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On-demand treatment of metabolic diseases
by a synthetic drug-inducible exocytosis
system

Yaqing Si 1,2,3,4,5,11, Minghui He 1,2,3,4,5,11, Yilin Li 2,3,4,5,6,11, Jian Jiang 2,3,4,5,7,
Yuxuan Fan 2,3,4,5,6, Shuai Xue 2, Xinyuan Qiu 8,9 & Mingqi Xie 2,3,4,5,10

Here, we present StimExo as a rational design strategy allowing various user-
defined control signals to trigger calcium-dependent exocytosis and mediate
on-demand protein secretion in cell-therapy settings. Using a modular fra-
mework incorporating inducible protein-protein interactions into an engi-
neered bipartite activator of calcium release–activated calcium (CRAC)
channels, Ca2+ influx mediated by the STIM/Orai1 machinery was flexibly
adjusted to depend on different user-defined input signals. Application of
StimExo to various endocrine cells enables instant secretion of therapeutic
hormones upon administration of safe and patient-compliant trigger com-
pounds. StimExo also mediated insulin exocytosis using a cell-based gene
delivery strategy in vivo, accounting for real-time control of blood glucose
homeostasis in male diabetic mice in response to the FDA-approved drug
grazoprevir. This study achieves true “sense-and-respond” cell-based therapies
andprovides a platform for remote control of in vivo transgene activities using
various trigger signals of interest.

Cell-based therapy, which involves administration of cells as living
agents to fight diseases, is experiencing explosive growth owing to its
unique capability to custom-design smart therapeutic algorithms
within patients1. For example, human cells can be programmed with
sophisticated sense-and-response functions by synchronizing expres-
sion of the therapeutic transgene(s) with endogenous disease meta-
bolite levels or external trigger signals1,2. However, most transgene
regulation strategies used in such advanced therapy medicinal pro-
ducts (ATMPs) are based on transcriptional control, which have rela-
tively slow response rates3. Though transcription-based cell therapies
are sufficient to treat many chronic diseases such as obesity4, liver
failure5, insulin resistance6, type-2 diabetes7, or cancer8, faster gene

regulation strategies are urgently required for treatments that neces-
sitate on-demand secretion of therapeutic proteins within minutes.

Synthetic biology is an engineering-driven discipline that keeps
establishing powerful gene regulation tools to enhance the safety,
efficacy and clinical eligibility of modern gene and cell-based
therapies9,10. In recent years, many post-transcriptional regulation
schemes have been described with the goal to improve protein
secretion rates. While translational regulation is indeed significantly
faster than conventional transcription11, there is still a typical delay of
two hours in time between themoments of stimulation and noticeable
protein production12. For treatment of acute conditions such as type-1
diabetes, chronic pain or cardiovascular diseases, the kinetics of
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translational regulation strategies are therefore still insufficient. Faster
timescales (30-60min) were achieved in a multitude of approaches
that capitalize on introduction of programmable proteases into the
secretory pathway of mammalian cells13–15, but only regulation
mechanisms involving vesicular exocytosis may qualify as on-demand
protein secretion in its strictest sense16,17. So far, trigger-inducible
exocytosis was only achieved through ectopic expression of naturally
evolved temperature18-, voltage19- or light-sensitive ion channels into
secretory cell types20. A rational and universal approach on the con-
trary, which would enable any user-defined trigger signal to regulate
target protein exocytosis in clinically eligible cell therapy contexts, is
still elusive.

Here, we describe StimExo as a framework to engineer trigger-
inducible bipartite STIM1 effectors, whose active conformation is
exclusively formed through pre-programmed protein-protein interac-
tions (PPIs). Stromal interaction molecule (STIM1) is an integral com-
ponent of calcium release activated Ca2+ (CRAC) channels naturally
residing in the ER membrane as a dimer. Depletion of Ca2+ in the ER
induces rapid formation of STIM1 oligomers capable of translocating to
the plasma membrane and activating the pore-forming channel subunit
Orai121,22. In StimExo, the luminal Ca2+-binding domain of native STIM1
was replaced by various synthetic oligomeric proteins and co-expressed
as a separate polypeptide alongside the cytoplasmic Orai1-interacting
STIM1ct domain. Both moieties were then fused to different conditional
PPI pairs, rendering reconstitution of a full CRAC effector exclusively
dependent on trigger-inducible protein dimerization. In this manner,
calcium influx into diverse mammalian cell types could be effectively
governed by different types of small molecule triggers, such as the FDA-
approved drugs grazoprevir or rapamycin analogues. Using StimExo,
trigger-inducible exocytosis of various therapeutic payloads from var-
ious human endocrine cell typeswas achievedwithin a fewminutes after
stimulation. To exemplify therapeutic efficacy in a cell therapy setting,
pancreatic host cells stably transgenic for StimExo and proinsulin
expression were encapsulated into alginate-poly-L-lysine-alginate beads
and implanted into type-1 diabetic mice, ultimately resulting in real-time
control of blood glucose levels upon grazoprevir administration. Taken
together, StimExo not only helps overcoming a critical hurdle that was
hitherto prohibiting instant and customizable “sense-and-respond” cell-
based therapies, but can also be generally applied to manipulate a wide
range of calcium-dependent physiological processes in either basic
research or applied life sciences.

Results
Synthetic CRAC activators based on spontaneous STIMct
oligomerization
Calcium (Ca2+) release activated Ca2+ (CRAC) channels are involved in a
variety of signaling pathways of human cells, including exocytosis,
gene expression, energy homeostasis and apoptosis22,23. CRAC chan-
nels are ubiquitously expressed in many cell types, typically compris-
ing an intracellular stromal interactionmolecule (STIM1) protein and a
pore forming Orai1 subunit located in the plasma membrane22. In its
natural context, STIM1 acts as a Ca2+ sensor bridging the endoplasmic
reticulum (ER) and the plasma membrane to mediate intracellular
calcium homeostasis24,25. Under resting conditions, STIM1 resides in
the ER as a dimer, but once ER luminal calcium is depleted, the Ca2+-
binding canonical EF-hand domain of STIM1 will undergo a rapid
conformational change, leading to unfolding of coiled-coil (CC)
domains and cytoplasmic exposure of the STIM-Orai activating region
(SOAR), which triggers the formation of an oligomerization state that
allows STIM1 to translocate to plasma membrane and activate Orai1
within few seconds21 (Fig. 1A). To engineer a universal trigger-inducible
CRAC activator coupling other input signals of interest to regulation of
Orai1-mediated calcium influx, we replaced the Ca2+-sensitive ER-
luminal domain of native STIM1 by a synthetic oligomeric protein.
Thus, Orai1-activation efficiency will exclusively depend on the

oligomerization status of the polypeptide that contains a cytoplasmic
STIM1ct domain; while fusion of a monomeric protein to STIM1ct is
expected to yield a resting STIM1ct molecule incapable of membrane
translocation andOrai1-activation, fusion of higher-order oligomers to
STIM1ct would spontaneously form an aggregated STIM1ct complex
that resembles the oligomeric state that was naturally triggered
through EF-domain-mediatedCC/SOARunfolding (Fig. 1A). To test this
hypothesis, we first fused different fluorescent proteins of similar
molecular weight but differing in their native oligomerization states
(Fig. 1B). According to literature reports26, mCherry and mRuby3 are
monomeric proteins, whereas enhanced green fluorescent protein
(EGFP) and Azami-Green (AG) form dimers and tetramers in mamma-
lian cells, respectively. Indeed, native PAGE experiments confirmed
that 3xFLAG-tagged mCherry-STIM1ct, mRuby3-STIMct and EGFP-
STIM1ct all show a band indicating the formation of putative dimers or
monomers, but in the lane of 3xFLAG-AG-STIM1ct, this band was not
detected, and its blotted position wasmuch higher, which is indicative
for higher-order oligomeric states (Fig. 1B). Using confocal micro-
scopy, we further show that tetrameric 3xFLAG-AG-STIM1ct had
highestmembrane translocation efficiency, whilemonomeric 3xFLAG-
mCherry-STIM1ct and 3xFLAG-mRuby3-STIM1ct showed larger dis-
tribution fractions throughout the cytosol (Fig. 1C). This correlation
between oligomerization state (Fig. 1B) and membrane translocation
efficiency required forOrai1-activation (Fig. 1C)was furthermanifested
in the different efficiency of different STIM1ct fusion proteins to acti-
vate calcium-dependent gene expression; whereas ectopic over-
expression of monomeric mCherry-STIM1ct and mRuby3-STIM1ct
resulted in relatively poor activation of reporter gene expression from
synthetic nuclear factor of activated T-cells (NFAT) promoters in
human cells, EGFP-STIM1ct and AG-STIM1ct showed clear dose-
dependent activation of calcium-specific transcription (Fig. 1A, D). A
similar dose-dependent activation pattern for calcium-specific tran-
scription was also observed when the fluorescent protein domains
fused to STIM1ct was exchanged into other oligomeric proteins.
Whereas dimeric GCN4-STIM1ct showed modest activation efficiency
of calcium-dependent gene expression (GCN4 is a yeast-derived leu-
cine zipper domain that forms a parallel coiled coil dimer)27, fusion of
STIM1ct to a 24-mer domain derived from the human ferritin gene
(FTH1)28 resulted in higher levels of target gene expression (Fig. 1E).
Taken together, these results support the design principle of synthetic
oligomer-dependent CRAC channel activators, where an N-terminal
effector domain can propagate its oligomerization state onto the
entire STIM1ct-containing molecule to directly govern its membrane
translocation capability and Orai1-activation efficiency (Fig. 1A).

Bipartite CRAC activators for protein-protein interactions (PPI)-
mediated reconstitution of oligomeric STIM1ct
Following the working model of oligomerization-dependent Orai1-acti-
vation described above (Fig. 1A), a most intuitive strategy to design
trigger inducible CRAC activators would depend on conditional oligo-
merization systemswhere the presence of an input signal can selectively
toggle a target protein between a basal monomeric state and an oligo-
meric conformation. For example, such approach has been previously
utilized to build a optogenetic Orai1 activator called OptoSTIM1, which
capitalizes on a unique blue light-dependent photolyase homology
regionofArabidopsis cryptochrome2 (CRY2) fused to STIM1ct, resulting
in light-dependent CRY2 aggregation and activation of calcium influx29.
However, this strategy is hardly generalizable to build CRAC activators
responding to other input signals of interest, as other well-established
conditional oligomer systems are scarce. Thus, instead of following such
conventional design mindset, we chose a modular alternative by creat-
ing bipartite CRAC activators in which the STIM1ct and oligomer
domains are split into two independent proteins that can be con-
ditionally reassembled via different combinations of protein-protein
interactions (PPI) (Fig. 2A). In this manner, formation of an oligomeric
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protein complex and expression of a STIM1ct-containing construct are
mutually independent by design, until the presence of specific PPIs
determines whether monomeric STIM1ct molecules shall join a pre-
formed oligomeric “docking station” for STIM1ct aggregation, mem-
brane translocation and Orai1-activation (Fig. 2A). Using a constitutive
PPI system derived from a bacterial cohesin/dockerin interaction pair
(DocS/Coh2)30, we confirmed that oligomerization-dependent CRAC

activators can indeed be separated into a split architecture to achieve a
“constitutive-like” Orai1-activating conformation upon reconstitution
(Fig. 2B). When Coh2-STIM1 was transfected into cells, activation of
NFAT-driven target gene expression strictly required oligomeric
domains (i.e. GCN4, Foldon, COMPccor FTH1) being genetically fused to
DocS, whereas co-expression of oligomeric proteins without the Coh2-
specific DocS domain failed to activate calcium-dependent transcription
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(Fig. 2B). This result confirms the mode of action of bipartite CRAC
activators and suggests that trigger-inducible CRAC activators could be
engineered through modular exchange of the constitutive DocS/Coh2
interaction into conditional protein dimerization pairs31,32 (Fig.2A).

Trigger-inducible CRAC activators to monitor Ca2+-influx using
clinically licensed small molecule drugs
Regulation of therapeutic transgene expression using clinically-
licensed small molecules is essential to improve safety profiles of
cell-based therapies in vivo2,9. A classical example of an FDA-approved
trigger compound for regulation of gene and cell-based therapies is
rapamycin, which induces dimerization of the FKBP/FRBprotein pair33.
To testwhether this chemically-induceddimerization (CID) systemcan
be “plugged” into the framework of bipartite CRAC activators (Fig. 2A),
we created various constructs with STIM1ct fused to either FRB
(pLYL295, PhCMV-FRB-STIM1ct-pA) or FKBP (pLYL296, PhCMV-FKBP-
STIM1ct-pA) and co-expressed FRB-STIM1ct or FKBP-STIM1ct with
corresponding Foldon- or FTH1-based oligomeric proteins (pLYL298,
PhCMV-FKBP-Foldon-pA; pLYL331, PhCMV-FKBP-FTH1-pA; pLYL297,
PhCMV-FRB-Foldon-pA; pLYL330, PhCMV-FRB-FTH1-pA) (Fig. 3A). Results
show that most combinations permitted rapamycin-dependent Orai1
activation, with FKBP-STIM1ct and FRB-FTH1 showing highest fold-
changes of calcium-dependent gene expression as evaluated with the
NFAT-specific reporter assay (Fig. 3A).

Minimization of side effects potentially elicited by the control
compound is another factor that must be carefully considered when
developing cell-based therapies for clinical usage9. Though rapamycin
shows excellent performances in regulating gene expression upon
reconstitution of Orai1-activating STIM1-configurations at a cellular level
(Fig. 3A), administration of rapamycin or its analogues to patients still
bears substantial risks of adversely inhibiting mammalian target of
rapamycin (mTOR) pathways in unrelated cells or tissues34. Therefore,
from a clinical perspective, viral inhibitors are increasingly being

regarded as ideal control compounds for gene- and cell-based therapies,
since this class of drugs not only have well-studied safety and pharma-
cokinetics profiles, but most importantly do not target human
proteins2,9,34. For example, grazoprevir is a clinically-licensed drug to
treat Hepatitis C virus (HCV), and triggers chemically-induced dimer-
ization between theHCV-specific protease NS3a and a de novo designed
GNCR1 protein at picomolar affinity35. Thus, to increase clinical elig-
ibility, we created a grazoprevir-regulated CRAC activator by substitut-
ing the rapamycin-dependent FKBP/FRB system with the NS3a/GNCR1
pair (Fig. 3B). Then, using an analogous combinatorial approach to test
various STIM1ct-, Foldon- and FTH1-domains fused to NS3a or GNCR1 as
previously shown for the rapamycin-based system, co-expression of
NS3a-STIM1ct and GNCR1-FTH1 was established as the bipartite CRAC
activator that permitted highest dynamic ranges of fold-induction in
terms of grazoprevir-inducible expression of calcium-dependent genes
(Fig. 3B). Indeed, all combinations caused a rapid surge of intracellular
Ca2+ within 2–3min upon grazoprevir administration, thus confirming
the proposed mechanistic link between the individual panels of trigger-
inducible STIM1 assembly, oligomerization-dependent membrane
translocation, calcium influx and target gene expression (Fig. 3C). Fur-
thermore, we showed that grazoprevir-mediated calcium influx was
indeed dependent on the activity of endogenous CRAC channels (Fig-
ure S1), that the amount of Ca2+-dependent gene expression could be
precisely fine-tuned by different grazoprevir doses (Fig. 3D), and that
grazoprevir-dependent CRAC stimulation neither causes signs of
apoptosis (Figure S2) nor significant alterations of endogenous gene
expression in the host cell (Figure S3).

Grazoprevir-inducible Ca2+ influx can boost endogenous hor-
mone release in endocrine cells
Achievement of on-demand drug release is a long-standing goal of
modern cell-based therapies36. Thus, after establishing an “upstream”

module capable of mediating trigger-inducible Ca2+-influx in various

Fig. 1 | Working model for synthetic oligomerization-dependent CRAC activa-
tors. A One component CRAC activators based on spontaneous STIM1ct oligo-
merization. To engineer constitutive activators of endogenous Orai1-channels, the
ER-luminal part of native STIM1 was replaced by an N-terminal oligomeric protein
domain, producing cytoplasmic STIM1ct proteins whose membrane translocation
capability exclusively depends on its spontaneously formed oligomerization state.
While fusion of monomers yields resting STIM1ct states incapable of Orai1-activa-
tion, CRAC activation efficiency directly correlates with the oligomerization status
of synthetic STIM1ct. CRAC-mediated calcium influx can trigger activation of
endogenous calmodulin/calcineurin-dependent nuclear factor of activated T-cells
(NFAT) signaling and transcription from NFAT-specific promoters or Ca2+-depen-
dent exocytosis in secretory cell types. B Oligomeric state of different fluorescent

STIM1ct fusion proteins. Target proteins in each lysate were detected by native
PAGE. Numbers on the left axis represent molecular weights (MW) of denatured
target proteins. C Subcellular localization of different STIM1ct fusion proteins.
Fluorescent images were acquired 48h after transfection by confocal microscopy
(scale bar: 50 µm). Representative images for 3 independent experiments are
shown. D Stimulation of Ca2+-dependent gene expression by different fluorescent
STIM1ct fusion proteins. E Ca2+-dependent gene expression mediated by chimeric
STIM1-oligomers. Data are presented as the mean± SD, n = 3 independent experi-
ments. Error bars = SD. Two-tailed unpaired Student t-tests were used to evaluate
the statistical significance of differences between two groups. P-values more than
0.05 were considered statistically not significant. *p <0.05, **p <0.01, ***p <0.001,
****p <0.0001. Source data are provided as a Source Data file.

Fig. 2 | DesignofbipartiteCRACactivators.AConceptual design. Synthetic CRAC
activators can also be expressed as two separate proteins in which STIM1ct and the
oligomeric domain are each fused to different proteins that conditionally interact
with each other via constitutive or chemically-inducible protein-protein interactions
(PPI). In the absence of PPI, STIM1ct cannot interact with the oligomeric complex

and therefore remains in a resting state. Only pre-programmed PPI events can allow
individual STIM1ct molecules to join an oligomeric “docking station”, resulting in
STIM1ct oligomerization and Orai1 activation. B Experimental validation by Ca2+-
dependent gene expression. Source data are provided as a Source Data file. Num-
bers indicate average fold-changes of SEAP expression within column groups.
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mammalian or human cell types (Fig. 3E), we next sought to build a
synthetic excitation-secretion pathway by providing a link between
grazoprevir-inducible CRAC activation and protein exocytosis
(Fig. 4A). In humans, many peptide hormones with therapeutic value
are stored within secretory granules of endocrine cells, which rapidly

release their cargo following surges of intracellular Ca2+ 37,38. To test
whether grazoprevir-regulated CRAC activation can trigger endo-
genous hormone release, we transiently transfected the genetic
components for StimExo (NS3a-STIM1ct and GNCR1-FTH1) into B16-
F10 cells, a dermal cell line isolated from a murine melanoma model.

Fig. 3 | Design and construction of drug-inducible CRAC activators. A Calcium-
dependent gene expression by rapalog-triggered STIM1 assembly. B Calcium-
dependent gene expression by grazoprevir-triggered STIM1 assembly.
C Visualization of grazoprevir-triggered calcium influx. D Dose-dependence of

grazoprevir-inducible SEAP expression. E Grazoprevir-triggered calcium influx in
various cell lines. Data in (A,B,D) are presented as themean±SD, n= 3 independent
experiments. Error bars = SD. Data in (C) are presented as mean±SEM, n= 3 inde-
pendent experiments. Error bars = SD. Source data are provided as a SourceData file.
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Fig. 4 | Grazoprevir-triggered release of therapeutic hormones in
endocrine cells. A Schematic illustration. Application of trigger-inducible Orai1
activators into secretory endocrine cell types allows different user-defined trigger
signals of interest (e.g., Grazoprevir) to monitor instant calcium influx and stimu-
late exocytosis of cell type-specific therapeutic hormones. BGrazoprevir-triggered
calcium influx in B16-F10 cells. C Grazoprevir-triggered secretion of β-endorphin.
D Grazoprevir-triggered calcium influx in native B16-F10 cells. E Grazoprevir-

triggered secretion of β-endorphin in native B16-F10 cells. Data in (B, D) are pre-
sented as mean± SEM, n = 10 different cells. Error bars=SEM. Data in (C, E) are
presented as mean± SEM, n = 3 independent experiments. Error bars=SEM. Two-
tailed unpaired Student t-tests were used to evaluate the statistical significance of
differences between two groups. P-values more than 0.05 were considered statis-
tically not significant. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. Source data
are provided as a Source Data file.
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In fact, skin is an unconventional endocrine organ whose hormone
production ability is largely neglected39. In particular, melanocytes,
keratinocytes, dermal fibroblasts and endothelial cells were all
reported to synthesize and secrete large amounts of β-endorphin - an
opioid neuropeptide with functions related to stress reduction and
maintenance of energy homeostasis40. When we introduced StimExo
into B16-F10 cells, grazoprevir indeed triggered intracellular Ca2+

elevation (Fig. 4B) and concomitant secretion of β-endorphin within
15min (Fig. 4C). In contrast, grazoprevir-inducible Ca2+ influx and β-
endorphin release were not observed in native B16-F10 cells not
expressing StimExo (Fig. 4D, E). Therefore, StimExo can be poten-
tially applied as a “genetically encoded secretagogue” to boost
endogenous hormone release in specialized human cell types. For
future implementation, such treatment concept could either utilize
AAV-based gene delivery of StimExo components into targeted tis-
sues or organs to achieve on-demand protein secretion in a gene
therapy setting, or applied to patients via cell-based delivery strate-
gies as we will discuss next.

A generalizable drug-inducible exocytosis pathway for on-
demand secretion of various therapeutic outputs of interest
Next, we show that StimExo-mediated protein exocytosis is also
applicable to pancreatic host cells for treatments that are related, but
not limited to type-1 diabetes. For vesicular secretion of various pro-
teins of interest (POI), the proinsulin backbone can be used as a ver-
satile expression system in various endocrine cell types. Proinsulin
comprises threepolypeptide fragments knownasB-,C- andA-chains in
its genetically encoded amino acid order. In pancreatic β-cells, the
proinsulin molecule is delivered into secretory granules for post-
translational maturation, which occurs through proteolytic cleavage
and removal of theC-peptide part, followedby formationof stabilizing
disulfide bridges between B-chains and A-chains. Thus, upon calcium-
dependent exocytosis, mature insulin (only comprising B- and A-
chains) and therapeutically inactive C-peptide are co-secreted in an
equimolar ratio. To use this pathway to secrete other output proteins
of interest, the C-peptide part of proinsulin can be exchanged into an
arbitrary genetic sequence encoding for any other POI, therefore
allowing vesicular POI secretion by utilizing the native exocytotic
machinery of insulin41 (Fig. 5A). Indeed, such strategy was employed in
some former studies, for example by selecting a monoclonal cell line
ElectroBeta stably transgenic for co-secretion of insulin and
luciferase19 (Fig. 5B), or by introducing point mutations into B- and
A-chain residues to create insulin-deficient expression systems for
exclusive secretion of diabetes-unrelated output proteins18,42. Fur-
thermore, it has been previously shown that activation of CRAC
channels can indeed stimulate insulin exocytosis in pancreatic cells43.
Here, we wondered whether grazoprevir-triggered Ca2+ influx medi-
ated by StimExo is also compatible with this generalizable exocytosis
strategy (Fig. 5A). For proof-of-concept, different StimExo variants
(NS3a-STIM1ct co-expressed with either GNCR1-FTH1, GNCR1-COMPcc
or GNCR1-Foldon; compare Fig. 2B) were stably expressed in glucose-
and grazoprevir-insensitive ElectroBeta cells (Fig. 5C). Surprisingly, the
NS3a-STIM1ct/GNCR1-FTH1 combination accounting for high perfor-
mances in our previous experiments failed to trigger POI exocytosis in
ElectroBeta cells (Fig. 5C), potentially due to some unknown cellular
background of this pancreatic host cell prohibiting proper FTH1
expression. Qualitatively, we show that the efficiency of FTH1-
dependent constructs to form the expected 24-mer aggregation
state was indeed relatively low in ElectroBeta cells – irrespective
whether grazoprevir was supplied or not (Figure S4). Instead,
grazoprevir-dependent exocytosis was observed with the NS3a-
STIM1ct/GNCR1-Foldon combination (Fig. 5C),whichwas also effective
in forming higher-order oligomeric states in HEK-293 cells (Figure S4).
Thus, stable expression of NS3a-STIM1ct and GNCR1-Foldon in Elec-
troBeta cells allowed for dose-dependent grazoprevir-triggered

exocytosis within a few minutes, with peak amounts of target protein
release being recorded within the 1st hour following stimulation with
grazoprevir (Fig. 5D). Furthermore, we showed that basal exocytosis
rates in the grazoprevir-absent OFF-state were not affected by fluc-
tuations of extracellular Ca2+ levels, while higher amounts of extra-
cellular Ca2+ could improve grazoprevir-stimulated exocytosis rates
(Figure S5). These results confirm the feasibility of using StimExo
variants to precisely control protein exocytosis from a customizable
proinsulin-based vesicular system.

Real-time control of blood glucose homeostasis by a cell-based
therapy approach of grazoprevir-triggered insulin exocytosis
Lastly, we sought to capitalize on the grazoprevir-triggered insulin
exocytosis system and describe a clinically eligible cell therapy
approach for treatment of type-1 diabetes (Fig. 6A), an autoimmune
disorder characterized by insulin deficiency and chronically elevated
blood glucose levels44. Thus, after confirming the feasibility of
achieving grazoprevir-dependent exocytosis in ElectroBeta cells
(Fig. 5D), we used a Sleeping Beauty transposase based selection
strategy45 to engineermonoclonal cell lines with superior fold-changes
of insulin production (Figure S6). Among 25 individual cell clones
harvested and validated, a clone labeled as 2-E8 showed the best
profile of grazoprevir-dependent NanoLuc production, which we
designated as “StimExoINS” (Figure S6). Notably, because the proin-
sulin backbone allows co-secretion of insulin and NanoLuc in an 1:1
ratio (Fig. 5A), the luciferase readout reflecting effective insulin levels
is a practical tool for such high-throughput screens, given that con-
ventional insulin assays would generate significantly higher costs and
overall labor41. Indeed,monoclonal StimExoINS cells showed an almost
identical profile between grazoprevir-dependent NanoLuc (Fig. 6B)
and insulin (Fig. 6C) secretion, permitting long-term and reversible
control of grazoprevir-stimulated exocytosis (FigureS7) and showing a
typical kinetic profile of calcium-dependent exocytosis following sti-
mulation with either potassium chloride (triggering membrane depo-
larization) or grazoprevir (triggering CRAC activity) (Fig. 6D). Next, we
encapsulated StimExoINS into coherent immune-isolating alginate-
poly-L-lysine-alginatemicrobeads (Fig. 6A), a clinically eligible delivery
method for stem cell-based diabetes therapies46. Notably, exocytosis
efficiency appears to significantly depend on the molecular weight of
the chosen poly-L-lysine (PLK) material (Fig. 6E). Whereas grazoprevir-
dependent NanoLuc secretion was diminished when using PLK of
highermolecularweight, PLK of lowermolecularweight (e.g., 2100Da)
producing more “flocculent” microbeads permitted optimal diffusion
efficiency of trigger signals (e.g. grazoprevir) and output proteins (e.g.
insulin and NanoLuc) across the capsulemembranes (Fig. 6E, F). Upon
implantation of microencapsulated StimExoINS cells into mice, we
show that administration of 1mg/kg resulted in optimal activation of
target protein secretion within minutes (Fig. 6G). Notably, the bioa-
vailability of grazoprevir in vivo (maintaining high plasma concentra-
tions during the first 2-3 hours after administration; Figure S8)
appeared to be compatible with timescale of the grazoprevir-
dependent exocytosis system, which releases most of its insulin con-
tent within a few minutes post stimulation (Fig. 6D) and may reach
saturating levels of target protein secretion within 4 h (Fig. 5D). These
parameters are critical to ensure that insulin is instantly secreted into
the bloodstream of mice soon after grazoprevir uptake (Figure S9A),
but therapeutic effects are also rapidly terminated as soon as the mice
are no longer stimulated with the working dose(s) of the trigger signal.
Indeed, when testing different cell implants in type-1 diabetic mice,
only microencapsulated StimExoINS cells enabled real-time control of
blood glucose homeostasis following treatment with 1mg/kg grazo-
previr, whereas administration of grazoprevir alone or implantation of
parental ElectroBeta cells failed to regulate glycemia (Fig. 6H). Glucose
tolerance of type-1 diabetic mice was also improved by grazoprevir-
mediated stimulation of StimExoINS in vivo (Figure S9B). Importantly,
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Fig. 5 | Trigger-inducible exocytosis of various target proteins of interest.
A Schematic illustration. In secretory cell types, the proinsulin backbone can be used
as an expression system to allow various proteins of interest (POI) to utilize the Ca2+-
dependent exocytosis pathway of native insulin. By exchanging the C-peptide seg-
ment of proinsulin by a gene sequence encoding for the POI, various proteins of
interest (POIs) can be loaded into the secretory granules of insulin and secreted upon
(grazoprevir-dependent) stimulation of Ca2+-influx. For application unrelated to dia-
betes, B- and A-chains of insulin can be further mutated to attenuate glycemic (side-)
effects. B Calcium-dependent exocytosis of native ElectroBeta cells. C Comparative

analysis of different ElectroBeta cell lines stably transgenic for grazoprevir-inducible
exocytosis. D Dose-dependent fold-changes of NanoLuc secretion. Heatmap shows
the average fold-changes calculated by dividingNanoLuc levels of Grazoprevir- or KCl-
treated samples by basal NanoLuc levels of samples treatedwith native RPMImedium.
Data in (B–D) are presented as themean±SEM, n= 3 independent experiments. Error
bars=SEM. Two-tailed unpaired Student t-tests were used to evaluate the statistical
significance of differences between two groups. P-values more than 0.05 were con-
sidered statistically not significant. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
Source data are provided as a Source Data file.
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no hypoglycemic excursions were observed throughout our studies
following grazoprevir discontinuation (Fig. 6H & Figure S9B). There-
fore, StimExoINS can effectively mediate on-demand secretion of
therapeutic protein in cell therapy settings for future treatments of
metabolic disorders that critically require instant drug actions.

Discussion
Currently, cell-based therapies are rapidly progressing through clinical
trials and regulatory approval47,48. By designing sophisticated gene

circuits capable of precisely controlling spatial, temporal and dose-
dependent therapeutic regimen of implanted cells, synthetic biology
seeks to significantly advance modern gene- and cell-based therapies
and enable treatment opportunities for many intractable human
diseases1,9. For example, gene circuits allowing endogenous disease
markers of a patient to directly modulate therapeutic transgene
expression often yield fully autonomous therapeutic algorithms,
where diagnosis, treatment and prevention of a pathologic situation
are self-sufficiently coordinated in closed-loop4,49. However, a
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completely self-operating systemmay face safety and unpredictability
concerns when used in a clinical setting. Therefore, engineering of
“open-loop” regulation layers that allow external trigger compounds
to remote control and/or intervene therapeutic transgene expression
within patients are gaining increased attention2.

Recently, physical cues such as temperature18, electricity19 or
light20,43 were proposed as promising strategies for remote control of
transgene activities due to a theoretically traceless and non-invasive
nature of the trigger signal50. Indeed, some of such systems have also
been developed to trigger protein exocytosis for cell therapy appli-
cations, for example through ectopic expression of light-sensitive cell
surface receptors or voltage-gated ion channels into pancreatic beta
cells19,20. However, many of those physically regulated systems require
special attention and sometimes additional engineering efforts for
application in a real-world setting. For example, light and temperature
are ubiquitous environmental signals that are impossible to selectively
avoid in daily life51. In addition, cell therapies based on these systems
are mostly prefer subcutaneous implantation, as the penetration effi-
ciency of these trigger signals to the circulation or other internal
organs is relatively poor52. Thus, application of this class of therapies
often requires specialized hardware for cell delivery, such as macro-
encapsulation techniques containing electronic controllers19 or even
wirelessly powered LED devices co-implanted alongside the engi-
neered cells in vivo52. Therefore, for practical and regulatory reasons, a
safe, patient compliant and FDA-approved small molecule trigger with
clinically validated pharmacokinetics (PK) profiles is increasingly been
regarded as an ideal trigger compound for cell therapy control2. Spe-
cifically, antiviral drugs fulfill almost all criteria for a clinically-eligible
trigger compound becausemany of these drugs have favorable PK and
safety profiles with no endogenous human target, which is funda-
mental to avoid potential on-target pharmacology by endogenous
metabolites or any other off-target effects of the drug9,34.

In this work, we therefore chose grazoprevir, an FDA-approved
drug against Hepatitis C virus, as the prime molecular trigger to
showcase potential cell therapy applications of StimExo. Evidently,
ligand-responsiveness is not limited to the trigger compounds that we
have shown in this work - as activation of calcium release activatedCa2+

(CRAC) channels and calcium-dependent exocytosis can be flexibly
adjusted to respond to any other signal of interest through exchange
of the grazoprevir-inducible NS3a:GNCR1 module or the rapalog-
inducible FRB:FKBPmodule into other established PPI system without
causing significant toxicities related to aberrant Ca2+ entry
(Figure S2)53. This kind of modularity is a key advantage over some
conventional synthetic regulators of STIM1 activity. For example,
OptoSTIM is a popular tool widely adopted for mechanistic studies of
neuroscience54,55 and immunology56, which capitalizes on direct fusion
of light-inducible oligomeric CRY2-domain to the cytoplasmic STIM1ct
domain29. Upon light illumination, oligomerization of CRY2 yields the

Orai1-activating conformation of STIM1, resulting in light-dependent
calcium influx. Though OptoSTIM systems are also compatible with
activation of calcium-dependent exocytosis in iPSC-derived pancreatic
organoids43, repurposing of the light-specific OptoSTIM design to
engineer an analogous system responding to another trigger com-
pound (such as small molecule drugs) would be technically more
demanding than with StimExo. To change a trigger compound, the
light-inducible oligomeric CRY2-domain must be exchanged by a
conditional oligomerization system regulated by the new signal of
interest (e.g., grazoprevir). Unlike protein dimerization systems53,
chemically-inducible oligomers are less extensively catalogued in the
field. Therefore, to achieve generalizable input signal sensing, StimExo
can build on a vast repertoire of well-characterized PPI systems by
design, rather than relying on the availability of naturally evolved cell
surface proteins coupling to calcium signaling18–20 or compatible oli-
gomeric systems responding to the specific trigger signal of
interest29,43. Notably, the extent of trigger-inducible STIM1 activation
may remain at similar non-toxic ranges of physiological CRAC activ-
ities, which may warrant additional safety when moving towards
therapeutic applications.

Taken together, StimExo was designed to overcome a key lim-
itation factor that was prohibiting instantaneous “sense-and-secrete”
cell-based therapies, eventually allowing any user-defined input signal
of interest to trigger protein exocytosis. Notably, all molecular parts of
StimExo were carefully chosen to be eligible for clinical use, i.e., the
genetic components are either human-derived or minimally
xenogeneic9. Furthermore, we used the clinically-licensed drug gra-
zoprevir as a safe and patient-compliant trigger compound that is
orthogonal to the human metabolism9. This will minimize undesired
pharmacological effects upon drug exposure, especially when com-
pared to conventional rapamycin-regulated gene therapies34. StimExo
is also simple in design and achieves trigger-inducible protein secre-
tion without the need to incorporate exogenous proteases57–59, which
is another important factor when developing gene and cell-based
therapies towards clinical consideration9,60. Lastly, with alginate
microencapsulation being a clinically eligible cell delivery route for
type-1 diabetes treatment61, a StimExoINS-enabled cell therapy con-
cept may provide a valuable gene circuit asset for future diabetes
therapies. Currently, we demonstrate proof-of-principle of
grazoprevir-inducible insulin exocytosis by introducing the genetic
componentry of StimExo into ElectroBeta – an insulin-deficient und
glucose-insensitive pancreatic cell line engineered for stable expres-
sion of proinsulin19. For clinical usage, a non-tumorigenic cell type
should be preferentially chosen as the final chassis for StimExo, albeit
alginate microbeads can theoretically prohibit any leakage of its
encapsulated cellular content into the circulation62. Similarly, the
optimal dosing and administration route of the trigger compound
remains to be determined in future work. Here, we could effectively

Fig. 6 | Real-time control of blood glucose homeostasis by grazoprevir-
inducible insulin exocytosis in type-1 diabetic mice. A Principles of a
StimExoINS-mediated cell therapy. Pancreatic host cells stably transgenic for Sti-
mExo and insulin expression (StimExoINS) are encapsulated into semipermeable
alginate-poly-L-lysine-alginate beads and implanted into type-1 diabetic mice.
Insulin exocytosis triggered by grazoprevir administration enables instant regula-
tion of blood glucose levels. B, C Kinetics of grazoprevir-triggered insulin exocy-
tosis in monoclonal StimExoINS cells. D Kinetics of calcium-dependent insulin
exocytosis. E, F Grazoprevir-triggered exocytosis in microencapsulated StimEx-
oINS cells. Same volume of alginate microbeads containing monoclonal 2-E8 cells
generatedwith poly-L-lysine (PLK) of differentmolecular weight (MW)were seeded
in 1mL serum-free RPMI medium (vehicle control) or RPMI medium containing
0.5 µM Grazoprevir before NanoLuc levels in culture supernatants were profiled at
different timepoints (E). insulin levels of PLK (MW:2000) microbeads were also
quantified at different timepoints (F). Data in (B–F) are presented as the mean±
SEM, n = 3 independent experiments. Error bar=SEM. G Quantification of

grazoprevir-inducible exocytosis in vivo. One day after implantation of 5 × 106

microencapsulated 2-E8 cells into 8-week healthy wildtype C57/BL6Jmale mice,
animals received different doses of grazoprevir solutions via intraperitoneal
injection. NanoLuc production in the bloodstream was measured every 30min.
H Real-time glycemic control by grazoprevir-triggered insulin exocytosis in dia-
betic mice. 1 day after intraperitoneal implantation of 1 × 107 microencapsulated
StimExoINS or ElectroBeta into T1DM mice, mice were fasted for 4 h and received
single injections of 200 µL saline (vehicle control) or grazoprevir (1mg/kg) before
glycemic levels were followed over 120min. T1DM mice receiving grazoprevir but
no cell implants were used as negative controls. Homeostatic blood glucose levels
(5-10mM) are marked with a transparent red box. Data in (G, H) are presented as
the mean ± SEM; n = 4 mice per group, Error bar = SEM. Two-tailed unpaired Stu-
dent t-tests were used to evaluate the statistical significance of differences between
two groups. P-values more than 0.05 were considered statistically not significant.
*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. Source data are provided as a
Source Data file.
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control target protein exocytosis using a grazoprevir dose of 0.1–1 µM
in vitro and in mice following intraperitoneal injection (Figure S8B).
For translation towards clinical applications in humans, more reliable
and patient-compliant administration routes (e.g., sublingual delivery)
that may enable even higher grazoprevir sensitivities (e.g., in the low
nanomolar range) must be the goal of future development. Thus, in
case these questions are adequately addressed in the not-too-distant
future, a new alternative for diabetes treatment can thus be developed
based on simple overexpression of StimExo and proinsulin genes in a
safe and clinically eligible secretory host cell. When compared to
conventional approaches relying on differentiation of pancreatic beta-
cells from stem cells63, an engineering-driven approach through
introduction of synthetic gene circuits into certified chassis lines
would be advantageous in terms of manufacturability, scalability and
product specificity. In this with this, StimExo has the potential to
provide a technological platform to engineer cell therapies to treat
diabetes and many other metabolic diseases that require instant and
on-demand drug secretion within patients.

Methods
Vector design
Construction details and references for all expression vectors are
provided in Table S1. Related sequences are provided in Supplemen-
tary Data 1. New plasmids were generated using standard restriction
and digestion cloning (New England Biolabs; Beverly, MA) or In-Fusion
cloning techniques (ClonExpress MultiS One Step Cloning Kit). PCR-
amplification reactions were performed using KOD One PCR Master
Mix. Ligation was performed using T4 DNA Ligase. DNA was extracted
with TIANGEN plasmid miniprep kit. Constructs were verified by
sequencing service of Tsingke Biotechnology (Beijing, China). Primers
were synthesized by Tsingke Biotechnology.

Chemical and reagents
All consumables used and purchased for this study are listed in
Table S3. Chemical stock solutions are listed in Table S4. Buffer pre-
paration information are provided in Table S5.

Cell culture
Human embryonic kidney cells (HEK-293; ATCC: CRL-11268) and
murine neuroblasts (N2A; ATCC: CCL-131) were cultivated in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10%
CellMax Fetal Bovine Serum (FBS) and 1% (v/v) penicillin/strepto-
mycin solution (PenStrep). Murine melanoma (B16-F10; ATCC: CRL-
6475), ElectroBeta19 and derivative cell lines were cultivated in
Roswell Park Memorial Institute 1640 Medium (RPMI medium)
supplemented with 10% FBS and with 1% PenStrep. Chinese hamster
ovary cells (CHO; ATCC: CCL-61) were cultivated in Ham’s F-12K
(Kaighn’s) medium supplemented with 10% FBS and with 1% Pen-
Strep. All cells were cultured at 37 °C in a humidified atmosphere of
5% CO2 in air. For passaging and cell culture, cells of pre-confluent
cultures were detached by incubation in 0.05% Trypsin-EDTA for
3min at 37 °C, collected in 10ml of cell culture medium, centrifuged
for 2min at 1000 rpm (or 3min at 200 g), and resuspended in fresh
culture medium at a standard density of 1.5 x 105 cells/mL before
seeding into new tissue culture plates. Cell number and viability
were quantified using an AMQAX1000 COUNTESS II Cell counter
(ThermoFisher Scientific; Waltham, MA).

Transfection of mammalian cells
Unless indicated otherwise, transient transfection was performed at
24 h after seeding 50’000 mammalian cells into each well of a 24-well
plate. pcDNA3.1(+) (Invitrogen, CA; cat-no. V79020) was used as a filler
plasmid to keep total DNA amounts constant (500 ng). HEK-293 were
transfected using an 1 g/L aqueous Polyethyleneimine (PEI) solution-
based protocol at a PEI:DNA ratio of 4:1 (w/w) and in a transfection

volume of 50 µL Minimum essential medium MEM per well. B16-F10,
N2A, ElectroBeta andderivativeswere transfectedusing Lipofectamine
3000 reagent according to the manufacturer’s instructions. CHO cells
were transfected using Lipofectamine 2000 reagent according to the
manufacturer’s instructions. Transfection agents and nucleic acids
were incubated for 15min at 25 °C before dropwise addition to cells.
The cell culture medium was replaced with fresh medium (not con-
taining transfection reagents) at 6 h after transfection.

Generation of stable cell lines
Polyclonal Electro-FTH1, Electro-FTH1(3xFLAG), Electro-COMPcc and
Electro-Foldon populations, stably transgenic for constitutive expres-
sion of the genetic componentry for grazoprevir-inducible STIM1
assembly, were constructed by co-transfection of 25 ng pCMV-T7-
SB100 and 500 ng pSYQ346, pLYL466, pSYQ347 or pSYQ348 into
5 x 104 ElectroBeta cells, respectively. 2 weeks after transfection,
populations producing different levels of mCherry fluorescence were
isolated by FACS-mediated cell sorting. Monoclonal cell lines were
harvested by random picking and cultivation of 25 Electro-Foldon-
derived single cell clones.

Microencapsulation of mammalian cells
Intraperitoneal implants were produced by encapsulating wildtype or
transgenic 1.1E7 monoclone cells into alginate-poly-(L-lysine)-alginate
beads (about 1000 cells per capsule) using B-395 Pro Encapsulator
(BÜCHI Labortechnik AG; Flawil, Switzerland) set to the following
parameters: a 200μm nozzle with a vibration frequency of 1300Hz,
using 20mL syringe. T1DM mice were intraperitoneally injected with
1mL of FBS-free DMEM containing 1 x 107 cells.

Native and SDS-polyacrylamide gel electrophoresis (PAGE)
experiments
48 h after transfection, cells were lysed with PMSF-containing lysis
buffer on ice for 15min, followed by centrifugation at 12,000 rpm and
4 °C for 10min. The supernatant was collected as protein sample. After
treatment with 5x Native Gel Sample Loading Buffer (for native PAGE)
or 5xSDS-PAGE Loading Buffer (followed by denaturation at 94 °C for
5min), same amounts of native or denatured protein samples were
resolved on BeyoGel™ Plus Precast PAGE Gel for Tris-Gly System and
electroblotted onto Polyvinylidene fluoride (PVDF) Western blotting
membranes. Membranes were incubated in BeyoECL Moon detection
reagent and visualized using the Amersham Imager 680 (GE Health-
care; Uppsala, Sweden) after application of Mouse anti-FLAG OctA-
Probe Antibody (H-5) and secondary HRP-labeled Goat Anti-Mouse
IgG (H + L).

Fluorescence imaging
Cells were grown at 37 °C and culture medium was exchanged into
serum-free RPMI medium containing or not containing Grazoprevir.
Fluorescence microscopy of GCaMP6f signals was performed with a
Nikon ECLIPSE Ts2-FL fluorescence microscope equipped with a
C-LEDFL470 LED unit as excitation source (488 nm) and a single
bandpass filter BA 534/55 for collection of emitted light. Videos were
recorded right after stimulation. Elliptical ROI were stacked using
ImageJ program every 0.5 s, with the achieved maximum ΔF/F0
(fluorescence changes versusfluorescence values at time-zero) plotted
against recording time.

Flow cytometry
StimExoINS cells were treated with 0.5 µM Grazoprevir or 40mM KCl
for 1 h, with non-treated cells (blank) and vehicle treatment (0.1%
DMSO) used as controls. After 24h, all treatment groups were har-
vested through trypsinization and centrifugation, washed twice with
ice-cold PBS, and stained with the Annexin V-FITC/PI Apoptosis
Detection Kit according to the manufacturer’s instructions. Cell
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populations were then analyzed with a CytoFLEX LX Flow Cytometer
(BeckmanCoulter, Indianapolis, IN) equipped for green- (488 nm laser,
525/40 emission filter; Annexin V signals) and red fluorescence-
detection (561 nm laser, 610/20 emission filter; Propidium Iodide sig-
nals). 10,000 cells were recorded per data set and analyzed with
FlowJo™ Software (v10; BD Biosciences). The gating strategy involves
initial FSC and SSC gates to isolate single, viable cells from the starting
population, excluding debris and aggregates.

Cell membrane integrity assay
The integrity of the cell membrane following Grazoprevir stimula-
tion was assessed using Bestbio Cell Membrane Integrity Assay Kits
by either fluorescent imaging or absorbance measurement. Before
cell seeding, cultivation plates were treated with 0.1 mg/mL poly-D-
lysine and the fluorescent dye (BBcellProbe®) was diluted at a ratio
of 1:2000 followed by incubation for 2min. Ethanol served as the
positive control of cell membrane damage resulting in BBcellP-
robe® influx.

RNA sequencing
Total RNA of cells was isolated using the Trizol RNA Extraction
method. In brief, 400,000 cells weremixed with 1ml TRIzol™ Reagent
and vortexed until no precipitation was observed. The cell lysate was
then mixed with 200 μl chloroform and centrifuged at 12,000g and
4 °C for 15minbefore the aqueous phasewas collected andmixedwith
500μl isopropanol to precipitate the RNA (through incubation at
−20 °C for 30min). The RNA pellet was harvested by centrifugation at
4 °C and 15,000g for 30min and washed with 70% EtOH. The RNA
pellet was air dried and resuspended in 50μl RNase-free ddH2O. The
libraries were sequenced byGenewiz Biotechnology Co., Ltd. (Suzhou,
China) for RNA-seq analysis.

Analytical assays
SEAP assay. Expression levels of human placental secreted alkaline
phosphatase (SEAP) in culture supernatants were quantified
according to a p-nitrophenylphosphate-based light absorbance time
course. In brief, 80 µL of heat-inactivated supernatants (30min at
65 °C) were transferred to a 96-well plate containing 100 µL of 2x
SEAP assay buffer per well. Immediately after addition of 20mM
pNPP per well, Time-dependent increase of light absorbance at
405 nm was followed over 30min using a Thermo Scientific™ Var-
ioskan™ LUX multimode microplate reader.

NanoLuc assay. NanoLuc levels were profiled using the Nano-Glo®
Luciferase Assay System by adding 7.5 µL of a 50:1 (v/v) buffer-
substrate mix to 7.5 µL sample per well in a black 384 well plate, fol-
lowed by luminescence recording on a ThermoScientific™ Varioskan™
LUX multimode microplate reader.

Insulin ELISA. Insulin levels in culture supernatants and mouse serum
were quantified with a Mercodia Mouse Insulin ELISA kit.

Beta-endorphin ELISA. Beta-endorphin levels in cell culture were
quantified with a Mouse beta-endorphin ELISA kit (detection range:
0–100pg/mL).

Animal experiments
Animal ethics. All experiments involving animals were performed
according to the directive of the Institutional Animal Care and Use
Committee of Westlake University, approved animal protocol number
AP#23-052-XMQ. 8-week healthy wildtype C57/BL6J male mice were
purchased fromVital River Laboratories (Beijing, China) and housed in
Laboratory Animal Resources Center of Westlake University. Mice
were kept at a constant temperature and humidity and exposed to 12 h
cycles of alternating light and dark, with ad libitum access to standard

rodent food and water. After experiments were completed, mice were
euthanized by CO2 inhalation.

Type-1 diabetes model. The type-1 diabetes mellitus mouse model
was generated with 8-week healthy wildtype C57/BL6J male mice as
described previously64. In brief, mice were fasted for 16 h and received
intraperitoneal injections of 50mg/kg streptozotocin (STZ) in freshly
prepared citrate buffer within 5min in dark on five consecutive days.
3 weeks after STZ administration, glycaemia of mice was measured
with a commercial Sinocare glucometer. After 4 h fasting, wild-type
and T1DMmice receiving cell implants were administrated with saline
or 1mg/kg grazoprevir dissolved in saline.

Blood sampling. Bloodwas collected from retroorbital plexus of mice
by placing whole blood samples at room temperature for 1 h followed
by centrifugation for 10min at 1500 g and 4 °C to obtain serum

Data analysis
For transcriptional experiments, data were shown as mean± SD, n = 3
independent experiments (Fig. 1D, E; Fig. 2B; Fig. 3A, B; Figure S1;
Figure S8A, B). For GCaMPdetection experiments, data were shown as
mean± SEM, n = 10 cells (Fig. 3C, E; Fig. 4B, D; Fig. 6D). For exocytosis
experiments, data were shown as mean ± SEM, n = 3 independent
experiments (Fig. 4C, E; Fig. 5B–D; Fig. 6B–F; Figures S5–S7). For
membrane integrity analysis experiment, data were shown as mean ±
SD, n = 4 independent experiments (Figure S2B). For animal experi-
ments, data were shown as mean± SEM, n = 4 mice (Fig. 6G, H; Fig-
ure S9). Two-tailed unpaired Student t-tests were used to evaluate the
statistical significance of differences between two groups. P-values
more than 0.05 were considered statistically not significant. *p <0.05,
**p <0.01, ***p <0.001, ****p <0.0001. All analyses were performed
using GraphPad Prism (v9). Data of RNA sequencing (Figure S3) were
processed following the standard data analysis pipeline. Statistical
analysis was performed with Deseq2 (v.1.44.0) package65. Significantly
changed genes were identified by |log2FC | >0.3, P <0.05 (P-value by
Wald test). Unsupervised clustering and heatmap visualization were
performed with pheatmap (V1.0.12). GO and pathway grouping and
enrichment analysis were performed by clusterProfiler (V4.12.0)66.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are available within the article and its Supplementary Infor-
mation. Raw data generated in this study are provided in the Source
Data file. RNA-seq data has been deposited to SRA (Accession no.
PRJNA1226287). Source data are provided with this paper.
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