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14-3-3-zeta mediates GLP-1 receptor agonist action
to alter a cell proglucagon processing
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Recent studies demonstrate that a cells contribute to glucose-stimulated insulin secretion (GSIS). Glucagon-like
peptide-1 receptor (GLP-1R) agonists potently potentiate GSIS, making these drugs useful for diabetes treatment.
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However, the role of a and g cell paracrine interactions in the effects of GLP-1R agonists is undefined. We previously
found that increased f cell GLP-1R signaling activates a. cell GLP-1 expression. Here, we characterized the bidirectional
paracrine cross-talk by which a and B cells communicate to mediate the effects of the GLP-1R agonist, liraglutide.
We find that the effect of liraglutide to enhance GSIS is blunted by « cell ablation in male mice. Furthermore, the
effect of B cell GLP-1R signaling to activate a cell GLP-1 is mediated by a secreted protein factor that is regulated
by the signaling protein, 14-3-3-zeta, in mouse and human islets. These data refine our understanding of GLP-1
pharmacology and identify 14-3-3-zeta as a potential target to enhance a cell GLP-1 production.

INTRODUCTION
The pancreatic islet o and B cells are traditionally described as
working in opposition to one another, with f cells producing insulin
to lower blood glucose and o cells producing glucagon to increase
hepatic glucose production. However, recent studies have established
that o cells contribute to glucose-stimulated insulin secretion (GSIS),
suggesting that their role in glucose regulation and islet function is
more complex than previously appreciated. Glucagon-like peptide-1
receptor (GLP-1R) agonists have become increasingly popular for
the treatment of type 2 diabetes mellitus, in part, because of their
potent incretin effect to enhance GSIS from B cells. The model by
which endogenously produced GLP-1 was thought to contribute to
the incretin effect has been revisited in recent years. This model
postulates that GLP-1 secretion from gut enteroendocrine L cells acts
via the circulation on the B cell GLP-1R to enhance GSIS in response
to a meal (1, 2). However, the minimal postprandial increases in cir-
culating active GLP-1 and the short half-life of active GLP-1 point to
inconsistencies between circulating GLP-1 levels and B cell GLP-1R
function (3, 4). These shortcomings have motivated the field to
intensively revisit the mechanisms governing the incretin effect of
GLP-1. Progress has been made in revising our understanding of the
physiology of endogenously produced GLP-1. However, how these
conceptual changes in our understanding of endogenous GLP-1
biology may affect our understanding of the mechanisms by which
GLP-1R agonists regulate islet function is incompletely understood.
GLP-1, shares the same precursor protein as glucagon, proglucagon.
Canonically, it was thought that proglucagon is differentially pro-
cessed depending on where it is expressed. The tissue-specific pro-
cessing of proglucagon was thought to be due to the tissue-specific
expression of the processing enzymes, prohormone convertase 1/3
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(protein: PC1/3, gene: Pcsk1) and prohormone convertase 2 (protein:
PC2, gene: Pcsk2). PC1/3 activity in L cells produces GLP-1, and
PC2 activity in o cells yields glucagon. It was previously thought
that o cells only express PC2 and thus can only process proglucagon
into glucagon. However, in recent years, a growing body of literature
has reported that under physiological conditions (postnatal devel-
opment) and pathophysiological conditions (type 1 and 2 diabetes
mellitus), o cells can express PC1/3, enabling production of active
GLP-1 (5-15). Thus, it is possible to shift a cell proglucagon pro-
cessing from glucagon to GLP-1 to enhance GSIS and reduce hepatic
glucagon action. In line with this, several studies have found that
pancreatic proglucagon-derived peptides may be more important
than gut-derived proglucagon products in glycemic control (16, 17).
Furthermore, recent studies have shown that o cells contribute to
insulin secretion (16, 18-20). However, the role of a cells in the
B cell GLP-1R-mediated effects of GLP-1R agonists is incompletely
defined.

We previously reported that surgically and pharmacologically
enhanced P cell GLP-1R signaling activates a cell PC1/3 and GLP-1
expression in mice (21, 22). Similarly, treatment of human islets with
a GLP-1R agonist increases o cell PCSK1 expression and islet-active
GLP-1 production (21). However, the role of the a cell in the gluco-
regulatory effects of GLP-1R agonist treatment and the mechanisms
by which GLP-1R agonist treatment activates a cell GLP-1 produc-
tion are unknown. Therefore, we tested the hypothesis that the
effects of GLP-1R agonist treatment to improve GSIS are dependent,
at least in part, on a cells. Furthermore, we tested the hypothesis
that enhanced P cell GLP-1R signaling activates a cell GLP-1 pro-
duction through paracrine signaling factors. We find that the effect
of GLP-1R agonist treatment to enhance insulin secretion is blunted
by o cell ablation in male, but not female, mice. Furthermore, we
find that the effect of enhanced P cell GLP-1R signaling to induce
o cell GLP-1 production is dependent on a secreted protein factor. Last,
using untargeted proteomics and in vitro functional validation, we
identify the signaling protein, 14-3-3-zeta, as a mediator of the effect
of GLP-1R agonist treatment to activate a cell GLP-1 production.
Together, our results underscore the importance of bidirectional
cross-talk between o and P cells in GLP-1 pharmacology and point
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to 14-3-3-zeta as a potential target with which to enhance o cell GLP-1
production for diabetes treatment.

RESULTS
B Cell GLP-1R knockout and a cell ablation impairs
liraglutide-induced activation of islet GLP-1 production
and improvements in islet function
We previously reported that the GLP-1R agonist, liraglutide, acti-
vates islet GLP-1 expression in a 3 cell GLP-1R-dependent fashion
in high-fat diet (HFD)-fed mice (21). However, the role of the a cell
in the metabolic benefits of liraglutide is unknown. To determine
the role of the B cell GLP-1R and the o cell in the metabolic effects
of liraglutide treatment, male and female HFD-fed tamoxifen-inducible
B cell-specific GLP-1R wild-type (WT) and knockout (KO) mice
(23, 24) along with B cell GLP-1R WT mice with diphtheria toxin
(DT)-inducible a cell ablation (25) were studied. Mice were fed HFD
to induce obesity and metabolic stress so that liraglutide treatment
was studied under a translationally relevant condition. Furthermore,
the study was designed to match the experimental conditions previ-
ously validated to induce a cell GLP-1 expression in this mouse
model (21). Mice were placed on a 60% energy-from-fat HFD start-
ing at 8 weeks of age and continuing throughout the duration of
study. After 8 to 10 weeks of HFD feeding, all mice were placed on
HFD supplemented with tamoxifen throughout the rest of study to
induce B cell GLP-1R KO, and all mice received DT (500 ng of DT
per intraperitoneal injection, given once every other day for three
doses) to induce o cell ablation, as previously validated (20). All
mice received tamoxifen and DT such that these variables did not
differ between groups and thus were not confounders. Two weeks
after the start of tamoxifen and DT administration, male and female
GegDTR -Glp-17* “"*/* [MIPCreERT -hGlp-1r] [WT DTR™ (diph-
theria toxin receptor)] and GchTR_—Glp—IrB cell~/~ [ MIPCreERT"-
hGlp-1r] (KO DTR") littermates and GegDTR*-Glp-1rP «/*/*
[MIPCreERT -hGlp-1r-GegDTR'] (WT DTRY) littermates were given
twice daily injections (200 pug/kg of body weight subcutaneously)
of liraglutide or an equal volume of saline. Mice underwent an oral
glucose tolerance test (OGTT) after 2 weeks and an intraperitoneal
glucose tolerance test (IPGTT) after 3 weeks of liraglutide or saline
treatment to assess the contribution of o cells and the f cell GLP-1R
to the metabolic effects of liraglutide with and without gut-derived
GLP-1. These GTT time points were chosen on the basis of our pre-
vious work validating that 2 weeks of liraglutide treatment in this
study paradigm activates o cell GLP-1 expression (21). Mice were
euthanized for tissue collection following the IPGTT. Body weight
did not differ between groups, enabling the assessment of glucose
tolerance independently of body weight (fig. S1, A and E). Liraglu-
tide decreased white adipose tissue weight compared to controls in
the B cell GLP-1R WT mice with functional a cells, and liraglutide
decreased brown adipose tissue depot weight compared to controls
in the B cell GLP-1R WT mice with a cell ablation (fig. S1; P < 0.05).
Consistent with prior work in the GegDTR mouse model (25),
DTR" mice exhibited almost complete loss of a cells (less than 2% of
a cells remaining) (Fig. 1, A and B; P < 0.0001). This was accompa-
nied by a significant reduction in fasting serum glucagon concen-
trations (Fig. 1C; P < 0.01). The lack of a complete loss of circulating
glucagon in the face of DTR-induced o cell ablation has been previ-
ously observed in this mouse model and demonstrated to not be a
product of increased extrapancreatic glucagon production and,
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instead, was suggested to be due to glucagon secretion from the few
remaining o cells (25). Similar to our previous work (21), liraglutide
treatment increased islet GLP-1 expression in a B cell GLP-1R-
dependent manner (Fig. 1, A and D; P < 0.0001). Liraglutide did not
induce islet GLP-1 expression in mice with o cell ablation, suggesting
that a cells are the cell type of origin for GLP-1-expressing islet cells.

In mice with functional a cells, liraglutide treatment improved
oral glucose tolerance compared to saline-treated controls in both {3 cell
GLP-1R WT and KO mice (Fig. 2, A and B; P < 0.01). However,
glucose excursions were higher in  cell GLP-1R KO mice compared
with WT under both saline- and liraglutide-treated conditions
(Fig. 2, A and B; P < 0.05). The effect of liraglutide to improve glu-
cose regulation in B cell GLP-1R KO mice may be due to extra-
pancreatic effects of liraglutide, such as a reduction in gastric
emptying (26, 27). Consistent with the glycemic effects, liraglutide
increased insulin secretion in B cell GLP-1R WT, but not in f cell
GLP-1R KO mice, during the OGTT (Fig. 2C; P < 0.0001).

During the IPGTT, a condition in which circulating levels of
gut-derived hormones should remain unchanged from baseline,
liraglutide treatment improved glucose tolerance compared to saline-
treated controls in B cell GLP-1R WT mice but not in KO mice
(Fig. 2, D and E; P < 0.001). Intraperitoneal glucose tolerance did
not differ between saline-treated B cell GLP-1R WT and KO mice
(Fig. 2, D and E). Similar to the OGTT, liraglutide increased insulin
secretion in B cell GLP-1R WT but not in B cell GLP-1R KO mice,
during the IPGTT (Fig. 2F; P < 0.05). Overall, these findings demon-
strate that the B cell GLP-1R contributes to liraglutide-mediated
improvements glucose tolerance and GSIS in HFD-fed mice. To
control for the presence of MIP-CreERT, we studied Cre” and Cre*
littermates homozygous for the floxed GLP-1R allele (MIPCreERT-
hGlp-1r) without tamoxifen administration. There was no difference
in glucose tolerance between Cre" and Cre™ mice during an OGTT
or IPGTT in the absence of tamoxifen, which suggests that MIPCreERT
was not a confounding factor (fig. S2).

To determine the contribution of o cells to the metabolic effects of
liraglutide, we examined the effect of liraglutide on glucose tolerance
and insulin secretion in mice with a cell ablation. OGTT and IPGTT
data from mice with a cell ablation (WT DTR") are presented with data
from B cell GLP-1R WT mice without o cell ablation (WT DTR’, also
presented in Fig. 2) to facilitate comparison. During the OGTT, lira-
glutide improved glucose tolerance and insulin secretion to a similar
degree in mice with and without o cell ablation (fig. S3, A to C;
P < 0.01). These data suggest that in the presence of gut-derived
hormones, paracrine signaling interactions between a and B cells
are not necessary for the glucoregulatory benefits of liraglutide. Simi-
larly, during the IPGTT, liraglutide improved glucose tolerance and
insulin secretion to a similar degree in mice with and without o cell
ablation (fig. S3, D to F; P < 0.05). However, when analyzed separately
by sex, while there was a trend for liraglutide to improve glucose tol-
erance in male mice with o cell ablation, this did not reach signifi-
cance (Fig. 3, A and B). This was paralleled by impaired insulin
secretion in response to liraglutide in male mice with a cell ablation
(Fig. 3C). These findings suggest that metabolic responses to a cell
ablation are regulated in a sex-specific manner. Further work is needed
to understand the impact of sex on paracrine interactions between
o and B cells. Together, these data suggest that in the absence of gut-
derived GLP-1, paracrine signaling interactions between o and 3 cells
contribute liraglutide-mediated enhancements in f cell insulin secre-
tory function in male mice.
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Fig. 1. Liraglutide increases islet GLP-1 expression in a B cell GLP-1R-dependent and a cell-dependent manner. (A) Representative images of mouse pancreas
sections immunostained for glucagon (green), GLP-1 (red), and 4',6"-diamidino-2-phenylindole (DAPI) in saline (CTRL) and liraglutide (LIRA)-treated male and female
GegDTR™-Glp-1r*e"™/* [MIPCreERT -hGlp-1r] (WT DTR") and GegDTR™-Glp-1r* "/~ [MIPCreERT*-hGlp-1r] (KO DTR") littermates and GegDTR*-Glp-1r* !+ [MIPCreERT -hGlp-Tr
with GcgDTR*] (WT DTR™) littermates. (B) Average glucagon staining per islet in p cell GLP-1R WT DTR™ and KO DTR™ mice and in B cell GLP-1R WT DTR™ mice following
3 weeks of liraglutide treatment. (C) Fasting serum glucagon concentrations in B cell GLP-1R WT DTR™ and KO DTR™ mice and in B cell GLP-1R WT DTR* mice following
2 weeks of saline or liraglutide treatment. (D) Average GLP-1 staining per islet in B cell GLP-1IR WT DTR™ and KO DTR™ mice and in B cell GLP-1R WT DTR" mice following 3 weeks
of saline or liraglutide treatment. Data are presented as means = SEM. n=6to 12 per group. *P < 0.05, **P < 0.01, ****P < 0.0001 by two-factor analysis of variance (ANOVA)
with Bonferroni’s posttest. Scale bar, 20 um.
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Fig. 2. B Cell GLP-1R KO impairs liraglutide-induced improvements in glucose tolerance. (A) Blood glucose concentrations, (B) glucose area under the curve (AUC),
and (C) insulin secretion index during an OGTT in male and female GegDTR™-Glp-1r* "+ [MIPCreERT -hGlp-1r] (WT DTR") and GegDTR -Glp-1r* ©"~/~ [MIPCreERT"-hGlp-11]
(KO DTR") mice with functional o cells following 2 weeks of saline (CTRL) or liraglutide (LIRA) treatment. (D) Blood glucose concentrations, (E) glucose AUC, and (F) insulin
secretion index during an IPGTT in B cell GLP-1R WT and KO mice following 3 weeks of saline or liraglutide treatment. In all conditions, liraglutide or saline was adminis-
tered 15 min before glucose administration. Data are presented as means + SEM. n =12 per group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by two-factor ANOVA
with Bonferroni’s posttest.
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Fig. 3. a Cell ablation impairs liraglutide-induced insulin secretion in response to intraperitoneal glucose challenge in male mice. (A) Blood glucose concen-
trations, (B) glucose AUC, and (C) insulin secretion index during an IPGTT in male GegDTR™-Glp-1r® €+ [MIPCreERT -hGlp-1r] (WT DTR") littermates with o cells and
GegDTR*-Glp-1r ™/* [MIPCreERT -hGlp-1r with GegDTR*] (WT DTR*) littermates without a cells following 3 weeks of saline (CTRL) or liraglutide (LIRA) treatment. In
all conditions, liraglutide or saline was administered 15 min before glucose administration. Data are presented as means + SEM. n=5 to 6 per group. *P < 0.05 by
two-factor ANOVA with Bonferroni’s posttest. Note: Data from male mice in the DTR™ groups are also included in the data from the male WT DTR™ micein Fig.2, DtoF.
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Pharmacologically enhanced p cell GLP-1R signaling
activates a cell GLP-1 production and secretion through
asecreted protein

We next sought to determine how B cell GLP-1R signaling activates
o cell GLP-1 production. We hypothesized that B cell GLP-1R sig-
naling causes secretion of a factor that acts in a paracrine manner to
increase o cell PC1/3 expression. To test this, conditioned media
was generated from HFD-fed B cell GLP-1R WT and KO islets iso-
lated from mice studied similarly to the mice described above. Spe-
cifically, male and female tamoxifen-inducible Glp-1r? cell+/+ (WT) and
Glp-1r°/~ (KO) littermates received HFD starting at 8 to 11 weeks
of age and continuing throughout the duration of study. All mice
received tamoxifen such that this was not a variable between groups.
Starting after 8 to 10 weeks of HFD feeding, mice received saline or
liraglutide injections for 2 weeks, and then islets were isolated for
study. Following isolation, islets were stimulated with 11.1 mM
glucose + 100 nM of liraglutide or saline for 15 min, and then con-
ditioned media was collected (Fig. 4A). Islets were stimulated with
liraglutide in vitro to control for the possibility that the response to
in vivo treatment is blunted during islet isolation. Islet numbers per
well were consistent between groups and treatments. We focused on
the 15-min time point for the generation of conditioned media based
on previous work reporting maximal GSIS in response to GLP-
1R agonists after 15 min both in vitro (28) and in vivo (29-31). Be-
fore experimentation with mouse islets, o TC1 clone 6 (o TC1-6)
cells were incubated in saline and liraglutide for 24 hours in the ab-
sence of islet-conditioned media to confirm that liraglutide alone
does not induce o cell Pcsk1 expression (Fig. 4B).

To first validate B cell GLP-1R KO, we measured insulin secre-
tion in the conditioned media generated from P cell GLP-1R WT
and KO islets used to generate conditioned media for study.
Liraglutide treatment enhanced GSIS in both B cell GLP-1R WT
and KO islets (Fig. 4C; P < 0.05). Consistent with our previous work
(32), insulin secretion was markedly lower in response to liraglutide
treatment in B cell GLP-1R KO compared with B cell GLP-IR WT
islets (Fig. 4C; P < 0.0001), demonstrating effective p cell GLP-1R
KO. GSIS was also lower in saline-treated B cell GLP-1R KO islets
compared with saline-treated B cell GLP-1R WT islets, suggesting
that B cell GLP-1R signaling contributes to B cell tone and GSIS in
the absence of exogenous GLP-1. It is also possible that given that
the GLP-1R serves as a marker of B cell maturity (33), knockdown
of the B cell GLP-1R may result in altered insulin secretory dynamics
as a function of B cell immaturity.

To determine whether B cell GLP-1R signaling increases o cell
PC1/3 expression through a secreted factor, we applied conditioned
media generated from these islets to a TC1-6 a cells for 24 hours
(Fig. 4A). Conditioned media from liraglutide-treated islets exposed to
liraglutide in culture for 15 min increased a cell PcskI mRNA ex-
pression only if B cells expressed the GLP-1R (P < 0.01; Fig. 4D),
demonstrating that enhanced B cell GLP-1R signaling activates o cell
Pcskl1 expression through a secreted factor. In addition, the absence
of an effect of conditioned media from liraglutide-treated B cell
GLP-1R KO islets on a cell Pcskl mRNA expression further demon-
strates that liraglutide treatment alone does not induce o cell Pcsk1
mRNA expression. However, conditioned media generated from
islets of liraglutide-treated mice exposed to liraglutide in culture for
2 hours did not alter a cell PcskI mRNA expression (Fig. 4E), sug-
gesting that the intra-islet-secreted factor(s) is only present in the
conditioned media for finite amounts of time.
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We then pursued a series of experiments in which the conditioned
media was manipulated before treatment of o cells were then pur-
sued to define key characteristics of the paracrine factor. To simplify
the study design and test the paracrine system in a different mouse
line, we studied WT mice. Mice were studied using the same experi-
mental conditions as the conditioned media study in the  cell GLP-1R
WT and KO mice described above to maintain consistency across
studies. Similar to the results from the B cell GLP-1R WT and KO
mice, conditioned media generated from liraglutide-treated islets
increased a cell Pcskl mRNA expression and increased o cell active
GLP-1 production compared to conditioned media from saline-
treated islets (P < 0.01; Fig. 4, F and G). However, this effect was lost
in response to conditioned media generated following 2-hour
in vitro exposure to liraglutide (Fig. 4F).

To assess whether the intra-islet-secreted factor is a protein, we
subjected the conditioned media generated from islets treated
with liraglutide or saline for 15 min to either a freeze-thaw cycle or
treatment with proteinase K (PK). Both the freeze-thaw cycle and
PK treatment ablated the effect of conditioned media from
liraglutide-treated islets to increase o cell Pcskl mRNA expression
(Fig. 4F). To further characterize the paracrine factor, we fractionated
the conditioned media on the basis of molecular weight. The
effect of conditioned media from liraglutide-treated islets to in-
crease o cell Pcskl mRNA expression was preserved in the >50-kDa
fraction and lost in the <50-kDa fraction (P < 0.01; Fig. 4F). This
experiment was repeated in B cell GLP-1R WT and KO islets and
confirmed that >50-kDa conditioned media from liraglutide-
treated islets increased o cell Pcskl mRNA expression in a B cell
GLP-1R-dependent manner (P < 0.01; Fig. 4H).

To determine whether induction of o cell Pcskl expression re-
sults in active GLP-1 secretion, we treated o cells with conditioned
media and passed through a centrifugal filter column with a molec-
ular weight cutoff of 50 kDa before treatment. This filtration col-
umn enabled removal of low-molecular weight proteins, such as
liraglutide, and islet-derived proglucagon and insulin products, such
that active GLP-1 concentrations detected in the a cell conditioned
media were o cell specific. Consistent with the effect of column-
treated conditioned media from liraglutide-treated islets to increase o
cell Pcskl expression, this same conditioned media increased o
cell secretion of active GLP-1 in a B cell GLP-1R-dependent manner
(P <0.05; Fig. 41). Together, these data demonstrate that  cell GLP-
IR signaling activates o cell Pcskl expression and active GLP-1
secretion through a secreted paracrine factor that is a protein re-
tained in the >50-kDa molecular weight fraction.

Decreased 14-3-3-zeta mediates the effect of islet GLP-1R
signaling to increase a cell PC1/3 expression and active
GLP-1 secretion

To define the paracrine protein factor(s) responsible for the effect of
B cell GLP-1R signaling to increase o cell GLP-1 production, we
performed label-free quantitative proteomics on conditioned media
from islets isolated from B cell GLP-1R WT mice studied, similar to
the study designs described above. To narrow down the list of pos-
sible candidates, we used only the >50-kDa fraction for proteomics
analyses (Fig. 5A). A total of 191 unique proteins were identified.
All identified proteins were screened for the presence of a secretion
signal by the program SignalP 5.0 (34) or identified as a secreted
protein through literature search, revealing that 67 of these proteins
are predicted to be secreted proteins (Fig. 5B). Orthogonal projections
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1R WT and KO mice in response to 11.1 mM glucose with or without 100 nM liraglutide. o Cell Pcsk7T mRNA expression following treatment with conditioned media
generated from islets of saline- (CTRL) and liraglutide (LIRA)-treated B cell GLP-1R WT and KO mice after 15 min (D) and 2 hours (E) of incubation with saline or liraglutide.
(F) a Cell Pcsk1 mRNA expression following treatment with conditioned media generated from islets of saline- and liraglutide-treated WT mice following 15 min and
2 hours of incubation with saline or liraglutide and following treatment with conditioned media samples from the 15-min incubation that were subjected to a freeze-thaw
cycle (FT), PK, or fractionated on the basis of molecular weight before application to o cells. (G) Active GLP-1 concentrations measured in lysates of o cells treated with
conditioned media from the 15-min time point from Fig. 4F. (H) o Cell Pcsk7 mRNA expression and (1) active GLP-1 secretion following treatment with conditioned media
from the >50-kDa molecular weight fraction generated from islets of 8 cell GLP-1R WT and KO mice treated with liraglutide or saline for 15 min. Data are presented as
means + SEM. n=6 to 10 per group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by two-factor ANOVA with Bonferroni’s posttest; #P < 0.05 by Student’s t test. AU,
arbitrary units.
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Fig. 5. Impact of liraglutide treatment on islet protein secretion. (A) In vitro study paradigm for generation of conditioned media samples used for proteomics anal-
ysis. Conditioned media generated from islets of liraglutide- (LIRA) and saline-treated (CTRL) B cell GLP-1R WT mice were digested, and protein signatures were deter-
mined using mass spectrometry-based quantitative proteomics. LFQ, label-free quantitation. (B) Quantitative data were filtered using SignalP and literature searches to
identify 67 of the total 191 proteins as secreted proteins. (C) Score plot of OPLS-DA showing the cluster separation between CTRL and LIRA-conditioned media samples.
(D) Volcano plot of differentially expressed proteins for CTRL versus LIRA- conditioned media. Significantly (P < 0.05) and >2-fold differentially expressed proteins are
displayed in green. Significantly differentially expressed proteins identified as secreted proteins are displayed in blue. n =3 per group. False discovery rate < 0.05.

to latent structures discriminant analysis (OPLS-DA) displayed a
clear cluster separation of conditioned media samples generated
from saline-treated (CTRL) versus liraglutide-treated (LIRA) islets
(Fig. 5C). Moreover, 13 proteins were found to be statistically (P < 0.05)
and >2-fold differentially expressed between the CTRL- and LIRA-
conditioned media samples (Fig. 5D).

To identify the protein factor mediating the increase in o cell
PC1/3 expression in response to liraglutide, we prioritized proteins
on the basis of the following criteria: (i) differential regulation in
response to liraglutide treatment, (ii) classified as a factor secreted
by B cells, and (iii) previously reported function in glucose homeo-
stasis and GLP-1 biology. Only Ywhaz (hereafter: 14-3-3-zeta) matched
all these criteria. 14-3-3-zeta was substantially decreased in condi-
tioned media from liraglutide-treated islets (Fig. 5D), and a previ-
ous study found that whole-body KO of 14-3-3-zeta improves
glucose regulation, which is ablated by administration of a GLP-1R
antagonist (35). Therefore, we performed a series of studies to de-
termine whether 14-3-3-zeta is involved in the effect of B cell GLP-
1R signaling to activate o cell GLP-1 production.

To validate the proteomics findings and assess whether decreased
secretion of 14-3-3-zeta in response to liraglutide was associated
with a decrease in protein expression, we performed immunohisto-
chemistry (IHC) on the isolated islets from B cell GLP-1R WT and
KO mice studied as described above. Liraglutide treatment de-
creased 14-3-3-zeta area/islet compared to saline-treated mice in a
B cell GLP-1R-dependent manner (P < 0.01; Fig. 6, A and B). These
data, in combination with the untargeted proteomics data, suggest
that liraglutide-induced P cell GLP-1R signaling decreases islet
14-3-3-zeta protein expression and secretion.

Holter et al., Sci. Adv. 8, eabn3773 (2022) 22 July 2022

To assess the translational relevance of these findings, we performed
targeted analysis of tryptic peptides of 14-3-3-zeta protein in condi-
tioned media generated from nondiabetic human islets (fig. S4, A
to C). Human islets were stimulated with 16.1 mM glucose + 100 nM
liraglutide or saline for 15 min, and then conditioned media was
collected, and targeted 14-3-3-zeta analysis of the digested samples
was performed in duplicate. Liraglutide treatment resulted in a 25-fold
decrease in 14-3-3-zeta abundance in the conditioned media from
human islets, as compared to saline-treated controls (Fig. 6C). Simi-
lar results were obtained when this experiment was repeated in an-
other human donor (fig. S4, D to F). IHC was then performed on
human islets from three additional nondiabetic human donors (fig.
$4G) that were treated with liraglutide (100 nM) or saline for 24 hours.
Similar to the results in mouse islets, liraglutide treatment robustly
decreased 14-3-3-zeta area/islet compared with saline-treated islets
(P < 0.01; Fig. 6, D and E), demonstrating that the effect of lira-
glutide to decrease 14-3-3-zeta secretion and expression from mouse
islets is translationally relevant in human islets.

To determine whether 14-3-3-zeta lowering contributes to the
effect of B cell GLP-1R signaling to activate o cell GLP-1 expression,
we applied pharmacologic addition and ablation of 14-3-3-zeta.
Male and female WT mice were placed on HFD at 2 months of age
for 12 to 19 weeks, after which, mice received saline or liraglutide
treatment for 2 weeks and then were euthanized for islet isolation.
Islets from liraglutide-treated mice were treated with media supple-
mented with liraglutide with and without recombinant 14-3-3-zeta.
Comparatively, islets from saline-treated mice were incubated with
and without the pan-14-3-3 inhibitor, R18 (36). Before experimen-
tation in mouse islets, o TC1-6 cells were incubated in various
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Fig. 6. Liraglutide decreases islet 14-3-3-zeta protein expression and secretion in mouse and human islets. (A) Representative images of mouse islets immuno-
stained for insulin (red), 14-3-3-zeta (green), and DAPI (blue) in  cell GLP-1R WT and KO mice treated with saline (CTRL) or liraglutide (LIRA). (B) Average 14-3-3-zeta
staining per isletin p cell GLP-1R WT and KO mice. (C) Abundance of four tryptic peptides of 14-3-3-zeta identified by targeted proteomics in conditioned media samples
from human islets from a single human donor [human donor 1] treated with CTRL or LIRA, measured in duplicate. Ratio of abundance of the average of four tryptic pep-
tides LIRA/CTRL is 0.042 + 0.073. For the peptide TAFDEAIAELDTLSEESYK, both the 2+ and 3+ charge states (z) were quantified together. (D) Representative images of
human islets treated with saline or liraglutide for 24 hours. Islets were immunostained for insulin (red), 14-3-3-zeta (green), and DAPI (blue). (E) Average 14-3-3-zeta
staining per islet from human donors. Data are presented as means + SEM. n=3 donors/mice per group. **P <0.01 by two-factor ANOVA with Bonferroni’s posttest;

##P < 0.01 by Student’s t test. Scale bar, 20 um.

concentrations of recombinant 14-3-3-zeta and R18 for 24 hours.
Recombinant 14-3-3-zeta and R18 did not affect o cell Pcsk] mRNA
levels, demonstrating that these compounds on their own do not
modulate o cell Pcsk1 expression (fig. S5, A and B). In contrast, the
addition of recombinant 14-3-3-zeta ablated the effect of conditioned
media from liraglutide-treated islets to increase o cell Pcskl mRNA
expression (P < 0.05; Fig. 7A). Similarly, inhibition of 14-3-3 with
R18 in saline-treated islets resulted in conditioned media that reca-
pitulated the effect of conditioned media from liraglutide-treated islets
to stimulate o cell Pcsk1 expression (P < 0.05; Fig. 7A).

The same experimental paradigm was applied using the B TC clone-6
(B TC-6) B cell line to determine whether the impact of 14-3-3-zeta

Holter et al., Sci. Adv. 8, eabn3773 (2022) 22 July 2022

on o cell GLP-1 activation is B cell specific.  Cells were treated with
liraglutide or saline for 14 days to mimic the effect of liraglutide dosing
in vivo. B Cells were then stimulated with saline or liraglutide for
15 min, and conditioned media was placed on o cells. Similar to
whole mouse islets, conditioned media from liraglutide-treated
B cells increased o cell Pcskl mRNA expression (P < 0.05; Fig. 7B),
highlighting the B cell-specific nature of this effect. This effect was
ablated by the addition of recombinant 14-3-3-zeta to liraglutide-
treated B cells (P < 0.05; Fig. 7B). Furthermore, inhibition of 14-3-3
with R18 in saline-treated B cells resulted in conditioned media
that mimicked the effect of conditioned media from liraglutide-
treated B cells to increase a cell PcskI mRNA expression (P < 0.05;
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Fig. 7. Decreased 14-3-3-zeta mediates the effect of islet GLP-1R signaling to increase o cell PC1/3 expression and active GLP-1 secretion. (A) a Cell Pcsk7T mRNA
expression following treatment with conditioned media generated from islets of saline-treated WT mice following incubation with saline (CTRL) or R18, and liraglutide-
treated WT mice following incubation with liraglutide (LIRA) or liraglutide + recombinant 14-3-3-zeta. (B) a Cell Pcsk7 mRNA expression following 24-hour treatment with
conditioned media generated from B cells treated with saline, R18, liraglutide, or liraglutide +14-3-3-zeta. (C) Insulin and (D) active GLP-1 secretion from human islets in-
cubated with R18 or saline under low-glucose (5 mM) and high-glucose (16.1 mM) conditions. (E) Representative images of human islets treated with saline or R18 for 24 hours.
Islets were immunostained for insulin (green), GLP-1 (red), and DAPI (blue). (F) Average GLP-1 staining per islet from human donors. Data are presented as means + SEM.n=3
to 6 per group. *P <0.05, **P < 0.01 by one-factor or two-factor ANOVA with Bonferroni’s posttest. ###P < 0.001 by Student’s t test. Scale bar, 20 um. AU, arbitrary units.

Fig. 7B). These data suggest that 14-3-3-zeta inhibits a protein se-
creted in response to P cell GLP-1R signaling that can activate o cell
GLP-1 expression.

To assess the translational relevance of these findings, human
islets from nondiabetic donors (fig. S4G) were incubated in 16.1 mM
glucose supplemented with R18 (2 uM) or saline for 24 hours. Fol-
lowing this 24-hour incubation, islets were serum- and low glucose
(5 mM)-starved for 1 hour and then incubated in high glucose (16.1 mM)

Holter et al., Sci. Adv. 8, eabn3773 (2022) 22 July 2022

or low glucose (5 mM) media supplemented with and without R18
for 15 min followed by conditioned media collection. Consistent
with a relationship to the incretin effect, R18 increased insulin secre-
tion under high-glucose but not low-glucose conditions (P < 0.05;
Fig. 7C). These findings are consistent with results from a recent
study (37). Moreover, R18 treatment resulted in a glucose-dependent
increase in islet-active GLP-1 secretion, as compared to saline-treated
controls (P < 0.01; Fig. 7D). In parallel, a separate set of islets from
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the same donors were treated with R18 (2 uM) or saline for 24 hours,
after which, islets were fixed and sectioned for IHC and costained
for insulin and GLP-1. Similar to our previous findings regarding
the effect of liraglutide treatment on human islets (21), R18 treat-
ment increased islet GLP-1 expression, as compared to saline-treated
controls (P < 0.001; Fig. 7, E and F). Together, these findings demon-
strate that 14-3-3 inhibition increases GSIS and active GLP-1 secre-
tion from human islets.

DISCUSSION

Here, we define the bidirectional paracrine cross-talk between o
and B cells that contribute to the glucoregulatory effect of a GLP-1R
agonist. First, we find that the effect of liraglutide to increase islet
GLP-1 expression, improve glucose tolerance, and increase insulin
secretion is dependent on the B cell GLP-1R. Furthermore, we find
that the effect of liraglutide to induce islet GLP-1 expression is depen-
dent on a cells and that o cells contribute to the effect of liraglutide
to improve glucose tolerance and GSIS in response to intraperitoneal
glucose in male mice. In parallel, we find that the effect of enhanced
B cell GLP-1R signaling to activate o cell GLP-1 production is mediated
by a secreted protein factor. Our data show that activation of B cell
GLP-1R signaling by a GLP-1R agonist reduces expression and se-
cretion of 14-3-3-zeta. This decrease in 14-3-3-zeta is necessary for
subsequent activation of o cell GLP-1 production. Together, our
results refine our understanding of B cell GLP-1R function and
identify 14-3-3-zeta as a potential target with which to enhance
o cell GLP-1 production.

The present findings build upon recent studies that have docu-
mented the importance of o cell paracrine signaling for healthy in-
sulin secretory dynamics and normal islet function (16, 18-20, 38).
This work builds upon these previous studies by manipulating both
the B cell GLP-1R and the a cell in vivo and is the first to assess the
role of the o cell in the metabolic effects of a GLP-1R agonist. Previous
studies have shown that mice with a cell ablation exhibit no impair-
ment of the counterregulatory response to prolonged starvation and
insulin-induced hypoglycemia (25); however, it is possible that
o cell ablation results in compensatory increases in other glucose-
mobilizing and glucose-disposing pathways enabling normal gly-
cemic control. In addition, previous studies have documented
hyperaminoacidemia and impaired amino acid metabolism in
animal models with glucagon deficiency (39-41). Hence, it is possi-
ble that altered amino acid metabolism contributes to the metabolic
phenotype of mice with o cell ablation in the present studies. De-
spite these limitations, the data generated from this approach
demonstrate that the effect of a GLP-1R agonist to enhance o cell
GLP-1 expression is blunted by B cell GLP-1R KO and a cell abla-
tion in mice. Furthermore, the effect of a GLP-1R agonist to aug-
ment GSIS is blunted by o cell ablation in male mice. Previous
studies have documented sex-related differences in the glycemic
response to liraglutide in humans, in which females exhibited a
greater reduction in HbA1lc levels as compared to males (42). More-
over, progesterone and estrogen have been shown to enhance GLP-
1 secretion from mouse (43, 44) and human (44) o cells and L cells
in vitro, highlighting the potential for sex-dependent differences in
the regulation of GLP-1 secretion. Nevertheless, considering that
liraglutide increases a cell GLP-1 secretion and decreases gluca-
gon secretion (45), and that GLP-1 is 300-fold more potent at stim-
ulating B cell GLP-1R-induced GSIS than glucagon (18, 46), these

Holter et al., Sci. Adv. 8, eabn3773 (2022) 22 July 2022

findings may reflect the loss of paracrine signaling by a cell-derived
GLP-1. However, the use of o cell ablation does not specifically
modulate GLP-1, and further studies are needed to evaluate the role of
o cell GLP-1 in the metabolic effects of GLP-1R agonist treatment.

The present findings underscore the glucoregulatory importance
of B cell GLP-1R signaling under HFD-fed conditions, in that glu-
cose tolerance is impaired in saline-treated B cell GLP-1R KO mice
compared with WT mice during the OGTT. This is in contrast to a
previous study that reported that  cell GLP-1R KO does not affect
oral glucose tolerance compared to WT controls when mice are
maintained on a low-fat diet (29). Metabolic stress has been reported
to decrease L cell-derived GLP-1 and increase o cell-derived GLP-1
in rodents and humans (8, 10-12, 47-51), suggesting that there may
be an increased reliance on o cell GLP-1 under metabolic stress. For
example, work in an a cell-specific PC1/3 KO mouse model demon-
strates that the loss of o cell GLP-1 production impairs glucose
homeostasis and GSIS in metabolically stressed mice but not in
chow-fed mice (20). Furthermore, islets from type 2 diabetic human
donors display an increased subpopulation of GLP-1" ¢ cells and a
greater dependency on GLP-1R signaling for insulin secretion, as
compared to islets from healthy donors (5). Further work is needed
to define the relative contributions of the o and L cells to  cell GLP-
IR function in health and metabolic disease.

In parallel, we sought to elucidate the B-to-a cell paracrine sig-
naling mechanisms regulating o cell GLP-1 production. The pre-
sent findings indicate that the effect of B cell GLP-1R signaling to
increase o cell PC1/3 expression is mediated by secreted protein
factors that act in a paracrine fashion. Subsequent characterization
and identification of the proteome secreted by islets in response to
liraglutide and saline revealed 14-3-3-zeta as a lead candidate in the
regulation of a cell GLP-1 production. These studies suggest that
enhanced f cell GLP-1R signaling decreases the production and se-
cretion of 14-3-3-zeta, which then enables activation of o cell-active
GLP-1 production and secretion.

14-3-3-zeta is an isoform of the 14-3-3 protein family. The 14-3-3
proteins serve as molecular adaptors that bind to phosphorylated
proteins with phosphoserine and phosphothreonine motifs (36, 52).
The 14-3-3 proteins bind to various target proteins and function as
allosteric modulators by inducing conformational changes in target
proteins, modulating target protein activity and stability, bridging
protein complex formation, or by altering protein subcellular local-
ization (53-57). Through these functions, 14-3-3 proteins have
been implicated as key regulators in glucose metabolism (58-60).

One of the mechanisms by which 14-3-3-zeta is thought to influ-
ence glucose regulation is through modulation of pancreatic islet
function; however, the pathways mediating the effects of 14-3-3-zeta
on islet function have been unclear. A previous study found that
whole-body ablation of 14-3-3-zeta improves glucose regulation in
mice and that treatment of 14-3-3-zeta KO mice with the GLP-1R
antagonist exendin 9-39 attenuated the glucoregulatory improvements
associated with whole-body 14-3-3-zeta ablation (35). Furthermore,
a recent study found that B cell-specific 14-3-3-zeta ablation en-
hances GSIS in mice (37). Similarly, treatment of human islets with
pan-14-3-3 inhibitors increases GSIS (37). These data suggest that
14-3-3-zeta serves as a negative regulator of insulin secretion in hu-
man and mouse islets. Consistent with this notion, previous work
has shown that 14-3-3-zeta expression increases in models of overt
diabetes in mice, and this is associated with a decreased expression
of Ins1 and Ins2, as well as B cell maturity markers, MafA and Pdx-1
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(37, 61). However, prolonged treatment with 14-3-3 inhibitors can
increase expression of these genes to nondiabetic levels (37). The
effects of GLP-1R agonist treatment parallel these effects of 14-3-3-
zeta ablation. GLP-1R agonist treatment enhances GSIS and in-
creases expression of markers of f cell maturity (62-64). Our results
suggest that the effect of 14-3-3-zeta inhibition to improve GSIS is
mediated by an increase in o cell GLP-1 production and secretion.

Our results demonstrate that 14-3-3-zeta inhibition can alter
o cell proglucagon processing, which is similar to previous studies that
have identified a role for 14-3-3-zeta in the regulation of gut-derived
GLP-1 production. KO of 14-3-3-zeta in the GLUTag L cell line has
been shown to increase GLP-1 content (35). Here, we demonstrate
that B cell GLP-1R signaling activates o cell GLP-1 expression by
decreasing P cell 14-3-3-zeta production and secretion. We hypoth-
esize that under unstimulated conditions, 14-3-3-zeta binds to and
inactivates a protein that can stimulate o cell GLP-1 production.
14-3-3-zeta is found in B cell secretory granules (59), suggesting that
under unstimulated conditions, 14-3-3-zeta exerts its inhibitory
function within a secretory granule; however, further work is needed
to define the dynamics and cellular location of this interaction. Upon
pharmacologic B cell GLP-1R stimulation, f cell 14-3-3-zeta expres-
sion is down-regulated, which likely releases this protein from inhi-
bition such that it can act in a paracrine manner to activate o cell
GLP-1 production. Further studies investigating the proteins that
interact with 14-3-3-zeta in the B cell are needed. Moreover, while
our results suggest that liraglutide suppresses 14-3-3-zeta protein
expression within the islet in a B cell GLP-1R-dependent manner,
future work is needed to define the B cell GLP-1R signaling cascade
that directly mediates 14-3-3-zeta secretion. Furthermore, because
14-3-3-zeta is found in GLP-1R-expressing cell types other than
B cells, it will be of interest to determine the role of 14-3-3-zeta in
GLP-1R signaling in other cell types. Nevertheless, the present find-
ings are the first to demonstrate that 14-3-3-zeta production and
secretion are regulated by B cell GLP-1R signaling, that 14-3-3-zeta
is a downstream regulatory of GLP-1R function, and that 14-3-3-
zeta regulates a cell proglucagon processing.

In conclusion, these data reveal a role for the o cell in the gluco-
regulatory effects of a GLP-1R agonist and a previously unknown
role for B cell GLP-1R signaling in decreasing 14-3-3-zeta expres-
sion to activate o cell GLP-1 production. These studies deepen
our understanding of the regulation of a cell GLP-1 production and
GLP-1R agonist function, which may facilitate development of im-
proved therapies for diabetes treatment.

MATERIALS AND METHODS

Animals, diet, and islets

In vivo assessment of glucose tolerance

For all studies, mice were individually housed and maintained in a
temperature- and humidity-controlled room, with a 14-/10-hour
light-dark cycle. Body weights were matched between groups at the
start of liraglutide and saline treatment for all studies. The experi-
mental protocols were approved by the Cornell University Institu-
tional Animal Care and Use Committee.

To assess the role of the  cell GLP-1R on islet GLP-1 expression
and oral glucose tolerance, we studied tamoxifen-inducible B cell-
specific GLP-1R WT and KO mice (21). To assess whether the
glucoregulatory benefits of liraglutide are dependent, at least in part,
on o cells, we used tamoxifen-inducible B cell-specific GLP-1IR WT
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mice (21) crossed to a DT-inducible mouse model of a cell ablation
(GegDTR), provided by M. Donath (25). For these studies, at 7 to
9 weeks of age, male and female GchTR_—Glp—I A el [ MIPCreERT -
hGlp-1r] and GegDTR -Glp-11* !~ [MIPCreERT*-hGlp-1r] litter-
mates and male and female GegDTR*-Glp-1/*“"*/* [MIPCreERT -hGlp-1r
with GegDTR™] littermates were placed on HFD consisting of ground
chow (Teklad 2018, Envigo; Madison, WI) supplemented with 3.4%
butter fat, 8.5% tallow, 13.1% soybean oil, 3.5% mineral mix, and
1% vitamin mix (Dyets, Bethlehem, PA) for 8 to 10 weeks. Mice
were switched to an HFD with diet tamoxifen citrate (TD.710935,
400 mg tamoxifen citrate/kg of diet; Envigo, Madison, WI) for the
duration of the study to induce and maintain GLP-1R KO. DT in-
jections were administered (504 ng; intraperitoneal) (D0564, Sigma-
Aldrich; St. Louis, MO) to all mice on days 1, 3, and 5 of the start of
HFD with tamoxifen, as previously validated (20). Two weeks after the
start of HFD with tamoxifen, mice were given twice daily (08:00 and
16:00) subcutaneous injections of either saline or liraglutide (200 pg/kg
of body weight, subcutaneous) (HY-P0014, MedChemExpress,
Monmouth Junction, NJ) for 3 weeks. Following 2 weeks of lira-
glutide/saline treatment, mice were fasted overnight (12 hours),
and an OGTT (2 g/kg body weight oral gavage with dextrose) was
performed, as previously described (32). One week later (3 weeks
after the start of liraglutide/saline treatment), mice were fasted
overnight (12 hours), and an IPGTT (2 g/kg body weight intraperi-
toneal injection with dextrose) was performed, as previously described
(30). For both the OGTT and IPGTT, liraglutide or saline was
administered 15 min before the glucose bolus, as previously described
(29, 30). Glucose measurements were made using a glucometer
(One-Touch Ultra, Lifescan, Malvern, PA). Immediately following
the IPGTT, mice were euthanized by an overdose of pentobarbital
(200 mg/kg of body weight, intraperitoneal), and tissues were
weighed and collected. Serum glucagon and insulin were measured by
enzyme-linked immunosorbent assay (ELISA) (glucagon: Mercodia,
Winston Salem, NC; insulin: Millipore, Billerica, MA). Area under
the curve (AUC) for blood glucose and serum insulin concentrations
were calculated using the trapezoidal method. Insulin secretion
index was calculated as InsulinAUC(y-30)/GlucoseAUC(y-30) during
the OGTT and IPGTT, as previously described (65-69).

For assessment of the effect of MIP-CreERT in our model
(fig. S3), male and female Cre” (MIPCreERT -hGlp-1Ir) and Cre*
(MIPCreERT"-hGlp-1r) littermates were given ad libitum access to
HED consisting of ground chow supplemented with 3.4% butter fat,
8.5% tallow, 13.1% soybean oil, 3.5% mineral mix, and 1% vitamin
mix for 8 weeks. After 8 weeks, mice were switched to a synthetic
HFD (TD.08840, Envigo, Madison, WI) and pair-fed to match the
food intake of the Glp-1r*“"/* mice on the tamoxifen-HFD to con-
trol for the effect of tamoxifen to reduce food intake. Two weeks
after the start of pair feeding, mice were treated with saline or
liraglutide for 2 weeks, and an OGTT was performed, as described
above. One week later (3 weeks after the start of liraglutide/saline
treatment), an IPGTT was performed, as described above.

In vitro assessment of B cell GLP-1R signaling on

a.cell PC1/3 expression

To assess whether B cell GLP-1R signaling causes secretion of a factor
that acts in a paracrine manner to increase o cell PC1/3 expression
(Fig. 4, Cto E, and H and I), at 8 to 11 weeks of age, male and female
Glp-1r" "+ and Glp-17* “!'/~ littermates were placed on HED for
8 to 10 weeks. All mice received subcutaneous injections of tamoxifen
(200 mg/kg body weight; T5648, Sigma-Aldrich, St. Louis, MO)
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starting after 8 to 10 weeks of HFD feeding (three doses over 5 days).
Following the final tamoxifen injection, mice received injections of
either saline or liraglutide for 2 weeks, as described above. Follow-
ing 2 weeks of liraglutide or saline treatment, mice were fasted over-
night (12 hours) and given their last dose of liraglutide or saline at
08:00. Two hours after the final dose of liraglutide or saline, mice were
euthanized by an overdose of pentobarbital (200 mg/kg body weight,
intraperitoneal), and pancreatic islets were isolated. Mouse islets
were isolated after collagenase digestion, filtration, Histopaque gra-
dient, and handpicking, as previously described (23). Islets were
cultured overnight (37°C, 5% CO;) in RPMI 1640 media with 11.1
mM glucose, 1% antibiotic-antimycotic, and 10% (v/v) fetal bo-
vine serum (FBS) to allow islets to rest before experimentation.

Following the overnight rest, islets were serum-starved in RPMI
1640 with 2.8 mM glucose for 2 hours. Islets were handpicked into
six-well culture plates (10 islets per well) and incubated in RPMI
1640 with 11.1 mM glucose supplemented with 100 nM liraglutide
(58256, Selleckchem; Radnor, PA) or saline for 15 min or 2 hours.
At each of these time points, conditioned media was collected and
applied to o TC1-6 cells at a dilution of 1:2.7. In addition, to assess
o cell-active GLP-1 secretion in response to treatment with islet-
conditioned media, the conditioned media from islets from a subset
of these mice was passed through Amicon ultracentrifugal filters
(Millipore, Billerica, MA) with a molecular weight cutoff of 50 kDa
to remove liraglutide, proglucagon-derived products, and insulin
from the conditioned media (Fig. 4, H and I). Following this filtra-
tion, the conditioned media were diluted in RPMI 1640 with 11.1
mM glucose to return to the starting glucose concentration and
were then applied to a TC1-6 cells at a dilution of 1:2.7. Insulin se-
cretion in response to culture in 100 nM liraglutide or saline was
measured in islet-conditioned media from the 15-min time point
using an insulin ELISA (ALPCO, Salem, NH).

In vitro characterization of B cell paracrine signaling factors
To define key characteristics of the paracrine factor that signals
to o cells to increase PC1/3 expression and GLP-1 production
(Fig. 4, F and G), at 7 to 8 weeks of age, male and female WT mice
were placed on HFD for 8 weeks. Following 8 weeks of HFD feeding,
mice received injections of either saline or liraglutide for 2 weeks, as
described above. Following 2 weeks of liraglutide or saline treatment,
mice were euthanized, and islets were isolated as described above.

Following the overnight rest, islets were serum-starved in RPMI
1640 with 2.8 mM glucose for 2 hours. Islets were handpicked into
six-well culture plates (10 islets per well) and incubated in RPMI
1640 with 11.1 mM glucose supplemented with 100 nM liraglutide
or saline for 15 min or 2 hours. At each of these time points, condi-
tioned media was collected and applied to 0. TC1-6 cells at a dilution
of 1:2.7.

In addition, subaliquots of conditioned media from the 15-min
time points were subjected to PK (Qiagen, Germantown, MD)
treatment, a freeze-thaw cycle, or fractionation based on molecular
weight before addition to o TC1-6 cells at a 1:2.7 dilution. For the
PK treatment, conditioned media was treated with PK (100 pg/ml)
and incubated at 56°C for 30 min. PK activity was inactivated by
incubation of samples at 95°C for 10 min, followed by cooling to
37°C. For the freeze-thaw treatment, conditioned media was frozen at
—80°C for at least 24 hours, defrosted, and warmed to 37°C. For the
molecular weight fractionations, conditioned media was fractionat-
ed through Amicon ultracentrifugal filters (Millipore, Billerica, MA)
with a molecular weight cutoff of 50 kDa. The resulting concentrate,
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containing the fraction greater than 50 kDa, and the filtrate, con-
taining the fraction less than 50 kDa, were diluted in RPMI 1640
with 11.1 mM glucose to return to the starting concentration and
were then applied to o TC1-6 cells at a dilution of 1:2.7.

Proteomics analysis of islet-conditioned media

To define the paracrine protein factor(s) responsible for the effect of
B cell GLP-1R signaling to increase o cell GLP-1 production, islet-
conditioned media was generated for proteomics analysis. Mice
were studied as described above, except mice were on HED for 9 to
10 weeks before saline or liraglutide treatment. Following 2 weeks
of liraglutide or saline treatment, mice were euthanized, and islets
were isolated as described above.

Following the overnight rest, islets were serum-starved in RPMI
1640 with 2.8 mM glucose for 2 hours. Islets were then handpicked
into 12-well culture plates (125 islets per well) and incubated in
RPMI 1640 with 11.1 mM glucose supplemented with 100 nM lira-
glutide or saline for 15 min. Conditioned media was treated with 1x
Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific, Waltham,
MA) and fractionated using Amicon ultracentrifugal filters with a
molecular weight cutoff of 50 kDa. The greater than 50-kDa fraction
was submitted for analysis.

In vitro functional validation of 14-3-3-zeta in mice

To determine whether 14-3-3-zeta contributes to the effect of B cell
GLP-1R signaling to activate o cell GLP-1 expression, 8-week-old
male and female WT mice were placed on HFD for 12 to 19 weeks,
after which, mice received injections of either saline or liraglutide
for 2 weeks. Following 2 weeks of liraglutide or saline treatment,
mice were euthanized, and islets were isolated as described above.

Islets were handpicked into six-well culture plates (10 islets per
well) and allowed to rest overnight. During the overnight rest, a
subset of islets from saline-treated mice were treated with 2 uM R18
(Tocris, Minneapolis, MN) for 24 hours. Following this treatment
and the overnight rest, all islets were serum-starved in RPMI 1640
with 2.8 mM glucose for 2 hours. Islets from liraglutide-treated mice
were incubated in RPMI 1640 with 11.1 mM glucose supplemented
with 100 nM liraglutide with or without 10 nM of recombinant
mouse 14-3-3-zeta (ab268301, Abcam, Cambridge, MA) for 15 min
before the collection of conditioned media. In addition, islets from
saline-treated mice were treated with RPMI 1640 with 11.1 mM glu-
cose supplemented with saline for 15 min before the collection of
conditioned media. R18-treated islets from saline-treated mice were
then incubated in RPMI 1640 with 11.1 mM glucose supplemented
with 2 uM R18 for 15 min before the collection of conditioned
media. For each of these conditions, conditioned media was col-
lected and applied to a TC1-6 cells at a dilution of 1:2.7.

To control for the effect of 14-3-3-zeta and R18 on a cell Pcskl
expression, a dose response was performed in o TC1-6 cells in which
1, 10, and 100 nM recombinant mouse 14-3-3-zeta and 0.02, 0.2,
and 2 uM R18 were added to o TC1-6 cells in the absence of islet-
conditioned media and incubated for 24 hours. Concentrations of
R18 and 14-3-3-zeta were selected on the basis of previous in vitro
assays (70, 71) and the reported dissociation constant of R18 at
80 nM (72).

o Cell culture
o TC1-6 [American Type Culture Collection (ATCC) CRL-2934] cells
were purchased from ATCC (Manassas, VA). o TC1-6 cells were

120f 17



SCIENCE ADVANCES | RESEARCH ARTICLE

cultured in Dulbecco’s modified Eagle’s media (DMEM) supple-
mented with 10% (v/v) heat-inactivated FBS, 1% antibiotic-antimycotic,
15 mM Hepes, 6 mM L-glutamine, 0.1 mM nonessential amino
acids, 0.02% bovine serum albumin (BSA), sodium bicarbonate
(1.5 g/liter), and 11.1 mM glucose at 37°C and 5% CO,. a TC1-6
cells at 10 to 20 passages were used in all experiments described be-
low. Cells were seeded at 395,000 cells/cm?. Before treatment with
conditioned media generated from islets, o TC1-6 cells were se-
rum-starved in DMEM supplemented with 15 mM Hepes, 6 mM
L-glutamine, 0.1 mM nonessential amino acids, sodium bicarbonate
(1.5 g/liter), and 11.1 mM glucose (referred to as serum-free a cell
media) for 2 hours. For all conditioned media studies described
above, islet-conditioned media was applied to o TC1-6 cells at a
ratio of 1 (islet-conditioned media): 2.7 (serum-free a cell media),
and o TC1-6 cells were incubated in the islet-conditioned media
for 24 hours.

For all experiments, following 24 hours of incubation in islet-
conditioned media, media from a TCI1-6 cells was collected and
treated with 125 uM dipeptidyl peptidase IV (DPP-1V) inhibitor
(Millipore, Billerica, MA) and aprotinin (500K IU/ml; Sigma-Aldrich,
St. Louis, MO), and then, cells were washed with phosphate-buffered
saline (PBS), and total RNA (73) or protein was isolated. RNA was
converted into complementary DNA (cDNA) with the iScript
cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Gene expression was
assessed by quantitative polymerase chain reaction using SYBR Green
detection, and threshold values were normalized to the expression
of B-actin. Primer sequences were as follows: B-actin 5'-3" CAAC-
GAGCGGTTCCGAT, 3’-5' GCCACAGGATTCCATACCCA;
Pesk1 5'-3' CTCTGGTGGATTTGGCTGAT, 3'-5" GGGCTCTAG-
GCTCAAAGTTATT. Proteins from o TC1-6 cells were extracted
using radioimmunoprecipitation assay buffer [10 mM tris-HCl
(pH 7.4), 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1% sodium
deoxycholate, 5 mM EDTA, 1 mM NaF, 1 mM sodium orthovana-
date, protease inhibitors, and 125 uM DPP-IV inhibitor] and quanti-
fied with the bicinchoninic acid protein assay kit (Pierce, Thermo
Fisher Scientific, Waltham, MA). Active GLP-1 content in protein
lysates from o TC1-6 cells and active GLP-1 secretion in conditioned
media from a TCI1-6 cells treated with greater than 50-kDa islet-
conditioned media fractions were measured by sandwich electro-
chemiluminescence immunoassay (Meso Scale Discovery, Kenilworth,
NJ). Active GLP-1 protein concentrations were normalized to the
total protein content in cell lysates.

B Cell culture

B TC-6 (ATCC CRL-11506) cells were purchased from ATCC. In
the B cell experiments, o cells were cultured as described above.
B TC-6 cells were cultured in DMEM with 5.5 mM glucose and 15% (v/v)
heat-inactivated FBS and 1% antibiotic-antimycotic at 37°C and
5% CO;. B TC-6 cells were studied between passages 4 and 6. Before
conditioned media studies, p TC-6 cells were treated with PBS or
liraglutide (100 nM) for 2 weeks. To generate p TC-6 cell-conditioned
media, cells were seeded at 395,000 cells/cm?. A subset of PBS-treated
B TC-6 cells were treated with 2 uM R18 for 24 hours. p TC-6 cells
were serum-starved in DMEM supplemented with 5.5 mM glucose for
2 hours. Following serum starvation,  TC-6 cells previously treated
with PBS were incubated in DMEM supplemented with 11.1 mM
glucose for 15 min, and B TC-6 cells treated with R18 were incubated in
DMEM supplemented with 11.1 mM glucose with 2 uM R18 for 15 min.
B TC-6 cells previously treated with liraglutide were incubated in DMEM
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supplemented with 11.1 mM glucose and 100 nM liraglutide with
and without 10 nM of mouse recombinant 14-3-3-zeta for 15 min.
Following these 15-min incubations, conditioned media was col-
lected and applied to a TC1-6 cells at a dilution of 1:2.7.

IHC and image analysis

Pancreas sections from mice studied as described above were fur-
ther analyzed by IHC, as previously described (21, 22, 32). B Cell
GLP-1R WT islets used for the generation of conditioned media
analyzed by proteomics, B cell GLP-1R KO islets from conditioned
media studies, and human islets from three separate donors treated as
described below were washed, fixed, collected in HistoGel (Epredia,
Kalamazoo, MI), and paraffin-embedded, as previously described
(21). For both mouse and human islets, as well as mouse pancreas
sections, after embedding in paraffin, 5 pM sections were cut for
THC. Samples were deparaffinized in xylene and rehydrated in serial
ethanol dilutions. Antigen retrieval was performed for 20 min in boiling
tris-EDTA (pH 9). Blocking was performed with 5% BSA. Mouse
and human islet sections were immunostained for insulin using a
monoclonal anti-mouse antibody (1:200; SC-377071, Santa Cruz
Biotechnology, Dallas, TX) and for 14-3-3-zeta using a monoclonal
anti-rabbit antibody (1:50; CS-7413, Cell Signaling Technology, Danvers,
MA). Separate human islet sections were immunostained for GLP-1
using a monoclonal anti-mouse antibody (1:100; ab26278, Abcam,
Cambridge, MA) and for insulin using a polyclonal anti-rabbit anti-
body (1:200; SC-9168, Santa Cruz Biotechnology). Mouse pancreas
sections were immunostained for GLP-1 (same as above) and for
glucagon using a polyclonal anti-rabbit antibody (SC-7779R; Santa
Cruz Biotechnology; 1:200). Detection of primary antibodies was per-
formed with Alexa Fluor 488 anti-rabbit (A11034) and Alexa Fluor
633 anti-mouse (A21052) secondary antibodies (1:200; Invitrogen,
Foster City, CA). Nuclei were detected with 4',6'-diamidino-2-
phenylindole [Invitrogen (P36962)].

Mouse pancreas image quantification and analysis were performed
on all islets in a single longitudinal cross section of the pancreas, as
previously described (21) (1 cross section per mouse; 22 islets per
mouse on average for GLP-1 and 10 islets per mouse for glucagon).
Mouse and human islet image quantification and analysis were per-
formed on 5 uM slices of individual islets sectioned through the center
of the islet (eight islet sections per mouse on average, six islet sections
per human on average). Islet imaging and quantification were per-
formed in a blinded fashion. Islets were manually traced and quanti-
fied using Image]J software. Islets were imaged using a Nikon Eclipse
E400 fluorescent microscope with Olympus DP73 color camera.

Human islet-conditioned media and processing

Nondiabetic human islets were obtained from the Integrated Islet
Distribution Program. Human donor information is listed in fig. S4.
Upon arrival, islets were cultured for approximately 36 hours
(37°C, 5% CO,) in RPMI 1640 with 16.1 mM glucose, 1% antibiotic-
antimycotic, and 10% (v/v) FBS. For the generation of conditioned
media used for targeted proteomics analyses, after approximately
36 hours, islets were handpicked into serum-free media (RPMI
1640 with 16.1 mM glucose) for 2 hours. After 2 hours, islets were
handpicked into six-well plates (500 islets per well) and incubated
in RPMI 1640 with 16.1 mM glucose supplemented with 100 nM
liraglutide or saline for 15 min. Conditioned media from the islets
was collected after 15 min and treated with 1x Halt Protease Inhibitor
Cocktail (Thermo Fisher Scientific, San Jose, CA) and concentrated
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at 14,000¢ using Amicon ultracentrifugal filters (Millipore, Billerica,
MA) with a molecular weight cutoff of 3 kDa.

For the human islets used for IHC, islets were cultured and
serum-starved as described above. Following 2-hour serum-starving,
islets were handpicked into 48-well plates (63 islets per well) and
incubated in RPMI 1640 with 16.1 mM glucose supplemented with
100 nM liraglutide, or 2 uM R18, or saline for 24 hours. After the
24-hour incubation, islets were washed, fixed, collected in HistoGel,
and paraffin-embedded, as previously described (21).

To determine the translational relevance of the effect of 14-3-3-
zeta inhibition to increase o cell PC1/3 expression, islets from the
same human donors used for IHC were cultured as described above.
Following 36 hours of culture, islets were handpicked into 48-well
plates (63 islets per well) and incubated in RPMI 1640 with 16.1 mM
glucose, 1% antibiotic-antimycotic, and 10% (v/v) FBS and supple-
mented with either 2 uM R18 or saline for 24 hours. After the 24-hour
incubation, islets were serum- and low-glucose- (RPMI 1640 with 5 mM
glucose) starved for 1 hour, after which, islets were incubated in either
high-glucose (RPMI 1640 with 16.1 mM glucose) or low-glucose
(RPMI 1640 with 5 mM glucose) media supplemented with 2 uM
R18 or saline for 15 min. Conditioned media from the islets was
collected after 15 min and treated with 1x Halt Protease Inhib-
itor Cocktail, as well as 125 uM DPP-IV inhibitor and aprotinin
(500K IU/ml). Insulin and active GLP-1 content in protein lysates
and secretion in conditioned media were measured by ELISA for
insulin (ALPCO, Salem, NH) and by a sandwich electrochemilumi-
nescence immunoassay for active GLP-1 (Meso Scale Discovery,
Kenilworth, NJ). Insulin and active GLP-1 secretion were normal-
ized to the total insulin and total active GLP-1 cell content (protein
content in cell lysates plus conditioned media), respectively, and
expressed as a fold of control (74).

Proteomics

Protein concentration was determined by SDS-polyacrylamide gel
electrophoresis with a known concentration of Escherichia coli pro-
teins as a standard. In-solution digestion of 5 ug of protein was
performed on S-Trap micro spin column (ProtiFi, Huntington, NY,
USA) following an S-Trap protocol, as described previously (75, 76).
The tryptic digests were reconstituted for nano liquid chromatogra-
phy (LC)-electrospray ionization tandem mass spectrometry (MS/
MS) analysis, as previously described (75). As an internal standard,
enolase (yeast) tryptic digests were added to each sample in the final
concentration of 2.5 fmol/pl. The analysis was carried out using an
Orbitrap Fusion Tribrid (Thermo Fisher Scientific, San Jose, CA)
mass spectrometer equipped with a nanospray Flex Ion Source and
coupled with a Dionex UltiMate 3000 RSLCnano system (Thermo
Fisher Scientific, Sunnyvale, CA) using parameters as previously
outlined (75, 77). The peptide samples (20 ul) were injected onto a
PepMap C-18 RP nano trapping column and eluted in a 120-min
gradient, as previously described (75). All data were acquired under
Xcalibur 4.4 operation software (Thermo Fisher Scientific).

For the untargeted proteomics of mouse conditioned media
samples, the data-dependent acquisition (DDA) raw files for
collision-induced dissociation MS/MS were subjected to database
searches using Proteome Discoverer (PD) 2.4 software (Thermo
Fisher Scientific, Bremen, Germany) with the Sequest HT algorithm.
The PD 2.4 processing workflow containing an additional node of
Minora Feature Detector for precursor ion-based quantification was
used for protein identification and protein relative quantitation
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analysis between samples. The database search was conducted
against a Mus musculus database that contains 63,028 sequences
downloaded from the National Center for Biotechnology Informa-
tion. Two-missed trypsin cleavage sites were allowed. The peptide pre-
cursor tolerance was set to 10 parts per million (ppm), and fragment
ion tolerance was set to 0.6 Da. Variable modification of methionine
oxidation, deamidation of asparagines/glutamine, acetylation on
protein N terminus, and fixed modification of cysteine carbami-
domethylation were set for the database search. Only high-
confidence peptides defined by Sequest HT with a 1% false discovery
rate by Percolator were considered for the peptide identification.
The final protein IDs contained protein groups that were filtered
with at least two peptides per protein. Relative quantitation of iden-
tified proteins between the control and liraglutide-treated samples
was determined by the label-free quantitation workflow in PD 2.4.
The precursor abundance intensity for each peptide identified by
MS/MS in each sample was automatically determined, and their
unique razor peptides for each protein in each sample were summed
and used for calculating the protein abundance by PD 2.4 software
with normalization against the spike yeast enolase protein. Protein
ratios were calculated on the basis of pairwise ratio for liraglutide
treatment over control samples. Results were normalized and plot-
ted as log, fold change, and missing values were imputed as previ-
ously described (78). Multivariate analysis of the OPLS-DA was
performed using MetaboAnalyst 5.0 software (79).

For targeted proteomics analysis of human islet-conditioned
media samples presented in Fig. 6C, four targeted peptides
[DSTLIMQLLR, TAFDEATIAELDTLSEESYK (2+), TAFDEAIAEL-
DTLSEESYK (3+),and SVTEQGAELSNEER, with double or triple
charges from protein 14-3-3-zeta] were selected for targeted protein
quantification across all samples (fig. S5C). For targeted proteomics
analysis of human islet-conditioned media samples presented in
fig. S5D, two targeted peptides: GIVDQSQQAYQEAFEISK and
SVTEQGAELSNEER, with double charges from protein 14-3-3-zeta
were selected for targeted protein quantification across all samples
(fig. S4F). For all targeted proteomics analyses, the FT-FT DDA raw files
for HCD MS/MS were used for extracted-ion chromatograms (XICs)
of the targeted masses by Xcalibur software with mass tolerance at
5 ppm for mass precision. After manual inspection, peptides with
little or no interference were used for quantitation among the samples.
A layout template file was then generated and applied to all LC-MS/MS
raw data files yielding peak area of all peptides of interest. Relative
quantitation of the protein 14-3-3-zeta between the control and
liraglutide-treated samples was determined by comparing the peak
area of the XICs for each of the targeted peptides. Protein ratios were
then calculated on the basis of the average of each peptide pairwise
ratio for liraglutide treatment over control samples.

Statistical methods

Data are presented as means + SEM unless otherwise stated. In all
studies, both male and female mice were included at equal num-
bers. The data did not differ between males and females and thus
are presented together, apart from the in vivo IPGTT data from
B cell GLP-1R WT mice with and without a cell ablation (Fig. 3
and fig. $3). All statistical analyses were performed using GraphPad
Prism 8.00 for Mac. Data were analyzed by one-factor or two-
factor analysis of variance (ANOVA) with Bonferroni’s posttest or
Student’s ¢ test, as indicated. Differences were considered signifi-
cant at P < 0.05.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn3773

View/request a protocol for this paper from Bio-protocol.
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