dispersion of the high-quality cells, including all three experimental groups.

(C) Differentially up-regulated (in red) and down-regulated (in blue) genes in human islets treated with telaprevir (red circle) or sivelestat (green circle).

(D and E) Volcano plots of differentially regulated genes in b cells treated with (D) telaprevir and (E) sivelestat compared with DMSO.

(F and G) Selected differentially (F) up-regulated and (G) down-regulated pathways in human b cells treated with telaprevir vs. DMSO.

(H and I) Selected differentially (H) up-regulated and (I) down-regulated pathways shared by b cells treated with telaprevir and sivelestat. Data are percentage of

enrichment of differentially regulated genes.

See also Figure S6 and Tables S1, S3, and S4.
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with DMSO-treated samples (Figure S6I), suggesting a link be-

tween PE activity and b cell maturation/differentiation.

AVb3 integrin, focal adhesion and PARs pathways were

differentially up-regulated by telaprevir, consistent with the

phospho-antibody microarray results, emphasizing the impor-

tance of these signaling axes in the regulation of PE-mediated

b cell growth (Figure 5F). Notably, actin remodeling and DNA

replication pathways were also up-regulated in sivelestat-

treated b cells, whereas regulation of genes in PARs signaling

appeared specific to telaprevir treatment (Figures 5F and 5H).

The focal adhesion and the PARs pathways were down-regu-

lated in other cell types, including acinar, ductal, and a-cells

(Figure S6I), indicating that the up-regulation of such pathways

was specific to the b cells. Genes belonging to antigen presen-

tation by class I major histocompatibility complex (MHC) and

T1D pathways were down-regulated in human b cells treated

with telaprevir (Figure 5G), pointing to the relevance of PE inhi-

bition in the context of T1D. The down-regulation of the T1D-

related pathways was shared by sivelestat-treated samples

(Figure 5I). Finally, the inhibition of PE function resulted in cell

stress relief, as the activating transcription factor (ATF) 6a

and ATF4 pathways were significantly down-regulated by te-

laprevir (Figure 5G).

By integrating the phospho-antibody microarray data with the

scRNA-seq dataset of the b cells, we focused on transcription

factors that were differentially phosphorylated in human islets

treated with telaprevir compared with DMSO and linked them

to the changes in gene expression observed in telaprevir-treated

b cells. This allowed us to create a network map integrating the

global regulation of telaprevir in b cells at both phospho-proteo-

mic and transcriptomic levels (Figure S6J). For example, we

observed that telaprevir regulated genes involved in cell cycle

signaling, such as the G1/S transition pathway, likely by modu-

lating the activity of JUN, whereas genes defining b cell identity,

grouped in the maturity-onset diabetes of the young (MODY)

pathway, were regulated likely via TP53 (Figure S6J). Using

this approach, we observed that the expression of genes

involved in the actin remodeling pathways, which were differen-

tially up-regulated by telaprevir in human b cells, was controlled

by transcription factors such as MYC, RELA, or CTNBB1, and

differentially phosphorylated upon telaprevir treatment

(Table S4). Taken together, these data provide insight into path-

ways (e.g., mechano-signaling and PARs pathways) that are

regulated following PE inhibition and precede the up-regulation

of the cell cycle machinery in b cells.

Human islets from patients with T2D exhibit impaired
PAR2 and mechano-signaling pathways
To evaluate the translational relevance of our findings, we exam-

ined the protein expression of FAK, PTK2B, and the PARs known

to be expressed in pancreatic islets22,23 (i.e., PAR2 and PAR3), in

bH3 cells and human islets from ND and T2D donors (Figure 1F).

Expression of FAK (Figures 6A and 6B) and proteins in the PARs

pathway, including PTK2B and PAR2, were lower in T2D sam-

ples compared with ND (Figures 6A, 6C, and 6D). However,

PAR3 expression was not significantly different between groups

(Figures 6A and 6E), highlighting PAR2 as a target that may be

regulated by PE. These data suggest that themechano-signaling

and PAR2 pathways, which are up-regulated by PE inhibitors,
are impaired in T2D islets in the presence of high levels of

CELA3B (Figures 1F and 1K).

PE affects the PAR2 signaling pathway in b cells
Elastase causes non-canonical proteolytic cleavage of

PAR2.21,34 To investigate the effects of PE and PE inhibition on

PAR2 signaling, we interrogated the phosphorylation of ERK1/

2, an important effector downstream of the PAR2 signaling

cascade,35 in bH1 cells pre-treated with FSLLRY-NH2, a

PAR2-inactivating peptide, and subsequently stimulated with

PE ± telaprevir for 30 min (Figure 6F). Although cells treated

with PE did not exhibit changes in phospho-ERK1/2 levels

compared with control cells, PE inhibition by telaprevir signifi-

cantly increased phospho-ERK1/2 levels (Figures 6G and 6H).

Remarkably, such an effect was not observed in cells pre-

treated with FSLLRY-NH2 (Figures 6G and 6H), indicating that

the ERK activation caused by telaprevir-dependent inhibition of

PE is mediated by the PAR2 pathway.

To evaluate whether the regulation of PE on PAR2 signaling

impacted b cell viability, we evaluated proliferation and

apoptosis levels in primary human b cell cultures, obtained

by dispersing islets, pre-incubated with or without FSLLRY-

NH2 and subsequently treated with PE ± telaprevir for 24 h.

Human b cells were labeled with diacetylated Zinpyr1 (DA-

ZP1), a previously characterized zinc-binding molecule conju-

gated with GFP36,37 (Figure 6I). We confirmed that PE caused

a non-significant decrease in b cell viability compared with

control cells, whereas the addition of telaprevir significantly

improved b cell survival (Figure 6J). Although the PAR2 inhib-

itor did not affect b cell homeostasis compared with vehicle-

treated cells, the capacity of telaprevir to counteract the detri-

mental effects of PE was impaired in FSLLRY-NH2-treated

cells (Figure 6J), pointing to the PAR2 signaling pathway as

one of the molecular links between PE activity and b cell

homeostasis.

PE inhibits the mechano-signaling axis in b cells
To understand whether the integrin/focal adhesion axis is an

essential component of telaprevir-mediated PE inhibition, we

knocked down focal adhesion kinase (FAK), the protein imme-

diately downstream of the integrin receptor along the me-

chano-signaling pathway, in bH1 cells by transient interference

experiments to obtain siFAK cells. Cells transfected with non-

specific oligo (scramble cells) or siFAK cells (Figure S7A) were

then treated with either PBS or PE, without or with telaprevir,

at increasing doses for 30 min, and the phosphorylation of

PAK1 protein, which directs the integrin signaling to cytoskel-

eton remodeling,38 was analyzed by western blotting (Fig-

ure 7A). We observed a significant reduction of phospho-

PAK1 levels in PE- vs. PBS-treated scramble cells

(Figures 7B and 7C). Importantly, telaprevir reversed the PE-

dependent effects by significantly increasing phosphorylation

of PAK1 in scramble cells stimulated with PE + telaprevir at

HD, in comparison with scramble cells incubated with PE alone

(Figures 7B and 7C), suggesting that the stimulatory effect of

telaprevir on the mechano-signaling pathway is mediated by

PE inhibition. On the other hand, FAK down-regulation caused

a significant reduction of PAK1 phosphorylation levels

compared with those of scramble cells (Figures 7B and 7C).
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Figure 6. Levels of proteins along the candidate pathways in islets of donorswith T2D and effects of PE on the PAR2 signaling in human islets

and human b cells

(A) Representative blot of indicated proteins in pancreatic islet cells from ND and T2D donors. Western blotting experiment is from Figure 1F.

(B–E) Quantification of indicated protein levels from blots in (A). Data are mean ± SEM. One-way ANOVA test was used with Fisher’s LSD correction for multiple

comparisons.

(F) Scheme of the experimental design of stimulations in EndoC-bH1 cells to investigate the PAR2 pathway.

(G) Representative blots of phosphorylated and total ERK1/2 protein levels in EndoC-bH1 at the indicated conditions.

(H) Quantification of phospho-ERK1/2 levels from blots in (G). Data are mean ± SEM. One-way ANOVA test was used with Fisher’s LSD correction for multiple

comparisons. Ns, non-significant

(I) Experimental design of viability assays in human islet cells following PAR2 receptor blockade.

(J) Quantification of the EdU+/Annexin V+ cell percentage within the DA-ZP1+ cell population (b-cells) at the indicated conditions. Ns, non-significant. Data are

mean ± SEM. One-way ANOVA test was used with Fisher’s LSD correction for multiple comparisons.

See also Table S1.
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Finally, the combination of telaprevir with PE in siFAK cells

significantly decreased phosphorylated PAK1 compared with

PE-treated siFAK samples, showing an opposite effect to

scramble cells (Figures 7B and 7C). These results suggest

that PE is a negative regulator of the mechano-signaling axis
12 Cell Metabolism 35, 1–19, July 11, 2023
in b cells and that these effects are restored after PE is inhibited

by telaprevir.

To define the effects of PE on the mechano-signaling

pathway in b cells, we conducted gain-of-function experiments

by overexpressing FAK in bH1 cells using a FLAG-tagged
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Figure 7. Effects of PE on the mechano-signaling pathway in human b cells

(A) Experimental scheme of stimulations in EndoC-bH1 cells to investigate the mechano-signaling pathway.

(B and D) Representative blots of phosphorylated and total PAK1 protein levels in EndoC-bH1 in which FAK expression was (B) down-regulated or (D) up-

regulated and stimulated at the indicated conditions.

(C and E) Quantification of phospho-PAK1 levels from blots in (B) and (D). Data are mean ± SEM. One-way ANOVA test was used with Fisher’s LSD correction for

multiple comparisons. Ns, non-significant.

(legend continued on next page)
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construct. Cells transfected with either an empty vector (EV) or

FAK (FAKOE) (Figures S7B and S7C) were then stimulated with

either PBS or PE in combination with either DMSO or telaprevir.

We confirmed that phospho-PAK1 levels were reduced by PE

treatment and restored by the addition of telaprevir in EV cells

(Figures 7D and 7E). Overexpression of FAK per se caused a

non-significant increase in phospho-PAK1 levels, and this

increment was not altered by PE alone or PE in combination

with telaprevir (Figures 7D and 7E). These results indicate that

increasing the expression of FAK in b cells counteracts the

detrimental effects of PE, confirming the mechano-signaling

pathway among the molecular mechanism(s) targeted by PE

activity.

PE alters the mechanical state of b cells
To evaluate whether the PE-mediated impairment of the me-

chano-signaling cascade impacts the cytoskeleton dynamics

of the b cells, we interrogated the mechanical state of bH1 cells

exposed to PE, with or without telaprevir, by using Brillouin mi-

croscopy, an emerging technology developed to measure the

stiffness of cells, as a readout of cytoskeleton remodeling.39

We initially observed that cells treated with PE weremore circu-

lar than control cells, whereas the shape of cells incubated with

PE in the presence of telaprevir resembled the PBS-treated

cells (Figure 7F). By measuring the Brillouin frequency shift to

infer the cytoskeleton assembly state, we observed that PE-

treated cells had a significant higher Brillouin frequency shift,

indicating a higher stiffness compared with control cells

(Figures 7F and 7G). Remarkably, telaprevir was able to

completely reverse these effects (Figures 7F and 7G). These re-

sults suggest that chronic exposure to PE, which reduces b cell

viability, increases the intracellular stiffness of b cells, likely

because of interrupted interactions between the ECM and

integrins.

PE reduces b cell viability by inhibiting the PAR2 and
mechano-signaling pathways
To explore the relationship between the PE-mediated effects on

the candidate pathways (i.e., the mechano-signaling and PAR2

pathway) and b cell viability, we measured proliferation and cell

death parameters following PE inhibition in cells in which both

pathways were simultaneously impaired. To this end, we used

tamoxifen-treated bH3 cells to generate scramble or siFAK cells

(Figures S7D and S7E), which were further incubated with either

vehicle or FSSLRY-NH2, respectively (Figure 7H). We observed

that PE treatment significantly decreased the proliferation/

apoptosis ratio in scramble cells (Figure 7I), which confirmed

our earlier results (Figure 1T). Interestingly, the inhibition of PE

mediated by telaprevir boosted b cell viability levels even higher
(F) Representative bright-field (upper) and Brillouin imaging (lower) pictures of E

(middle), or PE with telaprevir (right), for 24 h. Brillouin shift heatmap is expresse

(G) Quantification of Brillouin frequency shift from pictures in (A). Data are mean ±

comparisons.

(H) Experimental design of viability assays in EndoC-bH3 cells upon treatments w

(I) Quantification of the EdU+/Annexin V+ cell ratio in EndoC-bH3 cells at the indic

Fisher’s LSD correction for multiple comparisons. Ns, non-significant.

(J) Working model of the mechanism of action of telaprevir on b cell viability by m

See also Figure S7.
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than control cells (Figure 7I). This was the result of a slight effect

on restoring PE-mediated decrease of proliferation levels

together with a major effect in counteracting PE-dependent

apoptosis (Figures S7F and S7G). Blockade of both pathways

reduced b cell proliferation levels, without a significant effect

on overall cell viability, compared with scramble cells

(Figures 7I, S7F, and S7G). Interestingly, incubation of these cells

with PE further reduced proliferation and increased apoptosis

levels, determining a profound loss of b cells (Figures 7I,

S7F,and S7G). Finally, inhibition of PE using telaprevir restored

regeneration levels and survival of siFAK-FSLLRY-treated cells

(Figures 7I, S7F, and S7G). However, the proportion of viable

cells in the siFAK-FSSLRY group was non-significantly different

to those treated with vehicle, contrary to the dynamic pattern

occurring in control cells (Figures 7I, S7F, and S7G). Thus, our

studies in bH and human islet cells suggest that the mechano-

signaling axis and the PAR2 signaling are potential mediators

of the effects of PE activity on b cells, leading to poor viability

(Figure 7J).

DISCUSSION

Pancreatic islets are surrounded by ACs that synthesize and

secrete enzymes to promote digestion of nutrients in the intes-

tine.40 In addition, ACs are able to secrete proteins directly into

the circulation as well as into the pancreatic stroma to impact

islet cell homeostasis in physiological and pathophysiological

states.41–43 Of relevance to this report, PE represents one such

candidate, as fecal PE levels are altered in patients affected by

various forms of diabetes.17,44

Here, we discovered that the expression of one of the major

forms of PE, namely CELA3B, retained in exocrine cells and

virtually null in either pure b cells or human islets, was up-regu-

lated in ACs from patients with T2D compared with ND samples.

Surprisingly, we then observed that the protein levels of both the

proenzyme and active forms of CELA3B were higher in T2D hu-

man islets compared with ND. The observation of accumulation

of cleaved CELA3B in T2D samples could be explained by the

presence of trypsin within the islet milieu, an AC-specific enzyme

previously identified as a regulator of acinar-to-islet communica-

tion.42 By overexposing the amylase blot, we noted that at least

one ND islet preparation showed high levels of CELA3B, likely

due to contaminant ACs in the sample. However, we excluded

the notion that the detection of both full-length and cleaved

forms of CELA3B protein in the T2D islet preparations was due

to contamination of exocrine cells as well as from potential dedif-

ferentiation usually observed in b cells from T2D,45 based on the

following observations: (1) AC marker genes were absent in

endocrine cells; (2) the expression of exocrine-specific proteins
ndoC-bH1 cells treated with either vehicle solutions (PBS-DMSO, left) or PE

d in GHz and ranges from 5 (red, low stiffness) to 5.6 (purple, high stiffness).

SEM. One-way ANOVA test was used with Fisher’s LSD correction for multiple

ith PE in combination or not with telaprevir.

ated conditions. Data are mean ± SEM. One-way ANOVA test was used with

odulating the mechano-signaling and PAR2 pathways.
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(i.e., amylase and CELA3A), although detectable at low levels in

human islet samples, does not correlate with the amount of

CELA3B and N-CELA3B; and (3) the purity of the human islet

preparations obtained from T2D donors was similar to those of

ND human islets (>80%). The presence of the high levels of the

active form of CELA3B protein, detected using an antibody spe-

cific for its cleaved form, within the microenvironment of islets in

pancreatic samples, argues that PE is secreted fromACs into the

exocrine-endocrine interface with the potential to act in a para-

crine fashion on b cells. The ability of PE enriched in CELA3B

to decrease the viability of bH3 cells by lowering the prolifera-

tion/apoptosis ratio, mainly by inducing caspase-3 activation-

mediated cell death, suggested that the elevated PE likely con-

tributes to the deficit in b cell numbers in patients with diabetes.2

Interestingly, the null effect on apoptosis of PE at lower concen-

trations suggests that physiological concentrations of PE in the

islet microstructure of ND individuals would prevent b cells

from replicating without impacting their viability. In addition,

the all-or-nothing mechanism of action of PE, especially in regu-

lating apoptosis, suggests that b cells tolerate the presence of

PE in their surrounding up to a threshold (e.g., 200–500 ng/

mL). These data, together with the observation that insulin

release was suppressed by PE at the concentration found in

T2D islets, supports a broader role of PE in regulating b cell ho-

meostasis at multiple levels.

We further explored pharmacological inhibition of PE on b cell

viability by using telaprevir, an FDA-approved drug identified as

a major hit from a HTS assay. An advantage of telaprevir is its

ability to specifically inhibit human PE, while displaying virtually

no effect on other protease targets of SerpinB1 activity (e.g.,

cathepsin G). Treating cultured and transplanted human islets

with telaprevir led to a b cell-specific increase in proliferation

and survival levels. Furthermore, telaprevir blocked the detri-

mental effects of PE and restored GSIS in b cells. Although te-

laprevir at high concentrations (>10 mM) is able to partially

inhibit human NE activity, we exclude that its effects on b cell

growth are secondary to NE blockade as its gene is not ex-

pressed in human islet preparations. In addition, neutrophil

cells are virtually absent in human islets, even in disease states

as T2D, as they were undetected in our and published scRNA-

seq datasets.46–48 HFD-fed mice treated with telaprevir ex-

hibited a little improvement in glucose tolerance, likely second-

ary to the expansion of b cell mass. Consistent with a study that

has reported that rapid b cell growth is linked to a loss of matu-

rity and function,49 we observed that the new b cells generated

by self-replication following telaprevir treatment in HFD mice

also did not respond to glucose stimulation in vivo. However,

the lower C-peptide levels observed after 4 weeks of telaprevir

therapy is a likely consequence of adaptation of b cells to low

fasting blood glucose levels rather than a negative effect of te-

laprevir on b cell function or maturity. The lack of alterations in

insulin sensitivity in telaprevir-treated HFDmice excluded side-

effects of the compound on other metabolic tissues, such as

liver, adipose tissue, or muscle. These data point to the safety

and efficacy of PE blockers in improving glucose homeostasis

in in vivo models.

Phospho-antibody arrays and scRNA-seq experiments on te-

laprevir-treated human islets revealed (1) the mechano-signaling

and (2) the PARs pathway as molecular links between PE activity
and poor b cell viability. Interestingly, key proteins in these two

pathways, (e.g., FAK [mechano-signaling], and PAR2 and

PTK2B [PARs]) were found to be down-regulated in T2D islets

which also exhibit elevated PE levels and gain relevance in the

context of reduced b cell mass.2 Moreover, these pathways ap-

peared unique because they have not been associated with

other stimulators of b cell proliferation (e.g., inhibitors of

DYRK1A, GSK3b, or TGF-b pathways).

The role of PARs signaling in regulating b cell homeostasis has

not been explored. The finding that PAR2 is expressed in b cells

and that it gets cleaved canonically by trypsin and in a biased

fashion by NE,21,23 suggests that PAR2 signaling, among the

PARs, mediates the action of PE. Although we detected trypsin

in the islets from T2D donors, the association between low levels

of PAR2 and high levels of N-CELA3B in these samples indicates

that the activity of PE overcomes the effects of trypsin in regu-

lating PAR2 expression and signaling. Thus, it is likely that PE af-

fects b cell homeostasis by non-canonically cleaving PAR2,

disarming the tethered ligand and rendering the receptor unre-

sponsive to canonical mitogenic signals (e.g., trypsin).

The mechano-signaling axis is known to regulate b cell

viability.50,51 FAK loss- and gain-of-function experiments indicate

that theactionofPEalso impacts the integrinsignaling inbcells.By

employing the innovative Brillouin microscopy, we confirmed that

PE treatment modified the cell shape and increased the mechan-

ical stiffness of b cells. These findings are consistent with a loss of

cellular integrity and the formation of stress fibers, usually

observed upon the induction of the apoptotic program.52,53 Such

changes could be dictated by the effects of PE on interrupting

the interactions between b cells and the ECM or modifying the

ECM that surrounds the b cells.54 Indeed, elastases are known

to increase ECM stiffness by preferentially digesting soft laminin

chains, resulting in a higher proportion of hard fibrotic fibers,

such as fibronectin or collagen.55 In addition, the adhesion of b

cells to laminin chains, mainly via b-1 integrin, is fundamental to

maintain b cell identity, function, and viability.56,57 Laminin chains

are required to initiate b cell neogenesis from ductal pancreatic

progenitor cells.58 In this context, we observed that telaprevir

induced up-regulation of identity genes in b cells, and there was

simultaneous down-regulation of exocrine cell-specific pathways

in the acinar and ductal cells. Whether the preservation of a phys-

iological pancreatic ECM by inhibiting PE directly regulates

exocrine-to-endocrine differentiation warrants further investiga-

tion. However, the effects of telaprevir on b cell neogenesis could

alsooccur independentlyofPE inhibition, aspreviousdatademon-

strated the ability of ductal cells to generate endocrine cells in the

absence of ACs.59 Our data identify PE as a novel regulator of me-

chano-signaling in b cells either directly by disrupting the connec-

tions between b cells and the ECM, or indirectly by remodeling the

ECM and reducing cell viability.

To study the effect of PE on b cell viability via the mechano-

signaling and PAR2 cascade, we simultaneously ablated FAK

expression and inhibited PAR2 receptor in bH3 cells. Strikingly,

telaprevir reversed the detrimental effect of PE in siFAK-FSSLRY

cells but failed to boost b cell viability compared with vehicle-

treated samples, as observed in control cells. These results sug-

gest that telaprevir targets yet poorly understood mechanism(s)

distinct from the mechano-signaling and PAR2 pathways that

are independent of PE inhibition.
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In sum, our studies provide insights into the role of PE in regu-

lating the acinar-to-b cell crosstalk by mechano-signaling and

the PAR2 signaling pathways to determine b cell viability. The

ability of telaprevir, an FDA-approved potent PE inhibitor to

improve human b cell survival and proliferation, together with

previous reports on its ability to increase circulating C-peptide

and to reduce HbA1C levels in HCV-infected individuals with dia-

betes,60,61 provides a therapeutic opportunity to expand b cell

mass and reverse diabetes in patients. Whether these effects

are linked to insulin signaling and resistance in the exocrine

pancreas warrants further investigation.

Limitations of the study
Our fundamental observation is the detection of cleaved and

active form of CELA3B in the physiological islet microenviron-

ment, and the up-regulation of the CELA3B gene in ACs and

cleaved CELA3B protein in islets of subjects with T2D. However,

our immunostaining studies presented a few limitations: (1) we

used a single section from the head region of the pancreas per

donor, therefore further studies are needed to evaluate whether

similar expression patterns aremaintained in other regions of the

human pancreas; (2) the identification of a reliablemarker to label

endocrine cell membranes represented a challenge. Indeed, we

used E-cadherin antibodies to mark cell borders and clarify

N-CELA3B localization within the islets. However, the staining

appeared to be weaker in endocrine cells than in exocrine cells.

That is likely because E-cadherin, as well as other cell junction

proteins (e.g., N-cadherin or b-catenin), is expressed at low

levels in endocrine cells, originated from a mesodermal line-

age.62 In addition, b cell-specific membrane markers (e.g.,

GLUT1), abundant in physiological conditions, are down-regu-

lated in T2D,63 revealing their unsuitability for our studies.

Another limitation is represented by the limited effect of telapre-

vir on glucose tolerance in our DIO models, despite the signifi-

cant impact on b cell mass. Further investigation using a shorter

period of HFD exposure and/or longer treatment with telaprevir

will clarify the ability of telaprevir to improve glucose tolerance.

Although, we provided mechanistic evidence that telaprevir reg-

ulates b cell viability mainly by blocking PE in the islet milieu, as

other neutrophil proteases are not expressed in islet prepara-

tions, further studies are required to assess the effect of telapre-

vir on the activity of circulating enzymes, including NE, when

administered in vivo, and the impact of such inhibition on the

regulation of glucose homeostasis.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Guinea pig polyclonal anti-Insulin Abcam Cat# ab7842; RRID: AB_306130

Purified Mouse monoclonal anti-Ki67

(clone B56)

BD Biosciences Cat# 550609; RRID: AB_393778

Rabbit polyclonal anti-phopho-Histone

H3 (Ser10)

Millipore Cat# 06-570; RRID: AB_310177

Mouse monoclonal anti-Elastase 3A

(clone 14-3)

Santa Cruz Biotechnology Cat# sc-100527; RRID: AB_628381

Rabbit polyclonal anti-

CELA3B(N-terminal)

Sigma Cat# SAB1306246

Mouse monoclonal anti-E-Cadherin

(clone 4A2)

Cell Signaling Technology Cat# 14472; RRID: AB_2728770

Recombinant Rabbit monoclonal

anti-glucagon (clone EP3070)

Abcam Cat# ab92517; RRID: AB_10561971

Mouse monoclonal anti-ELA3B

(clone 3H3)

Sigma Cat# SAB1409028;

Mouse monoclonal anti-trypsin (clone D-1) Santa Cruz Biotechnology Cat# sc-137077, RRID:AB_2300318

Mouse monoclonal anti-Amylase Santa Cruz Biotechnology Cat# sc-46657, RRID:AB_626668

Rabbit monoclonal anti-PDX1 (D59H3) Cell Signaling Technology Cat# 5679; RRID: AB_10706174

Mouse monoclonal anti-PAR2 (SAM11) Thermo Fisher Cat# 35-2300; RRID: AB_2533199

Mouse monoclonal anti-PAR3 (G-4) Santa Cruz Biotechnology Cat# sc-393127

Rabbit polyclonal anti-FAK Cell Signaling Technology Cat# 3285; RRID: AB_2269034

Rabbit polyclonal anti-phopsho PAK1

(Ser144)/PAK2 (Ser141)

Cell Signaling Technology Cat# 2606; RRID: AB_2299279

Rabbit polyclonal anti-PAK1/2/3 Cell Signaling Technology Cat# 2604; RRID: AB_2160225

Rabbit polyclonal anti-phopsho

p44/42 MAPK (Erk 1/2) (Thr202/Tyr204)

Cell Signaling Technology Cat# 9101; RRID: AB_331646

Rabbit polyclonal anti-p44/42 MAPK

(Erk 1/2)

Cell Signaling Technology Cat# 9102; RRID: AB_320744

Rabbit monoclonal anti-b-actin (13E5) Cell Signaling Technology Cat# 4970; RRID: AB_2223172

Mouse monoclonal anti-Vinculin (7F9) Santa Cruz Biotechnology Cat# sc-73614; RRID: AB_1131294

Rabbit monoclonal anti-GAPDH

(D16H11)

Cell Signaling Technology Cat# 5174; RRID: AB_10622025

APC Annexin V BD Biosciences Cat# 550474; RRID: AB_2868885

Biological samples

Human islets IIDP/Prodo Labs Table S1

Human acinar cells Prodo Labs

Human ductal cells Prodo Labs

Human pancreatic sections nPOD

Human bone marrow Total RNA Takara Cat# 636591

Chemicals, peptides, and recombinant proteins

TRIzol Reagent Thermo Fisher Cat# 15596018

Pierce RIPA buffer Thermo Fisher Cat# 89901

Performer Set Broad Institute Wawer et al.29

Informer Set Broad Institute Chen et al.26; Tan28

Repurpose Set Broad Institute Corsello et al.27

Telaprevir Selleckchem Cat# S1538

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Sivelestat Selleckchem Cat# S4666

Tebipenem Pivoxil Selleckchem Cat# S2159

Human pancreatic elastase Elastin Product Company Cat# HE145

Porcine pancreatic elastase Elastin Product Company Cat# ES438

Human neutrophil elastase Elastin Product Company Cat# SE563

Human cathepsin G Elastin Product Company Cat# SG623

N-Methoxysuccinyl-Ala-Ala-Pro-Val

p-nitroanilide

Sigma Cat# M4765

N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide Elastin Product Company Cat# SG554

FSSLRY-NH2 Tocris Cat# 4751

4-Hydroxytamoxifen (4-OHT) Sigma Cat# H6278

Elastase 3B (ELA3B) recombinant protein MyBioSource Cat# MBS2012053

DA-ZP1 From Dr. Amit Choudhary Lee et al.37

Critical commercial assays

Caspase-3/CPP32 Colorimetric assay kit Biovision Cat# K106

Click-iT Plus EdU Alexa Fluor� 488 Flow

Cytometry Assay Kit

Thermo Fisher Cat# C10632

Click-iT Plus EdU Alexa Fluor� 647 Flow

Cytometry Assay Kit

Thermo Fisher Cat# C10634

eBioscience Annexin V Apoptosis

Detection Kit APC

Thermo Fisher Cat# 88-8007-72

ApopTag Fluorescein In Situ Apoptosis

Detection Kit

Sigma Cat# S7110

EnzCheck Elastase Assay kit Thermo Fisher Cat# E-12056

Phopsho-antibody microarray Kinexus Cat# KAM-1325

Chromium Single Cell 3’ Library &

Gel Bead Kit v2

10x Genomics Cat# PN-120237

Chromium Single Cell A Chip Kit 10x Genomics Cat# PN-120236

Chromium i7 Sample index plate 10x Genomics Cat# PN-220103

Dead cell removal kit Miltenyi Biotec Cat# 130-090-101

Insulin Human ELISA kit Mercodia Cat# 10-1113-01

C-peptide Human ELISA kit Mercodia Cat# 10-1136-01

Mouse C-peptide ELISA kit Crystal Chem Cat# 90050

Deposited data

Single-cell RNA-seq dataset This paper GSE190447

Phospho-antibody microarray dataset This paper GSE189986

Experimental models: Cell lines

EndoC-bH1 Human Cell Design RRID: CVCL-L909

EndoC-bH3 Human Cell Design RRID: CVCL-IS72

Experimental models: Organisms/strains

Tg(ins:FLAG-NTR,cryaa:mCherry)s950 From Dr. Olov Andersson Andersson et al.64

Tg(EPV.Tp1-Mmu.Hbb:hist2h2l-mCherry)s939 From Dr. Olov Andersson Ninov et al.65

Tg(ins:flag-NTR);Tg(tp1:H2BmCherry) From Dr. Olov Andersson Lu et al.33

C57BL/6J Jackon lab Cat#:000664 RRID:IMSR_JAX:000664

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ Jackson lab Cat#:005557

RRID:IMSR_JAX:005557

Oligonucleotides

RT-PCT oligonucleotides IDT Table S2

ON-TARGETplus Human PTK2 siRNA pool Dharmacon Cat# L-003164-00-0010

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ON-TARGETplus Non-targeting

siRNA pool

Dharmacon Cat# D-001810-10-20

Recombinant DNA

pReceiver-M35 Genecopoeia Cat# EX-NEG-M35-B

ORF Clone PTK2 Genecopoeia Cat# EX-I0314-M35-B; NM_153831.3

Software and algorithms

Cellranger version 6.0.0 10x Genomics https://support.10xgenomics.com/

single-cell-gene-expression/software/

downloads/latest; RRID:SCR_017344

Differential gene expression analysis of

microarrays: limma

https://bioconductor.org/

packages/release/; Ritchie et al.66
RRID:SCR_010943

Differential gene expression analysis of

RNAseq: edgeR

https://bioconductor.org/packages/

release/; Robinson et al.67
RRID:SCR_012802

ImageJ http://imagej.net/Contributors; RRID: SCR_003070

QuPath https://qupath.github.io;

Bankhead et al.68
RRID:SCR_018257

GraphPad Prism v9.5.1 www.graphpad.com/ RRID:SCR_002798

Scater https://bioconductor.org/packages/

release/bioc/html/scater.html

RRID:SCR_015954

Other

RNeasy Mini Kit Qiagen Cat# 74106

Lipofectamine 3000 Transfection

reagent

Invitrogen Cat# L3000001

Lipofectamine RNAiMax Transfection

reagent

Invitrogen Cat# 13778075

Annexin V Binding Buffer, 10X

concentrate

BD Biosciences Cat# 556454

Bio-Gel P-4 Gel Bio-Rad Cat# 1504124

Osmotic mini pumps Alzet Cat# 1004

High-Capacity cDNA Reverse

Transcription Kit

Applied Biosystems Cat# 4368814

Low Fat Diet (10%) Research Diet Cat# D12450K

High Fat Diet (60%) Research Diet Cat# D12492
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Rohit N.

Kulkarni (rohit.kulkarni@joslin.harvard.edu).

Materials availability
This study did not generate new unique reagents

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. Source data andWestern blot images for the figures in

the manuscript are available as Data S1–Source Data.

The single-cell RNA-sequencing and the phopsho-antibody microarray data were uploaded in the Gene Expression Omnibus

(GEO) database and are publicly available as the date of publication with the accession numbers GSE190447 and GSE189986

respectively.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human exocrine cells and islets
Human acinar cells, ductal cells and islets isolated from non-diabetic (ND) donors or donors with type 2 diabetes (T2D) were obtained

from the Integrated Islet Distribution Program (IIDP) or Prodo Laboratories (Table S1). All studies and used protocols were approved

by the Joslin Diabetes Center’s Committee on Human Studies (CHS#5-05).

Human Pancreas
Human sections from the head region of pancreas of non-diabetic (ND) donors or donors with type 2 diabetes (T2D) were obtained

from the nPOD repository (Table S1). CELA3A and N-CELA3B (cleaved and active form) expression was analyzed by immunofluo-

rescence (see below).

Mouse models
C57BL6/J and NSG mice were used for the dietary and human islet transplantation studies respectively. All animals were housed in

the pathogen-free Animal Care Facilities at Joslin Diabetes Center, Boston, MA. Studies conducted and protocols used were

approved by the Institutional Animal Care and Use Committees of the Joslin Diabetes Center (IACUC #05-01, #2012-09) and

were in accordance with National Institute of Health guidelines.

Zebrafish models
All studies involving zebrafish (Danio rerio) were performed in accordance with local guidelines and regulations and approved

by Stockholm ethical committee (6848-2020). Two previously published transgenic fish lines, including Tg(ins:FLAG-NTR,cryaa:

mCherry)s950 abbreviated as Tg(ins:flag-NTRzp64 and Tg(EPV.Tp1-Mmu.Hbb:hist2h2l-mCherry)s939 abbreviated as Tg(tp1:H2Bm

Cherry),65 were crossed to generate Tg(ins:flag-NTR);Tg(tp1:H2BmCherry) zebrafish.

METHOD DETAILS

Human pancreatic cell culture
Upon receipt, human islets were cultured overnight (ON) in Miami Media #1A (Cellgro) at 37�Cwith 5%CO2, before being processed

for the studies listed below, whereas human acinar cells and ductal cells were incubated in RPMI Media (Gibco). For the PE expres-

sion studies, 200 human islet equivalents (IEQs), 500 acinar cell clusters, and 100 ductal cell aggregates were collected after ON in-

cubation, washed twice in Dulbecco’s phosphate-buffered saline (DPBS, Gibco), and incubated in RIPA buffer (Thermo Fisher) for

15 min to isolate total proteins, or in TRIzol (Invitrogen) for isolating RNA (see below). For the proliferation assays and the high-

throughput studies, human islets were starved in Final Wash/CultureMedia (Cellgro) for 3 h before being stimulatedwithMiamiMedia

#1A supplemented with either DMSO (at 1% v/v dilution) or small molecules at the indicated concentrations. For immunohistochem-

istry studies, 200 hand-picked IEQs were collected after 24 h stimulation, washed twice in DPBS, fixed in 4% paraformaldehyde

(PFA, Wako), and embedded in 1% low melting agarose (National Diagnostic). Paraffin sections were analyzed using immunofluo-

rescence procedures (see below). For the phospho-antibody microarray studies, 200 hand-picked IEQs were collected after 10-

or 30-min stimulation and processed as described below. For the single-cell RNA-Seq (scRNA-Seq) studies, 500 hand-picked

IEQs were harvested after 24 h stimulation and processed as described below.

Human islet transplantations
For the human islet transplantation studies, 1000 human IEQswere hand-picked after ON incubation, washedwith saline solution and

transplanted under the kidney capsule of male 8-to-10-week-old non-obese diabetic-severe combined immunodeficiency-IL2rɣnull

(NSG)31 mice as previously described.6 After 17 days post-transplantation, either DMSO or telaprevir at the indicated concentrations

were administrated to mice using osmotic pumps (Alzet, CA) for 28 days as previously described.14 At the end of the treatment

period, human islet grafts and endogenous pancreas were rapidly dissected, fixed in zinc formalin fixative (Z-FIX, Fisher Scientific)

overnight at 4�C, and processed for generating 5-mm-thick paraffin-embedded serial sections. Human b-cell viability was assessed

by immunohistochemistry techniques (see below).

Cell cultures
EndoC-bH1/3 cell cultures and subcultures were maintained according to manufacturer’s instructions, as previously described.24,69

For the viability assays, EndoC-bH3 cultures were treated with 1 mM tamoxifen (Sigma) for 21 days, followed by 14 days of wash-out.

Before treatments, EndoC-bH1/3 cells were starved ON in complete growth media supplemented with 2.8 mM glucose, while stim-

ulations were performed using complete growth media supplemented with 2.8 mM glucose and 0.1% BSA.

Zebrafish studies
To ablate the b-cells, we incubated the double transgenic zebrafish larvae in E3 medium supplemented with 10 mM metronidazole

(Sigma-Aldrich), 1% DMSO (VWR), and 0.2 mM 1-phenyl-2-thiourea (Acros Organics) from 3 to 4 dpf, as previously described.70

During regeneration, the zebrafish larvae with ablated b-cells were treated with DMSO, sivelestat or telaprevir (Selleckchem) at
Cell Metabolism 35, 1–19.e1–e9, July 11, 2023 e4
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the concentrations indicated in the figures or figure legends from 4 to 6 dpf. The zebrafish larvae were then euthanized, fixed, immu-

nostained, imaged and analyzed as previously described62 with the anti-insulin primary antibody (1:100, Cambridge Research Bio-

chemicals, customized).

Human pancreatic histological analysis
To evaluate the expression patterns of CELA3A and N-CELA3B (cleaved form) within the islet microstructure with respect to the

insulin and E-cadherin immunostaining, confocal scans at 20X magnification was performed using a ScanScope (Aperio).

Whole-pancreas scans were analyzed using the QuPath software.68 Briefly, DAPI staining, marking the nuclei, was used to identify

cells and E-Cadherin was used to mark cell borders. Then, cell segmentation was used to calculate cell-specific parameters,

including cell area and N-CELA3B and insulin labeling intensity. Analysis of the exocrine N-CELA3B expression was conducted

by measuring the intensity of N-CELA3B staining in INS- cells across the whole pancreatic section, following normalization on the

respective cell area, whereas the islet-specific N-CELA3B expression was assessed by quantifying the intensity of the signal in all

the islets (marked by INS+ staining, R40 islet per pancreatic section), following normalization on the islet area. The latter analysis

was performed also in different lobules of the pancreatic sections, defined according to previously reported criteria.71

Mouse studies
For the dietary studies, 4-week-old male C57BL6/J mice were purchased from Jackson Labs and maintained on a low-fat diet (LFD,

Research Diet, catalog# D12450J) or a high-fat diet (HFD, Research Diet, catalog# D12492) for 24 weeks. After a 20-week feeding

with LFD or HFD, either vehicle (DMSO) or telaprevir at 30 or 300 mg/kg/day were administered for 28 days using osmotic pumps

(Alzet) implanted subcutaneously in weight-matched animals, as previously described.14 At the end of the follow-up period, mice

were sacrificed, and pancreases were dissected, fixed, paraffin-embedded and sectioned. b-cell proliferation and mass were as-

sessed using immunofluorescence techniques as described below. Metabolic assays, such as glucose tolerance test (GTT), insulin

tolerance test (ITT) and in vivo glucose-stimulated insulin secretion (GSIS), were conducted on mice before pump implantations

(week 0) and 4 weeks after treatments (week 4), using standard protocols.69 Mouse insulin levels were measured by ELISA

(CrystalChem) according to the manufacturer’s instructions. For the human islet transplantation studies, 8-to-12-week-old male

NSG mice were used. GTT, ITT and in vivo GSIS were performed at weeks 0 and 4 as earlier described. Serum human C-peptide

levels were measured by ELISA (Mercodia) according to the manufacturer’s protocol.

Quantification of CELA3B levels in human islets
We estimated the concentration of CELA3B in human islet samples fromND and T2D donors interpolating the amount of the CELA3B

detected in islets using an anti-CELA3B antibody on a CELA3B standard curve, built by loading known amounts of PE by Western

Blotting (see below). Then, we normalized the abundance of CELA3B to the initial concentration of the human islet lysates to derive

the concentration of CELA3B in the total islet protein extracts. Knowing that lysates were extracted from 50 IEQs, which approxi-

mately contained 25,000 b-cells (considering an average of 1000 cells per IEQ,72 and a 50% proportion of b-cells per islet73), we

related the amount of CELA3B to 1x106 b-cells and estimated a content of 312.3 ± 170.6 ng and 2183.7 ± 353.5 ng of CELA3B in

ND and T2D islets, respectively. Since all the following experiments employing human b-cell lines were performed using 1x106

cells/condition cultured in a 2 ml volume, we used a �150 ng/ml and a �1000 ng/ml concentration for mimicking the conditions

observed in ND and T2D islet, respectively.

Human b-cell and islet cell treatments
EndoC-bH1/3 cells at low passage numbers (at 5.2x104 cells/cm2 density) or human islet cells were stimulated with 1X DPBS or

human pancreatic elastase (PE, Elastin Product Company) in combination with either DMSO, or telaprevir (Selleckchem), and/or

PAR2 inactivating peptide (FSLLRY-NH2, Tocris).

RNA interference
Transient knock-downs in EndoC-bH1/3 were performed by combining theON-TARGETplus Human PTK2 siRNA pool L-003164-00-

0010 (Dharmacon) or the ON-TARGETplus Non-targeting siRNA pool D-001810-10-20 (Dharmacon) at 10 nM final concentration,

with lipofectamine RNAiMAX (Invitrogen) according to manufacturer’s instructions, as previously described.69

DNA plasmids
To induce overexpression of FAK, we transfected EndoC-bH1 cells with either an empty vector (EX-NEG-M35-B, Genecopoeia) or a

construct containing the cDNA of PTK2 (NM_153831.3, EX-I0314-M35-B, Genecopoeia), both containing a 3X FLAG tag at the

C-term, using lipofectamine 3000 (Invitrogen) according to manufacturer’s instructions.

Viability assays in human b-cell lines
Following stimulations, EndoC-bH3 cells were trypsinized and incubated with EdU (5 mM) for 3 h at 37� C and 5%CO2 using the Click-

iT EdU Alexa Fluor 488 Flow Cytometry Assay Kit (Thermo Fisher) according to manufacturer’s instructions. In parallel, b-cell

apoptosis was examined by using the Annexin V labeling using the Dead Cell Apoptosis Kit (Thermo Fisher) following the manufac-

turer’s instructions. At the termination of the staining, we counted up to 10,000 cells by flow cytometry using an LSRFortessa flow
e5 Cell Metabolism 35, 1–19.e1–e9, July 11, 2023
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cytometer (BD Biosciences). Data were analyzed with the FlowJo software (FlowJo LLC). Caspase 3 activity wasmeasured using the

Caspase-3/CPP32 Colorimetric Assay Kit (BioVision) according to manufacturer’s indications. Absorbance variations were

measured at 405 nm using a GloMax (Promega) plate reader.

Viability assays in human islet cells
Upon receipt, human islets were dispersed into single-cell preparations using TrypLE Express (Gibco) for 30 min at 37� C. Following

neutralization of the dissociation agent using solutions with fetal bovine serum (FBS) and washings, islet cells were counted and

seeded in ECM/fibronectin-coated plates. After ON incubation, cells were pre-treated with either RNAase-free sterile water (H2O)

or FSLLRY-NH2 in stimulation media supplemented with EdU (10 mM). After 24 h, cells were incubated with stimulation media sup-

plemented with vehicles or compounds, and EdU (10 mM). Following 24 h, cells were trypsinized and incubated with diacetylated

Zinpyr1 (DA-ZP1), a fluorescent Zn-binding cargo which selectively labels human b-cells, using reported protocols.36 Proliferative

cells were stained using the Click-iT EdU Alexa Fluor 647 Flow Cytometry Assay Kit (Thermo Fisher), whereas the APC Annexin V

reagent (BD) was used to label apoptotic cells, according to manufacturer’s protocols. A minimum of 4000 live cells, negatively

selected using Zombie NIR (New England Biolegend) labeling, were counted using a LSRFortessa flow cytometer (BD Biosciences).

Data were analyzed with the FlowJo software (FlowJo LLC).

Immunofluorescence
Human pancreas and islet sections were incubated with the following primary antibodies: Ki67 (550609, BD), pHH3 (06-570, Milli-

pore), CELA3A (sc-100527, Santa Cruz), N-term-CELA3B (N-CELA3B, SAB1306246, Sigma), E-Cadherin (14472, Cell Signaling), in-

sulin (ab7842, Abcam), and glucagon (ab92517, abcam). Specific signal was detected by using fluorescence-conjugated anti-guinea

pig, anti-rabbit and anti-mouse secondary antibodies (Alexa Fluor 488, Alexa Fluor 594, and AMCA, Jackson Immunoresearch). Im-

ages were captured using a Zeiss Axio Imager A2 upright fluorescence microscope or a Zeiss LSM-710 Confocal Microscope. The

rodent b-cell mass was calculated by generating the ratio of the cross-sectional area of the total number of pixels of insulin-positive

cells (from >50 islets per pancreatic section) to the cross-sectional area of the total number of pixels of the pancreatic tissue (using

2-3 pancreatic sections 200 mm apart per mouse), multiplied by the wet weight of the mouse pancreas. We evaluated b-cell prolif-

eration in murine pancreas, and cultured/transplanted human islets by co-immunostaining sample sections with either Ki67 or pHH3

with insulin and DAPI (4,6-diamidino-2-phenylindole), as previously reported.14 Cell death was detected using the non-radioactive

terminal deoxynucleotidyltransferase-mediated deoxyuridine triphosphate nick end-labeling (TUNEL) reagent (ApopTag S7100,

Chemicon) as previously described.6

Compound Libraries
The compound collections used in the High-Throughput Screening (HTS) assay included DMSO-dissolved small molecules (20 mM)

from three different libraries, Performer, Informer and Repurposing set (Broad Institute). The Performer set consists of 2,240 com-

pounds that have been selected based on their performance diversity across a wide set of cellular features, including gene expres-

sion and cell morphology.29 The Informer set collection consists of 9,920 compounds synthesized by diversity-oriented synthesis

(DOS)26,28 and was assembled to maximally represent the diversity across all �100,000 DOS compounds. The Repurposing Library

is a well-annotated collection of more than 4500 compounds at different stages of clinical or preclinical development.27

High Throughput Screening
The assay used in the HTS was based on porcine pancreatic elastase activity and performed in black optical 384-well microplates

(Corning Life Science), using the EnzCheck� Elastase Assay Kit (Thermo Fisher) according to themanufacturer’s instructions. Briefly,

each assay plate was prepared by aliquoting 25 ml/well of a porcine pancreatic elastase (pPE) solution (0.4 U/ml). Experimental

compounds or sivelestat (positive control) were combined with the pPE solution at a concentration of 20 mM, using a CyBi-Well

pin-transfer robot (CyBio Corp.). DMSO was used as a negative control. After incubation at RT for one hour, a solution containing

elastin labeled with the BODIPY�FL dye (12.5 mg/ml), was added to the whole plate. The fluorescence released from the digestion

of elastin by the protease was measured after 2 h incubation at RT using an Envision� multimode plate reader (PerkinElmer), using

485/535 Ex/Em filters.

Statistical Analysis of HTS
DMSO, sivelestat and single compounds were tested at 20 mM in duplicates and the z-scores were calculated after normalizing the

raw data on the DMSO values. Percentage of inhibition (%) was calculated by subtracting the blank to each value and normalizing it to

the DMSO (as 0% of inhibition) and to sivelestat (as 100% of inhibition) values. A percentage of inhibition value of 50% for each repli-

cate was considered as a cut-off for hits identification to reach a significant area of R3 standard deviations from the mean of the

DMSO values. IC50 values were calculated using the GraphPad Prism� software program (v9.3, La Jolla, CA) as previously

reported.74

Static glucose-stimulated insulin secretion assays
EndoC-bH1 cells were incubated in 2.8 mM glucose containing DMEM growth media supplemented with either vehicles (PBS and

DMSO) or PE (500 ng/ml) and telaprevir (1.5 mM) alone or in combination. After overnight starvation, media was replaced with fresh
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Krebs Ringer Buffer (KRB) containing NaCl (115 mM), NaHCO3 (24 mM), KCl (5 mM), MgCl2 (1 mM), CaCl2 (1 mM), HEPES (10 mM),

BSA (0.2% wt/vol), 2.8 mM glucose for 1 hr. Static insulin secretion assays were then initiated by adding KRB containing 2.8 mM or

11.1 mM glucose and PE +/- telaprevir for 1 hr. Aliquots of supernatants were removed, centrifuged to discard dead cells and stored

for analysis in ice-cold acid ethanol that was added to extract DNA content from cells following sonication. Insulin secretion and was

measured by the human insulin ELISA (Mercodia, USA) according to the manufacturer’s instructions. DNA amounts were measured

using Nanodrop 1000 spectrophotometer.

Perifusion experiments
EndoC-bH1 pseudoislets were generated by seeding cells into a fresh plate coated with 1% gelatin. Cells were allowed to aggregate

for 2 days and were then divided into two gelatin-coated 6 cm plates. Porcine pancreatic elastase (PE, 500 ng/ml) or vehicle control

(PBS, 0.05%v/v) was then added, and the cells treated overnight. Treated pseudoislets were loaded into Biorep perifusion chambers

mixed with Biogel P4 beads. These chambers (3 each for control and PE) were thenmounted into the Biorep perifusion system. Once

the system reached 37oC, perifusion was started at a rate of 100 ml/min. The base perifusion solution contained (inmM): 120 NaCl, 4.8

KCl, 2.5 CaCl2, 1.2 MgCl2, 10 HEPES, 24 NaHCO3 and 0.1%BSA (pH adjusted to 7.4). Concentrations of glucose as indicated were

added along with vehicle or pPE. A perifusion equilibration period of 32 min was followed by sample collection in 96 well plates as

indicated. After completion of the perifusion protocol, cell aggregates were recovered from the chambers and lysed in 0.5 ml of acid-

ethanol formeasurement of total insulin after dilution 1:100 in buffer. Insulin in both perifusate and total insulin samples wasmeasured

using Mercodia Human insulin ELISA kits (Cat. # 10-1113-01) and calibrated using the solutions provided. ELISA plate optical den-

sities were measured at 450 nm using a Bio Rad Benchmark Plus plate reader and converted to insulin concentrations using Bio Rad

Microplate Manager software. Data was exported into Origin 2018.2 software for plotting.

Single-cell RNA-Sequencing
Human islet samples were treated with either DMSO or compounds for single-cell RNA-sequencing (scRNA-Seq) using the Chro-

mium single-cell 3’ Library Kit (10X Genomics). Briefly, after treatment modalities were performed as described above, we dispersed

human islets using Accutase (Gibco) for 20minutes at 37�C, to obtain single-cell preparations. Dead cells were sorted using the Dead

Cell Removal Kit (Miltenyi Biotec), following the manufacturer’s instructions. After cell counting and confirming cell viability R80%,

we encapsulated 10,000 cells into barcoded Gel Beads in Emulsion (GEMs) and the cDNA amplification and library construction re-

actions were performed according to the manufacturer’s protocol. The final single-cell libraries were sequenced using a coverage of

500,000 pair-ended reads targeted per cell, on a HiSeq platform (Illumina) by GeneWiz laboratories (NJ, USA).

Analysis of scRNA-Seq datasets
Quality controls of scRNA-Seq outputs (GSE190447), including library sizes, number of expressed genes and proportion of unique

molecular identifiers (UMIs) assigned to mitochondrial genes, were computed using the R package Scater75 to remove low-quality

cells with a small library size, non-barcoded reads and cells with a proportion of mitochondrial genes >20%. Low-abundant genes

with average counts <0.01 were also excluded. Cells were clustered using the deconvolution method76 and cell types were classified

according to the expression of glucagon (GCG, ɑ-cells), insulin (INS, b-cells), somatostatin (SST, d-cells), pancreatic polypeptide

(PPY, PP-cells), ghrelin (GHRL, ε-cells), serine protease 1 (PRSS1, acinar cells), cytokeratin 19 (KRT19, ductal cells), collagen

type I ɑ1 chain (COL1A1, mesenchymal cells), and endothelial cell adhesion molecule (ESAM, endothelial cells) as previously

described.77 To discover the differential expressed genes, we used edgeR package following empirical Bayes quasi-likelihood

F-tests for comparisons in the several cell types.67 For these initial analyses we focused on the differential expressed genes with

a false discovery rate (FDR) <0.05 and a fold change (FC) W|1.2| in comparison to the control samples. Canonical pathway analysis

was performed within the b-cell dataset, considering the selected genes. Directionality of pathway regulation was determined using

Fry function of the Rotation Gene Set Test (Roast) in the limma R package.78 An FDR<0.05 was used to select significantly regulated

pathways.

Phospho-antibody microarray
The phospho-antibody microarray studies were performed on treated human islets using the Kinexus Antibody Microarray (KAM

1325, Kinexus), consisting of 875 phosphosite-specific antibodies for detecting phosphorylations, and 450 pan-specific antibodies

for measuring total protein levels, according to the manufacturer’s protocols.69

Analysis of phopsho-antibody microarray datasets
The phospho-antibody microarray outputs (GSE189986) were initially analyzed by normalizing the background-corrected raw inten-

sity data to the overall average of the signals released by a single slide, to obtain z-score values, as previously described.79 Then, the

phosphosite data were normalized to those of the respective total proteins. For analyzing the differentially regulated phosphosites

(DRPs), we used limma, an R package that powers differential expression analyses.66 Canonical pathway analysis was performed

using the publicly available resource ConsensusPathDB (http://cpdb.molgen.mpg.de) as previously reported,69 selecting phospho-

sites whose levels significantly changed in human islets treated either with telaprevir or sivelestat compared to controls with an FCW|

1.2| (P value<0.05).
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Transcription factor analysis
To integrate the phospho-antibodymicroarray and scRNA-seq outputs we first selected transcription factor proteins (TFs) among the

significantly differentially phosphorylated proteins in telaprevir vs. DMSO at both 10 and 30 mins. By using the publicly available

resource Molecular Signatures Database (MsigDB),80,81 we identified the gene sets as targets of the selected TFs, among the signif-

icantly differentially regulated genes in telaprevir vs. DMSO b-cells. ConsensusPathDB was used for pathway analysis, using the en-

riched gene sets per TF as input.

Brillouin imaging
To assess the mechanical state of human b-cells following exposure to PE and its inhibition we treated EndoC-bH1 cells with either

vehicles, PE at 250 ng/ml or PE + telaprevir (at 750 nm). After 24 hr incubation, wemeasured the stiffness of 12 cells/conditions using

BrillouinMicroscopy. Brillouinmicroscopy enables non-contact, spatially resolvedmapping of the longitudinal mechanical properties

of tissues.82 Brillouin data were obtained using a confocal Brillouin microscope with a 780 nm single-frequency laser and a virtually

imaged phase array (VIPA) spectrometer, which has been described previously.83,84 This instrument measures the GHz-scale fre-

quency shift of inelastically backscattered light from naturally occurring compressional waves in tissue (spontaneous Brillouin scat-

tering). The Brillouin frequency shift measured is proportional to the propagation speed of compressional waveswhich is a function of

the local longitudinal modulus in tissue. The Brillouin measurement volume per point was approximately 0.5 x 0.5 x 1.0 mm and the

integration time per point was 200 ms. For each EndoC-bH1 cell, a co-aligned brightfield microscope was used to navigate to the

mid-plane of the cell vertically and a 2D scan spanning the central cross-section and surrounding medium was acquired covering

an area of approximately 20 x 20 mm (40 x 40 points). Because the cell has a significantly higher Brillouin value (�5.30 GHz) compared

to the surrounding medium (�5.05 GHz), the perimeter of the cell could be delineated using a simple threshold set by Li’s iterative

MinimumCross Entropymethod.85 This permitted averaging of the Brillouin frequency shift across all points within the cross-section,

yielding a single Brillouin value for the cell.

Western Blotting
Total proteins were collected from lysates prepared from human islets, human acinar cells and b-cell line samples using RIPA protein

extraction reagent (Thermo Fisher) supplemented with proteinase and phosphatase inhibitors (Sigma), according to manufacturer’s

protocols. Protein concentrations were determined using the BCAmethod followed by standard western immunoblotting of proteins

using different primary antibodies: anti-CELA3A (sc-100527, Santa Cruz), anti-CELA3B (CELA3B, SAB1409028, Sigma), anti-N-

termCELA3B (N-CELA3B, SAB1306246, Sigma), anti-Trypsin (sc-137077, Santa Cruz), anti-Amylase (sc-46657, Santa Cruz), anti-

PDX1 (5679, Cell Signaling), anti-PAR2 (35-2300, Thermo Fisher), anti-PAR3 (sc-393127, Santa Cruz), anti-FAK (3285, Cell Signaling),

anti-PAK1S144 (2606, Cell Signaling), anti-PAK1 (2604, Cell Signaling), anti-ERK1/2T202+Y204 (9101, Cell Signaling), anti-ERK1/2 (9102,

Cell Signaling), anti-b-Actin (4970, Cell Signaling), anti-Vinculin (sc-73614, Santa Cruz), and anti-GAPDH (5174, Cell Signaling). To

evaluate the affinity of the anti-CELA3B and anti-N-CELA3B antibodies we used a recombinant protein corresponding to the cleaved

form (aa 29-270) of the human CELA3B protein (MBS2012053, MyBioSource). The blots were developed using chemiluminescent

substrate ECL (Thermo Fisher) and quantified using ImageJ.

RNA isolation and RT-PCR
High-quality total RNA (>200nucleotides)was extracted fromNDandT2Dhuman islet, ductal cells and acinar cell samples using stan-

dard TRIzol reagent according to the manufacturer’s instructions, and the resultant aqueous phase was mixed (1:1) with 70% RNA-

free ethanol and added toQiagenRNeasymini kit columns following themanufacturer’s protocols. The quality and quantity of the iso-

lated RNAwere evaluated using a NanoDrop One Spectrophotometer (Thermo Fisher). cDNAwas produced by reverse transcription

using the high-capacity cDNA synthesis kit (Applied Biosciences). Human bone marrow cDNA (Takara) was used as neutrophil pro-

tease source.Geneamplificationwasperformedbyusing specific oligonucleotides asprimers (sequences in TableS2) andmonitoring

SYBR green incorporation in cDNAs through real time polymerase reaction chain (RT-PCR) using the ABI 7900HT system (Applied

Biosciences). Gene expression was calculated using the DDCt method following normalization on ACTB levels.

Absorbance-based protease activity assay
Theprotease-activity assaywas performed in 96-well ELISA assay plates (Corning Life Science) according to previous publications.14

Briefly, 500 ng of human pancreatic elastase (PE), porcine pancreatic elastase (pPE), human neutrophil elastase (NE) or human

cathepsinG (catG) (Elastin ProductsCompany), were combinedwith 15 two-fold dilutions of sivelestat (Selleckchem), telaprevir (Sell-

eckchem) or tebipenem (SigmaAldrich), starting from the compound concentration used in the HTS assay (20 mM). Wells without en-

zymes (blank) and wells with enzymes and DMSO (DMSO) were added to the plates as internal experimental controls. Plates were

incubated for 3 minutes at 37�C and the substrates were added. N-Methoxysuccynil-Ala-Ala-Pro-Val-p-nitroanilide (Calbiochem)

was used as substrate for the PE, pPE, and hNE, while the Succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (Elastin Product Company)

was the substrate for the cat G activity assays. The changes in absorbance of NE and cat G reactions were immediately measured,

whilepPEandhumanPE reactionsweremeasuredafter 2h incubationwith their respective substrate at 37�C, reading theassayplates
at 405 nM at 15 seconds for 21 reads (5 minutes in total) using a GloMax plate reader (Promega).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Sample size in our in vitro or in vivo studies were determined according to our experience from previous works. For analyzing signif-

icance between two groups, we used two-tailed unpaired or paired t-test. For determining significance amongmore than two groups

we used unpaired or paired One-Way ANOVA test or Two-Way ANOVA test with multiple comparisons adjustments as indicated in

the figure legends. Association between the amount of N-CELA3B measured in the exocrine and endocrine compartments was

tested by performing Pearson’s linear correlation. Statistical tests were performed using GraphPad Prism software program (v9.3,

La Jolla, CA). A P value<0.05 was considered significant.
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