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A Nutrient-Sensing Transition at Birth Triggers
Glucose-Responsive Insulin Secretion
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In Brief

At birth, metabolic adaptations prepare
the newborn for its new nutritional
environment. Helman et al. demonstrate a
role of nutrient sensing by mTORC1 in
adjusting insulin secretion in neonatal 8
cells. Exploiting this adaptative property
of B cells results in improved glucose-
responsive insulin secretion in human
stem cell-derived B cells.
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SUMMARY

A drastic transition at birth, from constant maternal nutrient supply in utero to intermittent postnatal feeding,
requires changes in the metabolic system of the neonate. Despite their central role in metabolic homeostasis,
little is known about how pancreatic B cells adjust to the new nutritional challenge. Here, we find that after
birth B cell function shifts from amino acid- to glucose-stimulated insulin secretion in correlation with the
change in the nutritional environment. This adaptation is mediated by a transition in nutrient sensitivity of
the mTORC1 pathway, which leads to intermittent mTORC1 activity. Disrupting nutrient sensitivity of
mTORC1 in mature B cells reverts insulin secretion to a functionally immature state. Finally, manipulating
nutrient sensitivity of mTORC1 in stem cell-derived B cells in vitro strongly enhances their glucose-respon-
sive insulin secretion. These results reveal a mechanism by which nutrients regulate B cell function, thereby

enabling a metabolic adaptation for the newborn.

INTRODUCTION

At birth, mammals are faced with a challenge as they break from
the supportive maternal environment into the outside world, a
transition requiring an independent physiology. The respiratory,
circulatory, digestive, and endocrine systems all undergo adap-
tations during this early neonatal period, which is termed func-
tional maturation (Morton and Brodsky, 2016; Ward Platt and
Deshpande, 2005). Because nutrient consumption changes
from relatively constant in utero to pulsatile after birth, the meta-
bolic adaptation of the neonate to intermittent feeding and
glucose fluctuations is critical. Pancreatic B cell maturation in-
volves developing a higher threshold for glucose-stimulated in-

sulin secretion (GSIS), as evidenced by inhibition of insulin secre-
tion at low glucose and enhanced insulin secretion in response to
high glucose. This physiological adaptation is essential to main-
tain nearly constant glucose levels, preventing hypoglycemia
(Blum et al., 2012; Rozzo et al., 2009).

The initial functional maturation period in which responsive-
ness to glucose is acquired occurs within the first week after
birth. B cells continue to develop, however, and improve in
secretory function during, and even months, after weaning (Bliss
and Sharp, 1992; Avrahami et al., 2015; Stolovich-Rain et al.,
2015; Helman et al.,, 2016; Arda et al., 2016; Bader et al.,
2016). MAFA and Urocortin3 (UCN3) serve as established
markers of B cell maturation since their expression increases

Context and Significance

The continuous secretion of insulin during pregnancy promotes growth of the embryo and depends on constant supply of
maternal nutrients. At birth, the maternal nutrient supply is cut off, forcing the newborn to depend on its own feeding for
nutrition. Researchers at Harvard and MIT provide an explanation for how insulin-producing B cells adapt to this nutritional
challenge. B cells undergo a transition in the nutrient sensitivity of the mTORC1 pathway, which controls their insulin secre-
tion in response to nutrients. Altering nutrient levels to exploit this adaptative property of f cells results in improved glucose-
responsive insulin secretion in human stem cell-derived 3 cells.
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over the maturation period in mouse and human B cells (Aguayo-
Mazzucato et al., 2011; Blum et al., 2012; Van Der Meulen and
Huising, 2014). Other genes, related to glucose sensing and in-
sulin secretion, including NEUROD1, NKX6-1, and glucokinase
(GCK) improve glucose sensitivity in immature f cells (Matsuoka
et al., 2007; Zhang et al., 2005; Wang et al., 2007; Artner et al.,
2010; Aguayo-Mazzucato et al., 2011). The expression of spe-
cific genes termed disallowed genes (Martinez-Sanchez et al.,
2015; Lemaire et al., 2016) becomes repressed in the postnatal
B cells as part of the metabolic switch associated with functional
maturation (Thorrez et al., 2011; Dhawan et al., 2015; Yoshihara
et al., 2016). However, changes in expression of maturation
markers and disallowed genes occur during the second and third
weeks of life, and it is not known what drives the initial acquisition
of glucose responsiveness during the first week after birth (Con-
rad et al., 2014; Liu and Hebrok, 2017).

Understanding functional maturation is important for the appli-
cation of stem cell-derived tissues in regenerative medicine
(Robinton and Daley, 2012). In recent years, a more advanced
understanding of the intrinsic transcriptional programs in vivo
led to a rapid progress in the generation of many cell types,
including B cells, from human pluripotent stem cells (Hrvatin
et al., 2014; Sneddon et al., 2018). Nevertheless, due to the
lack of knowledge regarding initiation of functional maturation,
differentiated tissues derived from stem cells often resemble
fetal tissues and lack full physiological function (Henquin and
Nenquin, 2018; Hrvatin et al., 2014; Jiang et al., 2018; Lundy
et al., 2013; Arlotta and Pasca, 2019). Developing permissive
conditions for the maturation of stem cell-derived tissues
in vitro, without genetic modifications, will enhance their use in
drug discovery and cell transplantation.

Functional maturation has generally been viewed as an
intrinsic part of a transcriptional differentiation program rather
than a process that can be regulated by extrinsic factors in the
environment. Yet, it is known that cells sense extrinsic signals
and coordinate cellular adaptations accordingly. For example,
cells modulate their metabolism and growth in response to nutri-
ents and growth factors via regulation of the mechanistic target
of rapamycin complex 1 (mMTORC1). mTORC1 kinase activity
controls cellular growth and metabolism by activating anabolic
processes and repressing catabolic ones (Sancak et al., 2008,
2010; Saxton and Sabatini, 2017). Several cytosolic proteins
that signal the availability of nutrients and growth factors to con-
trol mTORCH1 activity have been identified (Saxton and Saba-
tini, 2017).

Several recent findings have uncovered the importance of
mTORC1 as a significant regulator of B cell maturation and func-
tion. B cell-specific activation of mMTORC1 in genetic mouse
models found that hyperactivation of mMTORC1 signaling resulted
in increased B cell function and improved glucose tolerance
(Blandino-Rosano et al., 2017; Hamada et al., 2009; Mori et al.,
2009; Rachdi et al., 2008; Shigeyama et al., 2008). Consistently,
B cell-specific ablation of MTORC1 resulted in lower insulin
secretion caused by mitochondrial dysfunction and oxidative
stress, indicating that mTORC1 activity is essential for § cell
function and maturation (Sinagoga et al., 2017; Chau et al.,
2017; Ardestani et al., 2018; Maedler and Ardestani, 2017; Ni
et al., 2017; Blandino-Rosano et al., 2017; Alejandro et al.,
2017). In contrast, other findings show that chronically increased

¢? CellPress

mTORC1 activity can induce B cell failure (Mori et al., 2009; Sun
et al., 2010; Swisa et al., 2015; Elghazi et al., 2010; Bartolome
and Guillén, 2014; Koyanagi et al., 2011; Jaafar et al., 2019).
Although the genetic components of the mTORC1 pathway are
clearly important for proper B cell mass and function, these
studies raise questions about how the pathway is post-transcrip-
tionally regulated and whether mTORC1 activation positively or
negatively contributes to B cell maturation.

This study investigates the possibility that sensing environ-
mental nutrients by mTORC1 contributes to cell and tissue matu-
ration. We describe a perinatal change in the regulation of
mTORC1 signaling by nutrients that modifies the dynamics of
mTORC1 activity from constitutive to intermittent after birth.
The combination of mMTORC1 inhibition and activation after birth
enables the functional shift from amino acid-responsive to
glucose-responsive insulin secretion. These findings demon-
strate a role for nutrient sensing by mTORCH1 in the initiation of
functional maturation of pancreatic B cells.

RESULTS

Changes in the Nutritional Environment Alter Insulin
Secretion in Response to Nutrients

Insulin-expressing B cells appear about embryonic day 13.5
(E13.5) in mice and week 8-9 post-conception in humans (Koya-
nagi et al., 2011; Slack, 1995), but GSIS begins only days after
birth (Blum et al., 2012; Rozzo et al., 2009). Since a major change
from embryonic to postnatal physiology is nutrient consumption,
we explored whether an altered nutrient supply plays a role in the
transition from immature to mature insulin secretion by B cells
(Figure 1A). We compared the metabolite profiles of fetal and
neonatal plasma, collected from mice throughout the first week
after birth and found changes imposed by the onset of intermit-
tent feeding. These changes include an increase in fasting-asso-
ciated metabolites, e.g., ketone bodies, in the neonates at birth
and a different composition of amino acids and glucose in the
plasma of embryonic, neonatal, and adult mice. Generally, levels
of amino acids and amino acid-derived metabolites in the
plasma of immature mice were higher, and glucose was much
lower compared with plasma of the adult mice (Figures 1B and
1C; Table S1; see also Hay, 2006; Young and Prenton, 1969;
Zeng et al., 2017). This shift in plasma nutrients abundances oc-
curs gradually after birth, as shown in Figure 1C.

Since the embryo is exposed to an amino acid-rich environ-
ment in utero, we tested the effects of physiological levels of
amino acids (Cantor et al., 2017) on insulin secretion by fetal is-
lets compared with mature islets. Surprisingly, amino acids alone
do not induce a response in mature islets (Figures 1D and 1F) but
stimulate insulin secretion in embryonic islets from mouse and
human (Figures 1E and 1G), independently of glucose (Kervran
and Randon, 1980). High glucose, in contrast, stimulates strong
insulin secretion only in mature islets and has no effect on mouse
and human fetal islets (Figures 1D-1G). Together, these results
identify a shift from amino acid-responsive insulin secretion in
immature B cells to glucose-responsive secretion in mature
cells. This shift occurs gradually, as neonatal islets of postnatal
day 6 mice secrete insulin in response to amino acids or glucose
alone, demonstrating a transitional state from amino acid to
glucose responsiveness (Figure 1H). To test whether the
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Figure 1. Dynamic Insulin Secretion in Response to Nutrients in Mature and Immature Islet Cells
(A) Schematic representation of experimental design.

(B) Representative heatmap of metabolite abundance in serum of embryos, neonates, and adult mice. Experiment was repeated twice using embryonic samples

(n = 4), neonates (n = 32), and adults (n = 6).

(C) A relative ratio of amino acids and their metabolites (left graph) and glucose (right graph) in the serum of mice of indicated age. Data points represent mean +

SEM. p values, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, unpaired Student’s t test.

(D-G) Fold insulin levels secreted by mature mouse (n = 6) and human islets (D and F, respectively) and fetal mouse (E18, n = 6) and human islets (E and G,
respectively) in a dynamic perfusion assay in low glucose (2.8 mM), low glucose and physiological levels of amino acids, high glucose (16.7 mM), and KCI (30 mM).
The fetal and adult human data are representative from single donors using 6 technical replicates and repeated in three independent experiments. Data points

represent mean + SEM.

(H) Fold insulin levels secreted by islets from neonatal mice (P5, n = 6) in a dynamic perfusion assay. Secreted insulin levels were normalized to basal insulin

secretion of each sample.

(I) Fold insulin levels secreted by fetal human islets that were cultured in vitro in a fetal-like medium (blue, 5.5-mM glucose and high amino acid levels) and mature-
like medium (green, 5.5-mM glucose and low amino acid levels). The result was repeated in three independent experiments.
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nutritional environment contributes to this change in nutrient
responsiveness, we tested the prolonged effects of nutrient
levels on insulin secretion dynamics in immature B cells. Human
fetal B cells grown in a mature-like environment (low amino acid
concentrations), for 4 days, can be shifted in vitro to glucose-
responsive insulin-secreting cells, whereas these same B cells
grown in an immature-like environment (high amino acid concen-
trations) continue to secrete insulin in response to amino acids
but not to glucose (Figure 1l).

To understand if the nutrient environment continues to play a
role in the function of mature B cells, we tested the ability of
mature human f cells to remain glucose responsive following
extended incubation in vitro. Human islets from adult donors,
incubated for 4 days in low amino acid concentration, demon-
strated a higher response to glucose than islets grown in high
levels of amino acids (Figure S1). Therefore, in addition to having
arole in the onset of glucose responsiveness in immature f cells,
amino acid levels in the environment also contribute to maintain-
ing function in mature B cells.

Onset of Glucose Responsiveness Is Independent of
Expression of Canonical g Cell Markers

To identify signaling pathways that are correlated with the tran-
sition in B cell response to nutrients, we conducted a single-
cell RNA sequencing on fetal human islets grown for 4 days in
a mature-like environment (low amino acid concentrations) and
in an immature-like environment (high amino acid concentra-
tions). Transcription of genes related to B cell identity and matu-
ration, such as chromogranin (CHGA), insulin, and MAFA, did not
change significantly during the 4-day incubation in the two con-
ditions (Figures 2A and 2B).

Fluorescence-activated cell sorting (FACS) staining verified
that the protein expression of PDX1, NKX6-1, UCN3, and
MAFA in B cells were not different between the two nutritional
conditions, indicating that they are not responsible for the gain
of glucose responsiveness. (Figure S1).

Consistent with this in vitro study, we find that staining for
MAFA, UCNS3, and NKX6-1 in mice embryos (E18), neonates
(P6), and adults (P60), shows the expression of these genes
does not change significantly in the first days after birth at the
time of gaining glucose responsiveness (Figures 2C and S2).
MAFA, UCNS3, and NKX6-1 are also expressed in human embry-
onic B cells (by gestational day 120) (Figures 2D and S2).

These results identify a novel extracellular determinant of § cell
maturation, by which changes in the nutritional environment
before and after birth play a role, independently of changes in
expression of canonical B cell identity markers, in a transition
from constitutive, amino acid-stimulated insulin secretion in utero
to a dynamic, glucose-responsive insulin secretion after birth.

Activity of the mTORC1 Pathway in Immature 3 Cells
Differs from Mature p Cells

We hypothesized that the activity of a metabolic pathway, such
as the mTOR pathway, could mediate the functional transition
from amino acid- to glucose-mediated insulin secretion in fetal
and mature B cells, respectively. To measure mTORC1 signaling
activity in immature and mature B cells, pancreatic tissues were
immunostained for phosphorylation of ribosomal protein S6 (p-
S6), a downstream target of the mTORC1 kinase. As indicated
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by p-S6 immunoreactivity, the mTORC1 pathway is strongly
activated in B cells of embryonic (E18) mice in utero, whereas
the B cells in their fasted pregnant mothers concurrently had
low mTORC1 activity (Figure 2E). Active mTORC1 signaling in
fetal B cells is also evident in human fetal pancreatic tissue
compared with adult human B cells (Figure 2F).

Staining pancreatic sections showed that p-S6 is detected un-
der basal conditions (after separation from their mothers) in
cells of neonatal pups, between P1 and P9, as reported previ-
ously (Ni et al., 2017) but not robust as in fetal p cells from E18
embryos (Figure S2). Since the mTORC1 pathway is strongly
activated in fetal B cells, postnatal mMTORC1 activation by itself
does not explain how B cells acquire glucose-induced insulin
secretion. Furthermore, detection of p-S6 that coincides with
the transition to GSIS suggests that mTORCH1 inhibition is not
directly associated with glucose responsiveness in B cells (Jaa-
far et al., 2019; Ni et al., 2017; Sinagoga et al., 2017). Thus, the
regulation of mTORC1 activity before and after birth, and the
control of B cell maturation by mTORC1, are more dynamic
and complex than suggested previously.

In support of increased regulation of mMTORC1 activity, gene
expression analysis on sorted B cells from fetal, neonatal, and
adult murine B cells revealed that the expression of genes encod-
ing negative regulators of mMTORC1, including tuberous sclerosis
(TSC), sestrin1 (SESN1), and sestrin2 (SESN2), and the catalytic
subunit of AMP-activated protein kinase (AMPK), is increased
during the transition to mature B cells (Figure 2G), which corre-
sponds to potentiated inhibitory regulation of mTORC1 activity
during B cell functional maturation. These results suggest that
the regulation on mTORCH1 activity could play a role in the func-
tional transition of B cells, in adaptation to the changes in the
nutritional environment after birth.

mTORC1 Activity in Mature 8 Cells Is Dynamic and
Regulated by Nutrients

The mTORC1 pathway is well established to be highly respon-
sive to the availability of nutrients, including amino acids and
glucose (Saxton and Sabatini, 2017). As changes in nutrient con-
ditions affect B cell function, we reasoned that nutrient-sensitive
cellular responses might control the transition from amino acid-
to glucose-dependent insulin secretion after birth. To determine
how mTORC1 signaling in B cells is affected by nutrient condi-
tions, we investigated the nutrient sensitivity and dynamics of
mTORCH1 in isolated islets. We developed a FACS-based assay
to quantify mTORC1 activation specifically in B cells within the
islet (Figures 3A and S3). We found differential effects by nutri-
ents on mTORC1 activation in mature human B cells, as
measured by the intensity of p-S6 staining. Amino acids alone
are not sufficient to activate mTORCH1, inducing only slightly
more S6 phosphorylation in the B cell population than the basal
mTORC1 activity in mature B cells. Glucose alone induces acti-
vation of mTORC1 in a higher percentage of B cells, whereas
addition of both glucose and amino acids generates a robust
activation (~80% of B cells) (Figure 3B). These results demon-
strate a greater dependence on glucose for mMTORC1 activation
in mature human B cells and a requirement of both amino acids
and glucose for fullmMTORC1 activity. We also tested the respon-
siveness of mMTORC1 to nutrients in mature mouse islets and
found that glucose and amino acids are both required to fully
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Figure 2. Differential mMTORC1 Activity in Immature and Mature B cells

(A) UMAP visualization of the single fetal human B cells analyzed. Colors represent time and condition of collected cells that were used for differential expression
analysis.

(B) UMAP maps overlaid with the relative expression level of the indicated gene in each cell.

(C) Representative immunostainings of MAFA (green) and insulin (labeling B cells, red) in pancreatic tissues from fetal (E18), neonatal (P6), and adult (P60) mice
with indicated antibodies. Note that MAFA levels do not change significantly 6 days after birth.

(D) Representative immunostainings of pancreatic tissues from fetal (D120) and adult human subjects with indicated antibodies.

(E) Representative immunostainings of p-S6 (green) and insulin (labeling B cells, red) in pancreatic islet of fasted pregnant female mouse (right) and its E18 embryo
(left). Note the strong mTORC1 activity in fetal compared with maternal B cells. Experiment was repeated four times, using pancreata of embryos from one
pregnant female each time.

(F) Representative immunostainings of p-S6 (green) and insulin (labeling B cells, red) in adult (right) and fetal (left) human pancreatic islets. For each group n = 4.
(G) A relative gene expression ratio of indicated mTORC1 regulators in sorted GFP-expressing B cells from E18 embryos (n = 3, black bars), P6 neonates (n = 3),
and adult (n = 5, gray bars) mice. Data points represent mean + SEM. p values, *p < 0.05, **p < 0.01, **p < 0.001, unpaired Student’s t test.
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Figure 3. mTORC1 Activity in Mature B Cells Is Dynamic and Regulated by Nutrients
(A) Schematic representation of experimental method to quantify mTORC1 activity in B cells.
(B) Representative p-S6 staining histograms of insulin+ cells from adult human (left) and mouse (right) islets, detected by FACS analysis compared with secondary

antibodies only control.

(C) Percentages of p-S6 positive B cells in mouse islets, after 30-min incubation in the indicated conditions, detected by FACS compared with secondary an-
tibodies only control. n=10, 7, 6, 10, 4, 4, 3, 3, 3, and 3 biological replicates; left to right. Data points represent mean + SEM. p values, *p < 0.05, “*p < 0.01, **p <
0.001, ***p < 0.0001, unpaired Student’s t test. ex-4, Exendin-4; dz, Diazoxide; S961, insulin receptor antagonist; Torin1, mTOR inhibitor.

(D) Representative immunostainings of p-S6 (green) and insulin (labeling B cells, red) in pancreatic islets of fasted mice injected with the indicated nutrients or

re-fed.

(E) Mean fluorescent intensity (MFI) of p-S6 staining in islets of mice injected with indicated nutrients or re-fed, n = 4 for each condition. Data points represent

mean + SEM. p values, *p < 0.05, **p < 0.01, unpaired Student’s t test.

induce mTORC1 activity, comparable to that seen in human B
cells (Figures 3B and 3C). However, glucose alone is not suffi-
cient to activate the pathway in murine B cells (Figures 3B and
3C), suggesting a stronger regulation by amino acid-dependent
repression and thus greater dependence on amino acids for
mTORC1 activation.

The activity of AMPK in mature human and mouse  cells, as
measured by p-AMPK antibody, is also dynamic and shows
the opposite activity and response to nutrients compared with
mTORCH1, in agreement with its role in repressing mTORC1 ac-
tivity, fully activated in the absence of glucose and inhibited in
the presence of glucose (Figure S3).

mTORCH1 activity in B cells is increased by ampilifiers of insulin
secretion, including exendin-4 (Ex-4), a glucagon-like peptide 1
(Glp1) analog, and forskolin (Fsk), a PKA activator, that trigger
an increase in cAMP and PKA activation (Tengholm and Gylfe,
2017). This further demonstrates a positive correlation between
insulin secretion and mTORCH1 activation (Figures 3C and S3).
Pharmacologically suppressing insulin secretion with diazoxide
(Dz), an activator of ATP-sensitive potassium channels that me-
diates a decrease in calcium influx, dramatically reduces
mTORC1 activity in B cells, even in the presence of glucose

and amino acids together, and this is rescued by the addition
of Fsk or Ex-4 (Figures 3C and S3). One possible explanation
for this correlation between mTORC1 activity and insulin secre-
tion is activation of mMTORC1 by autocrine insulin signaling. How-
ever, blocking insulin receptor signaling did not impair mTORCA1
activation in the presence of glucose (Figures 3C and S3), indi-
cating that the response of mMTORC1 to nutrients is not mediated
by the autocrine action of secreted insulin. Further, in the
absence of glucose, neither stimulation with insulin nor with insu-
lin and amino acids together is able to activate mTORC1 in B
cells. These results suggest intracellular cross talk between insu-
lin secretory function and mTORC1 activity, whereby calcium
flux downstream of the ATP-sensitive potassium channels,
which regulates insulin granules trafficking and exocytosis, is
required for mTORC1 activation in mature j cells.

Among amino acids, leucine is a potent mTORC1 activator and
is a known amplifier of insulin secretion. We find that leucine
strongly potentiates the activation of the mTORC1 pathway in
the presence of glucose. In fact, while different concentrations
of glucose (from 8-20 mM) dose dependently enhance mTORCH1
activity in B cells, including a physiological concentration of leucine
(0.3 mM) results in full mMTORCH1 activation even at intermediate
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Figure 4. A Neonatal Shift in mTORC1 Nutrient Sensitivity Controls B Cell Function
(A) Representative p-S6 FACS staining histograms of c-peptide+ cells from fetal (left column) and adult (right column) human subjects, following 30-min incu-
bation of human islets in RPMI with indicated nutrients. Experiment was repeated 3 times on three different samples of fetal human pancreas from embryonic

days 90, 92, and 120.

(B) Representative p-S6 staining histograms of insulin+ cells from mice of indicated age following 30-min incubation of islets in RPMI with indicated nutrients.

Note that at P7 mTORC1 dynamics is equivalent to mature B cells.

(C) Percentages of p-S6-positive B cells from mice of indicated age in response to indicated nutrients, detected by FACS analysis compared with secondary
antibodies only control. Data points represent mean + SEM. p values, *p < 0.05, **p < 0.01, ***p < 0.001, unpaired Student’s t test. n = 3, 3, 3, and 4 biological

replicates; left to right.

(D) Representative p-S6 staining histograms of insulin+ cells of Ins-CreER (left column) AMPK and TSC deficient (B cell-specific) mice following 30-min incubation

of mouse islets in RPMI with indicated nutrients.

(E and F) Fold insulin levels secreted by isolated islets from Ins-CreER (E, n = 4) and TSC knockout (F, n = 4) f cells, in a dynamic GSIS assay in low (2.8 mM, gray
line), amino acids (green), high (16.7 mM, red) glucose concentrations, and KCI (30 mM, blue). Note the increased insulin secretion in response to amino acids in 8

cells with perturbed mTORC1 activity.

glucose concentrations (8-11 mM) (Figure S3). Leucine levels
therefore play a role in establishing the range of glucose concen-
trations capable of regulating mTORC1 activity in B cells.

These results raise the possibility that mTORC1 signaling in
mature B cells in vivo is generally inhibited, becoming activated
only transiently following feeding when levels of both glucose
and amino acids are high. Consistent with this model, immuno-
staining for p-S6 in murine pancreatic tissue shows that
mTORCH1 is strongly stimulated by feeding and inhibited by fast-
ing in mature B cells (Figures 3D and 3E). To understand the
nutrient changes responsible for feeding-induced mTORC1 acti-
vation in B cells, we administered glucose and/or leucine to
fasted mice. Administration of leucine alone is not sufficient to
activate the pathway, whereas glucose partially activates
mTORCH1 in the B cells. Injection of glucose and leucine together
activates mTORC1 in most B cells to similar levels as feeding
(Figures 3D and 3E), consistent with the responses of isolated
murine islets to nutrient treatments in vitro. Altogether, these re-
sults indicate that mTORC1 in mature B cells is strongly regu-
lated by nutrients and activated during periods of high glucose
and amino acid levels upon feeding.
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The Nutrient Requirements for mTORC1 Activation
Change as B Cells Undergo Maturation
The observations that fetal g cells maintain high mTORC1 activity
under low glucose conditions in utero, whereas mature B cells
require high glucose for mTORC1 activation in adult animals,
suggest that mTORC1 nutrient sensitivity changes during B cell
maturation. To assess the nutrient sensitivity of mMTORC1 in fetal
B cells, we treated isolated embryonic islets with combinations of
glucose and amino acids ex vivo. As indicated by p-S6 intensity,
mTORC1 activity in human and murine embryonic B cells is
entirely independent of glucose stimulation and requires only
amino acids for full activation (Figures 4A and 4B). Similarly,
we found that mTORC1 signaling in murine neonatal B cells un-
dergo a shift in nutrient responsiveness that occurs throughout
the first postnatal week. As neonates age from postnatal day 1
to day 7, their B cells develop a progressively increased require-
ment for glucose to activate mTORCH1, evidenced by the gradu-
ally suppressed induction of mMTORC1 activity by amino acids in
the absence of glucose (Figures 4B and 4C).

To test the regulation of mMTORC1 by glucose in neonatal 8
cells in vivo, glucose was injected into neonates and their
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Figure 5. A Shift in mTORC1 Nutrient Sensitivity Dictates SC-f3 Cell Function

(A) Fold insulin levels secreted by isolated islets from SC-f cells (n = 6), in a dynamic GSIS assay in low (2.8 mM, gray line), amino acids (green), high (16.7 mM, red)
glucose concentrations, and KCI (30 mM, blue). Note the insulin secretion in response to amino acids in SC-p cells.

(B and C) Representative p-S6 staining histograms of c-peptide+ cells (SC-f cells) (B) and (C) percentages of p-S6-positive SC-J cells detected by FACS analysis
following 30-min incubation of SC-clusters in RPMI with indicated nutrients. Note the strong mTORC1 response of SC- cells to amino acids only. n = 9 biological
replicates.

(D) Representative immunostainings of p-S6 (green), and insulin (C-peptide, labeling SC-B cells, red), in clusters of in vitro differentiated stem cells grown in an
amino-acid-rich media and incubated for 30 min with indicated nutrients.

(E) Representative immunostainings of p-S6 (green) and insulin (C-peptide, labeling SC-p cells, red), in kidney capsule transplants of SC-p cells. Transplanted
mice were fasted overnight and injected with the indicated nutrients or re-fed. Note the weak response of mTORC1 to leucine and the acquired glucose
responsiveness 12 days after transplantation. Experiment was conducted with similar results 12 days, 18 days, and 4 weeks after transplantation (n = 6).

(F) Gene expression heatmap of known regulators of mTORC1 signaling in SC-B cells four weeks after transplantation under the kidney capsule of mice,
normalized to expression levels of the genes in SC- cells before transplantation. SC-B cells were sorted from five independent differentiation flasks and seven
transplanted mice.

(G) Representative immunostainings of p-S6 (green), and insulin (C-peptide, labeling SC-B cells, red), in clusters of in vitro differentiated stem cells grown in an
amino acid-poor media and incubated for 30 min with indicated nutrients.

(H) MFI of p-S6 staining in SC-B cells from indicated conditions, n = 4 for each condition. Data points represent mean + SEM. p values, *p < 0.05, unpaired
Student’s t test.

() Insulin levels secreted by SC-B cells from indicated growing condition in a dynamic perfusion assay in low (2.8 mM, gray line), high (16.7 mM, red) glucose
concentrations, and KCI (30 mM, blue line). Secreted insulin levels were normalized to basal insulin secretion of each sample. The experiments with all conditions
were done on six independent differentiation flasks.

(legend continued on next page)
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pancreata were dissected and assessed for mTORC1 activity.
In the first day after birth, injection of glucose is unable to acti-
vate mTORC1 in B cells. By postnatal day 5, glucose injection
is sufficient to strongly activate mTORC1 in B cells, which do
not activate the pathway in response to leucine, in accor-
dance with the shift in glucose sensitivity observed ex vivo
(Figure S4).

Inhibition of mMTORC1 during Nutrient Limitation Is
Required for GSIS

We next sought to understand the role of dynamic, nutrient-
responsive mMTORC1 activity in controlling insulin secretion by
mature f cells. To that end, we selectively ablated negative reg-
ulators of the mTORC1 pathway, including TSC (via TSC1 dele-
tion) and AMPK (via co-deletion of PRKAA1 and PRKAA2), in
cells of adult mice by expressing tamoxifen-inducible Cre driven
under control of the insulin promoter (Ins-CreER). B cells lacking
TSC responded to all combinations of glucose and amino acids
with stronger activation of mTORC1 than the wild-type control
cells (Ins-CreER mice injected with tamoxifen) (Figure 4D), sug-
gesting that in TSC-ablated B cells, the mTORC1 pathway can
maintain activity in conditions in which availability of glucose or
amino acids is limited. An important role of AMPK in postnatal
B cell function has been recently reported (Jaafar et al., 2019);
however, AMPK deletion in mature § cells imparted a weaker ef-
fect on mTORC1 activation in response to physiological levels of
either glucose or amino acids (Figure 4D). Therefore, the peri-
natal shift in nutrient regulation of MTORC1 and resulting effects
of altered mTORC1 signaling dynamics on insulin secretion are
likely due to changes that are not dependent on AMPK activity.

In dynamic insulin secretion assays, B cells lacking TSC
demonstrated elevated insulin secretion in response to amino
acids, a feature of fetal islets (Figures 4E and 4F). These results
suggest that inhibition of mMTORC1 activity in conditions of
limited nutrients is required to gain and retain proper GSIS.

In agreement with these findings, it has been reported previ-
ously that mouse models of TSC or AMPK deletion in B cells
have increased insulin secretion in a fasted state (in which amino
acids are abundant, as opposed to glucose) (Beall et al., 2010;
Mori et al., 2009; Jaafar et al., 2019). Importantly, mice with
short-term deletion of TSC in B cells have altered glucose clear-
ance, as assessed by glucose tolerance test, which can be
attributed to altered regulation of mTORC1 activity and insulin
secretion in these cells (Figure S4). Appropriate regulation of
mTORCH1 is therefore crucial for the establishment of glucose-
dependent insulin secretion after birth and its maintenance in
the adult animal.

Nutrient-Regulated mTORC1 Activity Controls SC-f3 Cell
Functionality

The drastic change in nutrient availability at birth is followed by a
B cell-specific switch in mTORC1 sensitivity to nutrients and a
switch from amino acid-induced to glucose-induced insulin
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secretion. These findings raise the question of whether changes
in mTORC1 nutrient sensitivity contribute to the acquisition of
glucose-responsive insulin secretion in B cells.

In vitro differentiation protocols generate functional insulin-
secreting B cells derived from human induced pluripotent stem
cells (SC- cells) that respond to glucose to varying degrees (Pa-
gliuca et al., 2014; Russ et al., 2015; Nair et al., 2019; Rezania
et al., 2014). We sought to compare the responsiveness to phys-
iological levels of glucose and amino acids in SC-j cells gener-
ated using our previously published protocol (Pagliuca et al.,
2014). Interestingly, we found that amino acid stimulation of
SC-B cells induces a more robust insulin secretion, which is
glucose independent (Figure 5A), indicating that SC-f cells
maintain features of fetal B cells. Importantly, SC-f cells gener-
ated by this protocol express close to mature levels of § cell iden-
tity and function markers, including PDX1 and NKX6-1 (Figure S5)
but lack high expression of the maturation markers MAFA
and UCNS3.

Given that SC-B cells are functionally reminiscent of immature
B cells, we next asked if SC-B cells likewise display fetal-like
nutrient sensitivity of the mTORC1 pathway. mTORC1 signaling
in SC- B cells is strongly activated in response to amino acids but
is unaffected by the presence of glucose, which was confirmed
by FACS (Figures 5B and 5C) and immunostaining (Figure 5D).
This suggests that nutrient regulation of mMTORC1 signaling in
SC-B cells is dominated by amino acids and independent of
glucose, strikingly similar to fetal B cells.

Considering the fetal-like properties of mMTORC1 regulation in
SC-B cells, we sought to understand how a mature in vivo envi-
ronment impacts the nutrient sensitivity and dynamics of
mTORCH1 in these cells. To test this, we transplanted SC-f cells
into the kidney capsule of adult mice. Following transplantation,
SC-B cells undergo a maturation process that results in
increased expression of genes that are associated with § cell
maturation and enhanced glucose-responsive insulin secretion
(Figure S5). Further, we found that this transplantation-induced
maturation in SC-B cells corresponds to a significant shift in
mTORC1 nutrient sensitivity toward that of mature adult B cells,
which occurs twelve to 18 days after transplantation. As in
mature B cells, the mTORC1 pathway remains inactive in the
transplanted SC-B cells during fasting and not activated by injec-
tion of leucine into the recipient mouse, whereas feeding or injec-
tion of glucose strongly activates mTORC1 (Figure 5E). These re-
sults demonstrate that changing the environment of the cells can
shift the nutrient sensitivity of mTORC1 toward a mature
glucose-sensitive state. Further, the transplantation-induced
glucose dependence of mMTORC1 activity implies a correspond-
ing acquisition of transient mTORC1 signaling dynamics in trans-
planted SC- cells that is dictated by fluctuating glucose levels
in vivo. Interestingly, the changes in regulation of MTORC1 pre-
cede the changes observed in glucose-responsive insulin secre-
tion and in the expression of MAFA and coincide with UCN3
expression (Figure S5). This suggests that transplantation alters

(J) Insulin levels secreted by SC-p cells from amino-acid (AA)-rich media (100% AA), with (green) or without (blue) Torin1, in a dynamic perfusion assay in low
(2.8 mM, gray line) and high (16.7 mM, red line) glucose concentrations, and KCI (30mM, blue line). Secreted insulin levels were normalized to basal insulin
secretion of each sample. Experiment was done on three independent differentiation flasks.

(K) Correlation heatmap presenting gene expression data from two different experiments; SC- cells before and after transplantation and SC-p cells cultured in
different concentrations of AA (100% and 25% of total amino acids in the rich media).
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mTORC1 nutrient sensitivity independently of changes in MAFA
expression and may play an early role in functional maturation.

To identify molecular drivers for the transplantation-induced
change in mTORC1 regulation by nutrients, we compared gene
expression profiles of sorted SC-8 cells, collected before and af-
ter transplantation. Expression of known maturation markers,
including SIX2, IAPP, MAFA, FOXA1, FOXA2, and the senes-
cence marker CDKN2A were elevated after transplantation
(Gao et al., 2010; Sun et al., 2010; Aguayo-Mazzucato et al.,
2011; Artner et al., 2010; Helman et al., 2016; Nishimura et al.,
2015). Further, genes that have been reported as “disallowed”
in B cells such as CPT1 and LDHA (Pullen and Rutter, 2013)
were downregulated following transplantation (Figure S5).
Notably, we find that the expression of genes encoding inhibitory
regulators of the mTORC1 pathway was induced after transplan-
tation, including the leucine sensors SESN1 and SESN2, as well
as the arginine sensor component CASTOR2 and the AMPK acti-
vator LKB1 (Figure 5F). These results indicate that transplanta-
tion increases the nutrient requirements for mTORC1 activation
in SC-B cells by increasing the expression of inhibitory
nutrient-sensitive mMTORC1 regulators.

As mTORCH1 signaling in SC-f cells is highly sensitive to amino
acids, we hypothesized that recapitulating the postnatal change
in nutrients and MTORCH1 activity in vitro, by reducing amino acid
levels in the culture media, might improve insulin secretion in
response to glucose. Fully differentiated SC-B cells were
cultured for two weeks in media with varying amino acid concen-
trations. SC-B cells grown in media with a low concentration of
amino acids (25% of standard media concentrations) had sup-
pressed mTORC1 activity as measured by FACS staining for
p-S6 (Figure S5). While SC-B cells cultured in amino-acid-rich
media were not dependent on glucose for full mMTORC1 activity
(Figures 5D and 5H), cells cultured in low amino acid levels sup-
pressed mTORC1 signaling in the absence of glucose (Figures
5G and 5H), indicating that reduced amino acid conditions can
induce SC-p cells to acquire a mature-like sensitivity of mMTORC1
to glucose levels.

To understand the functional impact of amino acid levels on
SC-B cells, we asked if the changes in mTORC1 glucose sensi-
tivity and activity induced by low amino acid conditions affect in-
sulin secretion. Glucose-induced insulin secretion of SC-islets
was tested following culture in different concentrations of amino
acids. SC-B cells cultured in an amino acid-rich environment dis-
played poor insulin secretion in response to high glucose. How-
ever, reducing amino acid levels to 50% or 25% of the amino-
acid-rich media increased GSIS of the cells by 1.6- and 2-fold,
respectively (Figures 51 and S5). Remarkably, culturing SC-B
cells with 25% of media amino acid levels increases the average
cellular insulin content (Figure S5), which was also observed in
human fetal islets (Figure S1) as detected by FACS staining,
perhaps due to the reduced amino acid-induced insulin secre-
tion and conservation of intracellular insulin. The change in
glucose responsiveness of SC-B cells was accompanied by a
significant increase in the expression levels of the glucose trans-
porter SLC2A1 and a reduction in the glucose-6-phosphatase
G6PC2, indicating a shift toward more efficient glucose transport
(Figure S5). Importantly, similar enhancement of GSIS was
induced by treating cells that were grown in an amino-acid-rich
media with Torin1 for 48 h, providing evidence that amino acid
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reduction improves glucose responsiveness via inhibition of
mTORC1 activity (Figure 5J). Correlation analysis shows that
the gene expression profile of SC-B cells cultured in low amino
acid levels was more similar to transplanted SC-B cells than
SC-B cells cultured in high amino acid levels (Figure 5K).
Together, these results demonstrate that environmental nutri-
ents regulate mTORC1 in SC-B cells, and that mimicking the
postnatal nutrient changes that occur in vivo influences SC-B
cell function in a manner that recapitulates the postnatal pro-
gression of $ cell maturation.

DISCUSSION

Rapid growth of the embryo in utero occurs under steady maternal
supply of nutrients and requires stable secretion of insulin by the
fetal B cells (Xu et al., 2004). In effect, fetal insulin acts as a generic
growth factor as the embryo is built by cell division and growth. At
birth, a drastic change to intermittent postnatal feeding requires
increased insulin secretion by B cells to maximize nutrient absorp-
tion during feeding, as well as suppressed release during fasting to
avoid hypoglycemia. Therefore, the functional shift of § cells from
constitutive to glucose-regulated insulin secretion after birth is vi-
tal for the survival of the neonate. Our findings show that glucose
responsiveness, which is of the sine qua non of 8 cell maturation, is
post-transcriptionally regulated by nutrients and mTORC1
signaling within few days after birth.

We demonstrate that the mechanisms controling mTORC1
activity in B cells are plastic, changing substantially from the fetal
to adult stage. The constitutive activation of mTORC1 in utero in-
duces insulin secretion in an amino acid-dependent manner.
Since the fetal serum is rich in amino acids, fetal  cells secrete
insulin constantly. Our data strongly suggest that the change in
the nutritional environment at birth shifts the nutrient sensitivity
of mTORC1 signaling in B cells and mediates the change from
constitutive to dynamic mTORCH1 activity, resulting in a transition
from amino acid to glucose-dependent insulin secretion.

The amino acid dependency of fetal insulin secretion indicates a
potential role of fetal insulin in the negative effects of maternal
malnutrition during gestation. Maternal dietary protein restriction
has been demonstrated to impair fetal growth (Gonzalez et al.,
2016; Herring et al., 2018). It is also recognized that insulin secre-
tion by the fetus is essential for proper fetal growth (Fowden, 1992).
Our findings therefore suggest that impaired fetal growth under
maternal protein restriction may be attributed, at least in part, to
reduced amino acid-sensitive insulin secretion by the fetus.

Complex machinery in mature 3 cells keeps mTORC1 inactive
in conditions unsuitable for growth. This regulatory network in-
cludes inhibitors, such as TSC, AMPK, and SESN, whose inhibi-
tion is released by growth factors, energy levels, and amino
acids, respectively (Saxton and Sabatini, 2017). In the embryonic
in utero environment, an abundance of nutrients, especially
amino acids, constitutively releases these inhibitions and en-
ables continuous mTORC1 activity. In the adult, the availability
of nutrients is periodic, leading to dynamic mTORC1 activity.
Nevertheless, we observe that the serum of the fetus contains
very low levels of glucose, which raises the question of how
mTORCH1 is activated under these conditions. Our data suggest
that the answer lies in the sensitivity of the mTORC1 pathway to
nutrients. In immature B cells, amino acids are sufficient for
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mTORCH1 activation, perhaps due to reduced activity of inhibitory
sensors, such as TSC and AMPK, enabling full activity in the
presence of amino acids only.

Consistent with nutrient sensing by the mTORC1 pathway play-
ing arole in B cell functional maturation after birth, we propose that
nutrient sensing likewise plays a critical role in the functional matu-
ration of stem cell-derived tissues. As we demonstrate, this can be
exploited by altering nutrient conditions to improve functional
maturation in vitro. Our data indicate that recreating the adult
in vivo environment permits further functional maturation, and
this may be true for other stem cell-derived tissues. Recent devel-
opments in culture media that reflect physiologic conditions may
therefore be a promising approach to improve functional matura-
tion of stem cell-derived tissues.

In conclusion, we show here that a shift in the sensitivity of
mTORC1 to nutrients, which coincides with drastic nutritional
changes at birth, alters mMTORC1 signaling dynamics and leads
to a change in B cell function, from amino acid- to glucose-
dependent insulin-secreting cells. This metabolic regulation of
B cell maturation, triggered by extrinsic changes in nutrient avail-
ability, is important for optimizing the function of B cells for their
environment.

Limitations of Study

The experimental systems that were used in this study have limita-
tions to consider. In our experiments designed to isolate the role of
physiological levels of glucose and amino acids on mTORC1 acti-
vation, we did not consider other nutrients and metabolites that
could potentially participate in regulating mTORC1. Although we
demonstrated a specific role of leucine, the contribution of other in-
dividual amino acids was not investigated. In our experiments
involving mice, we used an insulin promoter-driven Cre transgene
(MIP-CreER; Wicksteed et al., 2010) to induce B cell-specific gene
deletion. To ensure that our conclusions are not influenced by non-
specific effects, we controlled for MIP-CreER expression and
tamoxifen treatment across all of the mice used in these experi-
ments. Further, several of our experiments utilize human cadaveric
islets, which display an inherent degree of functional variability be-
tween donors, due to individual variability in age, gender, and
metabolic health. To mitigate this, we used only islets from healthy
donors with a BMI within the normal range. Experiments were repli-
cated with islets from multiple donors to ensure that any findings
were not donor specific. We are not aware of any genetic or meta-
bolic syndromes in the human cadaveric islets from adults or em-
bryos that could affect the outcomes of the experiments. Lastly,
the differentiation protocol for producing the SC-f cells used in
our experiments yields some unavoidable batch-to-batch vari-
ability in B cell function. Therefore, in each experiment we used
SC-B cells from multiple independent differentiation flasks. SC-3
cells used in our experiments were generated only from ESC;
iPSC-derived SC-B cells were not tested.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

rat anti-insulin (pro-)/C-peptide DSHB GN-ID4
mouse anti-glucagon Santa Cruz sc-514592
guinea pig anti-insulin Dako A0564
mouse anti-Nkx6.1 DSHB F55A12
rabbit anti phospho-S6 (Ser240/244 Cell Signaling 5364

rabbit anti Mafa Cell signaling; 79737

goat anti Pdx1 R&D Systems AF2419
rabbit anti phospho-AMPKa Cell signaling 2535
Biological Samples

Cadaveric human islets Prodo labs N/A

Fetal human pancreas University of Washington N/A
Chemicals, Peptides, and Recombinant Proteins

mTeSR1 medium StemCell Technologies 85850
nutrient-free RPMI-1640 medium mybiosource MBS652918
RPMI-1640 medium with no glucose Life Technologies 11879-020
RPMI-1640 medium Life Technologies 11875-093
CMRL 1066 Supplemented Mediatech 99-603-CV
FBS (HyClone) VWR 16777
Insulin Sigma 19278

S961 Novonordisk N/A
exendin-4 Sigma E7144
forskolin Santa Cruz SC3562
Torin-1 Thermo Fisher 424710
leucine Sigma N/A
diazoxide Sigma D9035
perm/fix solution BD 554714
Amino acids Sigma N/A

Critical Commercial Assays

500ml spinner flasks Corning N/A

flow cytometry tubes BD Falcon 352235
RLT Lysis Buffer QIAGEN 79216
Human Ultrasensitive Insulin ELISA ALPCO 80-INSHUU-E1.1
TrypLE Express GIBCO 12604013
Deposited Data

mRNA sequencing of stem cell-derived beta cells GEO NCBI GSE147346
before and after transplantation into mice

mRNA sequencing of stem cell-derived beta cells GEO NCBI GSE147347
cultured in different AA concentrations

single-cell MRNA sequencing of human embryonic GEO NCBI GSE147349
pancreas

Experimental Models: Cell Lines

HUES8 human embryonic stem cells NIH #0021
Experimental Models: Organisms/Strains

C57BL/6 Jackson Laboratory N/A
SCID-Beige mice Jackson Laboratory N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Prkaaltm1.1Sjm/J Jackson Laboratory 014141
Prkaa2tm1.1Sjm/J Jackson Laboratory 014142
Tsc1tm1Djk/J Jackson Laboratory 005680
B6.Cg-Tg(Ins1-cre/ERT)1Lphi/J Jackson Laboratory 024709
B6.Cg-Tg(Ins1-EGFP)1Hara/J Jackson Laboratory 006864
Oligonucleotides

Custom Tagman probes for TSC1, TSC2, LKB1, Applied Biosystems N/A
PRKAA1, PRKAA2, SESN1, SESN2, UBC and GAPDH

Cre forward: GAACCTGATGGACATGTTCAGG N/A N/A

Cre reverse: AGTGCGTTCGAACGCTAGAGCCTGT

Prkaa1 forward: CCC ACC ATC ACT CCA TCT CT N/A N/A

Prkaal reverse: AGC CTG CTT GGC ACA CTT AT

Prkaa2 forward: GCA GGC GAA TTT CTG AGT TC N/A N/A

Prkaa?2 reverse: TCC CCT TGA ACA AGC ATA CC

TSC1 forward: GTC ACG ACC GTA GGA GAA GC N/A N/A

TSCH1 reverse: GAA TCA ACC CCA CAG AGC AT

FlowJo https://www.flowjo.com https://www.flowjo.com/

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Douglas Melton
(dmelton@harvard.edu).

Materials Availability
All unique/stable reagents generated in this study are available from the Lead Contact without restriction.

Data and Code Availability

LC/MS excel file (Table S1, related to Figure 1) and Jupyter notebook containing all analysis code (Data S1 and S2) are provided in
supplementary materials. The sequencing data generated during this study are available at GEO-NCBI: (GSE147346, GSE147347,
GSE147349).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture

The hPSC line HUESS (NIH human embryonic stem cell registry #0021) was used for all experiments. Undifferentiated HUESS cells
were maintained in supplemented mTeSR1 medium (StemCell Technologies) in 500ml spinner flasks (Corning) set at a 70rpm rotation
rate in a 37°C 5% CO2 incubator. Directed differentiation into SC- cells was conducted as described previously (Pagliuca et al.,
2014). At the last stage, cell clusters were maintained for 14-20 days in CMRL 1066 Supplemented (Mediatech; 99-603-CV) +
10% FBS (HyClone, VWR; 16777) + 1% Pen/Strep. For testing the effect of amino acids dilution, clusters were grown in CMRL
1066 Supplemented (Mediatech; 99-603-CV) that was diluted to 75%, 50% and 25% with RPMI-1640 medium with no glucose
(Life Technologies; 11879020) or modified nutrient-free RPMI-1640 medium (MBS652918), supplemented to 5.5mM glucose +
10% FBS (HyClone, VWR; 16777) + 1% Pen/Strep. For testing the effect of amino acids and glucose dilution on fetal mouse islets,
they were isolated from E18 embryos and grown for 72 hours in RPMI 1640 medium that was diluted to 25% with RPMI-1640 medium
with no glucose (Life Technologies; 11879020) or modified nutrient-free RPMI-1640 medium (MBS652918), supplemented to 11mM
glucose + 10% FBS (HyClone, VWR; 16777) + 1% Pen/Strep and changed daily.

Animals
C57BL/6 mice were used for serum metabolite profiling, islet isolation for GSIS and FACS analysis and for immunohistochemistry.
For the immunohistochemistry assays, mice were fasted overnight and then received saline, glucose (0.1g/ml) or leucine (30mM) by
intraperitoneal injection (20ul/g), and pancreas was harvested 30 minutes later.

Mice expressing floxed alleles of Prkaal and Prkaa2 were purchased from Jackson Laboratories (Nakada et al., 2010). Mice
expressing a floxed allele of TSC1 were gifts from D. Kwiatkowski (Harvard Medical School). These mice were crossed with MIP-
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CreER mice (Wicksteed et al., 2010). Final crosses yielded mice expressing homozygous floxed Prkaa1 and Prkaa2 with MIP-CreER
for B cell-specific AMPK deletion, or homozygous floxed TSC1 with MIP-CreER for B cell-specific TSC1 deletion. Three doses of
200 mg/kg Tamoxifen (Sigma, 20mg/ml in corn oil) were administered 48 hours apart by gavage into 8- to 10-week old mice to obtain
B -cell specific deletion of Prkaal and Prkaa2 or TSC1. Glucose tolerance tests were performed 2 weeks following tamoxifen admin-
istration, and islets were collected one week later. All experiments were conducted using mouse litter batches, and where necessary
experimental groups were comprised of multiple litters to allow statistical power. The experiments were not randomized. There was
no blinded allocation during experiments and outcome assessment. The ethics committee of Harvard University approved the study
protocol for animal welfare.

METHOD DETAILS

Polar Metabolite Profiling

LC/MS-based analyses were conducted on a QExactive benchtop orbitrap mass spectrometer equipped with an lon Max source and
HESI Il probe, which was coupled to a Dionex UltiMate 3000 ultra-high-performance liquid chromatography system (Thermo Fisher
Scientific, San Jose, CA). External mass calibration was performed using the standard calibration mixture every 7 days. Acetonitrile
was LC/MS 6HyperGrade from EMD Millipore. All other solvents were LC/MS Optima grade from Thermo Fisher Scientific. For
extraction from SC-B cells, the metabolite extraction mix (stored at -20°C) was made of 80:20 (v/v) methanol:water, supplemented
with a mixture of 17 isotope-labeled amino acids at 500nM each as internal extraction standards (Cambridge Isotope Laboratories,
MSK-A2-1.2). For extraction from mouse plasma, the metabolite extraction mix (stored at -20°C) was made of 75:25:0.2 (v/v) ace-
tonitrile:methanol:formic acid supplemented with a mixture of 17 isotope-labeled amino acids at 500nM each as internal extraction
standards (Cambridge Isotope Laboratories, MSK-A2-1.2).

For chromatographic separation, 2.5uL of each sample was injected onto a SeQuant ZIC-pHILIC Polymeric column (2.1 x 150 mm)
connected with a guard column (2.1 x 20 mm). Both analytical and guard columns are of 5 um particle size purchased from EMD
Millipore. Flow rate was set to 0.150 mL per minute, the column compartment was set to 25°C, and the autosampler sample tray
to 4°C. Mobile Phase A consisted of 20 mM ammonium carbonate, 0.1% ammonium hydroxide. Mobile Phase B was 100% aceto-
nitrile. The chromatographic gradient was as follows: (1) 0-20 min: linear gradient from 80% to 20% B; (2) 20-20.5 min: linear gradient
from 20% to 80% B; (3) 20.5-28 min: hold at 80% B. The mass spectrometer was operated in full scan, polarity switching mode with
the spray voltage set to 3.0 kV, the heated capillary held at 275°C, and the HESI probe held at 350°C. The sheath gas flow rate was set
to 40 units, the auxiliary gas flow was set to 15 units, and the sweep gas flow was set to 1 unit. The MS data acquisition was performed
in a range of 70-1000m/z, with the resolution set to 70,000, the AGC target at 106, and the maximum injection time at 20 msec.

Immunohistochemistry
Differentiated cell clusters, pancreatic tissues and kidney transplants were fixed by immersion in 4% PFA for 1 hour at room temper-
ature (RT). Samples were washed 3 times with PBS, embedded in Histogel (Thermo), and sectioned at 10um for histological analysis.
Sections were subjected to deparaffinization using Histoclear (Thermoscientific; C78-2-G) and rehydrated. For antigen retrieval
slides were emerged in 0.1M EDTA (Ambion; AM9261) and placed in a pressure cooker (Proteogenix; 2100 Retriever) for two hours.
Slides were blocked with CAS-block blocking solution (Thermo fisher) for 1 hour at RT, followed by incubation in blocking solution
with primary antibodies overnight at 4°C. The following primary antibodies were used: rat anti-insulin (pro-)/C-peptide (Develop-
mental Studies Hybridoma Bank; GN-ID4, 1:300), mouse anti-glucagon (Santa Cruz; sc-514592 1:300), guinea pig anti-insulin
(Dako; A0564 1:300), mouse anti-Nkx6.1 (University of lowa, Developmental Hybridoma Bank; F55A12-supernatant) and rabbit
anti phospho-S6 Ribosomal Protein (Ser240/244) (Cell Signaling; #5364, 1:100). Cells were washed twice in PBS the next day, fol-
lowed by secondary antibody incubation for 2 hours at RT (protected from light). Secondary antibodies conjugated to Alexa Fluor
405,488, or 647 were used to visualize primary antibodies. Following two washes with PBS, the histology slides were mounted in
Vectashield mounting medium (Vector Laboratories), covered with coverslips and sealed with nail polish. Images were taken using
a Zeiss Axio Imager 2 microscope.

Flow Cytometry

Differentiated cell clusters, human islets (Prodo labs) or mouse islets were pre-incubated in modified nutrient-free RPMI-1640 me-
dium (MBS652918) for 1 hour. Then, clusters or islets were incubated for 30 minutes incubation in RPMI-1640 with or without glucose
(11mM) and amino acids (Life Technologies; 11875-093) and other compounds in 6-well plates at 37°C. The following compounds
were used: insulin (Sigma 19278, 1:1000), S961 (a gift from Novonordisk 0.01mM), exendin-4 (Sigma E7144, 0.02mM), forskolin
(Santa Cruz SC3562, 0.01mM), diazoxide (Sigma D9035, 0.1mM), Torin-1 (Thermo Fisher 424710, 100nM), leucine (Sigma, 0.3 or
1mM). Then, differentiated cell clusters or islets were collected into 1.7uL Eppendorf tubes, dispersed into single-cell suspension
by incubation in Accutase (StemCell Technologies) at 37°C until clusters and dissociated to single cells upon mixing by pipetting
gently up and down (typically 5-10 min). Cells were spun down for 2 min at 1000rpm. Cells were resuspended in perm/fix solution
and incubated for 10 min (BD 554714). Cells were then washed once in perm/wash for 15 min (BD 554714). Cells were then resus-
pended in perm/wash with primary antibodies and incubated at 4°C overnight. Primary antibodies diluted 1:300 unless otherwise
noted: rat anti-insulin (pro-)/C-peptide (Developmental Studies Hybridoma Bank; GN-ID4), mouse anti-glucagon (Santa Cruz; sc-
514592), guinea pig anti-insulin (Dako; A0564), rabbit anti Mafa (Cell signaling; #79737), mouse anti-Nkx6.1 (University of lowa,
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Developmental Hybridoma Bank; F55A12-supernatant), goat anti Pdx1 (R&D Systems; AF2419), rabbit anti phospho-AMPKoa. (Cell
signaling; #2535), and rabbit anti phospho-S6 Ribosomal Protein (Ser240/244) (Cell Signaling; #5364). Cells were washed twice in
blocking buffer and then incubated in perm/wash buffer with secondary antibodies for 2 hours (protected from light). Secondary an-
tibodies conjugated to Alexa Fluor 405, 488 or 647 (Life Technologies) were used to visualize primary antibodies. Cells were then
washed 3 times in perm/wash solution and finally resuspended in 500-700yl, filtered through a 40pm nylon mash into flow cytometry
tubes (BD Falcon; 352235), and analyzed using the LSR-II flow cytometer (BD Biosciences) with at least 10,000 events recorded.
Analysis of the results was performed using FlowdJo software.

Nano-String Gene Expression Analysis

Sorted TSQ-expressing SC-B cells (Davis et al., 2019) were collected for RNA extraction in RLT Lysis Buffer (QIAGEN). RNA was ex-
tracted using the RNeasy Mini Kit (QIAGEN), according the manufacturer’s instructions, and 100ng of RNA was used for each reac-
tion. Nanostring set up was performed according to the protocol for the nCounter XT Gene Expression Assay. Data were analyzed in
the nSolver 2.5 Software. All genes were normalized to housekeeping genes (ITCH, RPL15, RPL19, TCEB1, UBE2D3). Analysis of
changes in gene expression of B cell markers was done using R.

Mouse Transplantation Studies

All animal experiments were performed in accordance with Harvard University International Animal Care and Use Committee regu-
lations. Cell transplantations into immunodeficient SCID-Beige mice (Jackson Laboratory) were conducted as described previously
with minor modifications. SC-3 Clusters were resuspended in RPMI-1640 medium (Life Technologies; 11875-093), aliquoted into
PCR tubes and kept on ice until loading into a catheter for cell delivery under the mouse kidney capsule. Mice were anesthetized
with 0.5ml/25g 1.25% Avertin/body weight, and the left ventricle kidney site was shaved and disinfected with betadine and alcohol.
A 1cm incision was made to expose the kidney, followed by insertion of the catheter needle and injection of the cell clusters. The
abdominal cavity was closed with PDS absorbable sutures (POLY-DOX; 2016-06), and the skin was closed with surgical clips
(Kent Scientific Corp; INS750346-2). Mice were placed on a 37°C micro-temp circulating pump and blanket during the surgery/re-
covery period and given a 5mg/kg carprofen dose post-surgery, re-applied 24h after the initial dose. Wound clips were removed
14 days post-surgery and mice were monitored twice a week. To retrieve grafts, kidneys containing the grafts were dissected
from freshly euthanized mice 4 weeks post-transplantation. For Immunohistochemistry, grafts were fixed in PBS +4% paraformal-
dehyde overnight, embedded in paraffin, and sectioned for histological analysis. Single-cell suspensions were washed with and re-
suspended in PBS, stained with TSQ at 37°C for 10min, filtered through a 40um nylon mash into flow cytometry tubes (BD Falcon),
and TSQ+ cells were sorted using MoFlo flow cytometers (Beckman Coulter) into PBS +1% BSA (Sigma) on ice. Total RNA from
sorted SC-B cells was isolated by TRIzol (Invitrogen) extraction followed by RNeasy Plus Micro Kit (Qiagen), from 5 and 7 samples
before and after transplantation, respectively. Libraries were prepared and sequenced using lllumina’s directional RNA sequencing
protocol.

Ex Vivo Static Glucose Stimulated Insulin Secretion (GSIS)

Human Islets were placed in basal Krebs buffer (Krb) (128mM NaCl, 5mM KCl, 2.7mM CaCl2, 1.2mM MgCI2, 1ImMNa2HPO4, 1.2mM
KH2PO4, 5mM NaHCO3 10 HEPES, 0.1% BSA). Islets were washed twice with low-glucose (2.8mM) Krb and were then loaded into
the 24 well plate inserts (Millicell Cell Culture Insert; PIXP01250) and fasted in low-glucose Krb for 1 hour to remove residual insulin in
37°Cincubators. Islets were washed once in low Krb, incubated in low-glucose Krb for 1 hour, and supernatant collected. Then islets
were transferred to high-glucose (16.7mM) Krb for 1 hour, and supernatant collected. This sequence was repeated one additional
time and islets were washed once between high-glucose to second low-glucose incubation to remove residual glucose. Finally, islets
were incubated in Krb containing 2.8mM glucose and 30mM KCI (depolarization challenge) for 1 hour and then supernatant collected.
Islets were then lysed using RIPA buffer. Supernatant samples containing secreted insulin and total insulin content of the lysed islets
were processed using the Human Ultrasensitive Insulin ELISA (ALPCO, 80-INSHUU-E01.1). The insulin content in the supernatant
was normalized by the insulin content of the sample.

Ex Vivo Dynamic Glucose Stimulated Insulin Secretion (GSIS)

Similar numbers of Islets or SC-B clusters were divided into chambers and assayed on a fully automated Perifusion System (BioRep).
Chambers were sequentially perfused with 2.8mM, 20mM glucose or 2.8mM glucose with amino acids (physiological levels) and
2.8mM glucose with 30mM KCL in Krb buffer (128mM NaCl, 5mM KCI, 2.7mM CaCl2, 1.2mM MgCI2, 1ImMNa2HPO4, 1.2mM
KH2PO4, 5mM NaHCO3 10 HEPES, 0.1% BSA) at a flow rate of 100ul/min. Chambers were first perifused with low glucose
(2.8mM) for 1 hour for fasting and then 15 minutes for low glucose incubation followed by low glucose with physiological levels of
amino acids (Cantor et al., 2017) for 15 minutes. Samples were then perifused with high glucose (16.7mM) challenge for 30 minutes
and then with low glucose and 30mM KCl for 15 minutes. Insulin concentrations in the supernatant were determined using Ultrasen-
sitive Insulin ELISA kit (Alpco).

e4 Cell Metabolism 37, 1004-1016.e1-e5, May 5, 2020



Cell Metabolism ¢ CelPress

Preparation of Single-Cell Suspension

Islets were isolated from feta human pancreas, cultured in vitro for four days and collected, at the first or last day of incubation. The
islets were allowed to settle, washed in PBS and dissociated by 5min incubation in TrypLE Express (GIBCO) at 37°C, followed by
mechanical agitation through pipetting. TrypLE activity was terminated by washing with PBS+1% FCS.

Single Cell Library Preparation and Sequencing

Single-cell capture, cell lysis, reverse transcription of full-length mRNA and cDNA amplification were performed using the 10X Chro-
mium system. Sequencing libraries were prepared using the lllumina Nextera XT DNA library preparation kit and samples were
sequenced on an lllumina HiSeq. Fastq files were aligned using the 10X software. Single cell data analysis followed the guidelines
and modified code of Luecken & Theis (Luecken and Theis, 2019). Counts data from the three samples was read into Scanpy and
merged. Low-quality cells and empty droplets were removed by excluding barcodes associated with fewer than 1500 counts or
greater than 50,000, fewer than 700 genes detected, or with more than 20% of reads mapping to mitochondrial transcripts. Scanpy
(Wolf et al., 2018) was used for filtering, principal component analysis (PCA), uniform manifold approximation and projection (UMAP),
and Louvain clustering. Prior to dimensionality reduction, ComBat (Johnson et al., 2007) was used for batch correction and scran (Lun
et al., 2016) was used to compute and normalize by size factors. PCA was performed on log-scaled counts for the top 4000 highly
variable genes, and UMAP was computed with the top 50 principal components. Louvain clustering was performed using a resolution
of 0.5, and the cluster of endocrine cells was identified by expression of the marker CHGA. Analysis was then repeated as described
above using only endocrine cells, with the number of principal components reduced to 15. Jupyter notebook containing all analysis
code provided in supplementary materials (Data S1 and S2).

QUANTIFICATION AND STATISTICAL ANALYSIS

No randomization was used in this study, and the investigators were not blinded to group allocation during experiments or outcome
assessments. No statistical method was used to predetermine sample size. n marks the number of times an experiment was per-
formed on independent mice or stem-cell differentiation batches. All data are presented as mean + SEM. Statistical analysis was
performed with unpaired Student’s t test with a two-tailed distribution. P<0.05 was considered as statistically significant. Data
were analyzed and plotted using Prism software from GraphPad.
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Figure S1. Related to Figure 1.
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(A) Fold insulin levels secreted by mature human islets that were cultured in vitro in a fetal-like
medium (red, 5.5mM glucose and high amino acid levels) and mature-like medium (orange,
5.5mM glucose and low amino acid levels). The result was repeated in three independent
experiments. (B) Representative FACS staining histograms for PDX1, NKX6-1, UCN3, MAFA
and INS of c-peptide+ cells from fetal (top) and mature (bottom) human islets that were cultured

in vitro in a fetal-like medium and mature-like medium.



Figure S2. Related to Figure 2.
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(A) Representative immunostainings of UCN3 (green) and insulin (labeling B cells, red), in

pancreatic islet of E18 mouse embryo (left, n=3) P6 neonate (middle, n=3) and adult (P60, right,

n=3) mice. (B) Representative immunostainings of UCN3 (green) and insulin (labeling B cells,



red), in pancreatic islet of human embryo (Day 120, left) and adult (right) subjects. (C)
Representative immunostainings of NKX6-1 (green) and insulin (red), in pancreatic islet of E18
mouse embryo (left) P6 neonate (middle) and adult (P60, right) mice. (D) Representative
immunostainings of NKX6-1 (green) and insulin (red), in pancreatic islet of human embryo (Day
120, left) and adult (right) subjects. Staining of human samples was repeated in 4 samples of
fetal (gestational days 90-130) and 3 samples of adult pancreas. (E) Representative pancreatic
sections from mice at indicated days after birth, immunostained for p-S6 (green) and insulin
(red) (n=3 for each stage).



Figure S3. Related to Figure 3.
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(A) FACS analysis strategy to detect mTORC1 activation in endocrine cells. Clusters are
dispersed, fixed and stained for C-peptide (for human islets), Insulin (for mouse islets), Glucagon
and p-S6, and the intensity of p-S6 and the percentages of p-S6+ cells in C-peptide+ and
Glucagon+ cells in the different conditions is calculated. (B) Representative p-AMPK staining

histograms of insulin+ cells from adult human (left) and mouse (right) islets, detected by FACS



analysis compared to secondary antibodies only control. (C) Representative p-S6 staining
histograms of c-peptide+ cells (human B cells) following 30 minutes incubation of human islets
in RPMI with indicated nutrients. Note that phosphorylation of rpS6 in response to glucose
stimulation is inhibited by Torinl and is not mimicked by addition of insulin. (D) Representative
p-S6 staining histograms of c-peptide+ cells (human B cells) following 30 minutes incubation of
human islets in RPMI with glucose in the indicated concentrations and with the indicated
compounds. Note that amplifiers of insulin secretion (forskolin, fsk and exendin4, ex4) strongly
activate mTORC1 in B cells while blocking insulin secretion (with diazoxide, dz) inhibits
MTORC1 activation. (E) Representative p-S6 staining histograms of c-peptide+ cells (human 8
cells) following 30 minutes incubation of human islets in RPMI with glucose in the indicated
concentrations and with leucine. Note that addition of leucine amplifies the response to glucose

in B cells.



Figure S4. Related to Figure 4.
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(A) Representative immunostainings of p-S6 (green), and insulin (labeling B cells, red), in
pancreatic islets of fasted P1 neonatal mice, injected with saline (n=3) or glucose (n=3) as
indicated. (B) Representative immunostainings of p-S6 (green), and insulin (labeling B cells,
red), in pancreatic islets of fasted P5 neonatal mice, injected with saline (n=3), leucine (n=3) or
glucose (n=3) as indicated. Note that mMTORC1 response to glucose is acquired by postnatal day
5. (C) Fold insulin levels secreted by isolated islets from AMPK knockout B cells (n=4), in a
dynamic GSIS assay in low (2.8 mM, grey line), amino acids (green), high (16.7 mM, red)
glucose concentrations and KCI (30 mM, blue). (D) Glucose tolerance test on Ins-CreER (blue,

n=4), TSC (green, n=4) and AMPK (red, n=4) B cell-specific deficient mice.
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Figure S5. Related to Figure 5.
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(A) ELISA measurements of human insulin from the serum of mice transplanted with SC-p
cells. Measurements were taken before (time 0) and 15 min after a glucose injection of mice at
the indicated days post-transplantation. (B) Gene expression heat map of known regulators of 3
cell maturation and function four weeks after transplantation under the kidney capsule of mice,
normalized to expression levels of the genes in SC-B cells before transplantation. SC-f cells
were sorted from five independent differentiation flasks and seven transplanted mice. (C)
Representative immunostainings of UCN3 (top panels, green), p-S6 (bottom panels, green) and
c-peptide (labeling SC-B cells, red), in SC-f cells transplanted under the kidney capsule for
indicated days. Transplanted mice were fasted overnight before transplant collection. Note the
inhibition of mMTORC1 signaling 12 days after transplantation. (D) Representative
immunostainings of PDX1 or NKX6-1 (green) and c-peptide (labeling SC-B cells, red), in
clusters of in-vitro differentiated stem cells grown in an amino acid-rich media (left panels) or
acid-poor media (right panels). (E) Representative p-S6 staining histograms of c-peptide+ cells
(SC-pB cells) and percentages of p-S6 positive and negative SC-p cells grown in media with
indicated amino acid levels compared to the amino acid-rich media (100% AA). (F) Staining
intensity of c-peptide in SC-f cells grown in media with indicated amino acid levels (n=6 for
each condition), compared to amino acid-rich culture media (100% AA). (G) Basal and
stimulated insulin secretion levels as measured by the area under the curve (AUC) of the
dynamic insulin secretion in 41, for the indicated conditions. Data points represent mean + SEM.
P-values, * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001, unpaired Student’s t test. (H) A
relative RNA expression ratio of indicated B cell function regulators in sorted TSQ-expressing

cells from the indicated conditions (n=4 for each condition).
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