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Single-agent FOX01 inhibition normalizes
glycemia and induces gut [-like cells in
streptozotocin-diabetic mice
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ABSTRACT

Objectives: Insulin treatment remains the sole effective intervention for Type 7 Diabetes. Here, we investigated the therapeutic potential of
converting intestinal epithelial cells to insulin-producing, glucose-responsive B-like cells by targeted inhibition of FOXO1. We have previously
shown that this can be achieved by genetic ablation in gut Neurogenin3 progenitors, adenoviral or shRNA-mediated inhibition in human gut
organoids, and chemical inhibition in Akita mice, a model of insulin-deficient diabetes.

Methods: We profiled two novel FOXO01 inhibitors in reporter gene assays, and hepatocyte gene expression studies, and in vivo pyruvate
tolerance test (PTT) for their activity and specificity. We evaluated their glucose-lowering effect in mice rendered insulin-deficient by admin-
istration of streptozotocin.

Results: We provide evidence that two novel FOXO1 inhibitors, FBT432 and FBT374 have glucose-lowering and gut B-like cell-inducing
properties in mice. FBT432 is also highly effective in combination with a Notch inhibitor in this model.

Conclusion: The data add to a growing body of evidence suggesting that FOXO1 inhibition be pursued as an alternative treatment to insulin

administration in diabetes.

© 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Type 1 diabetes (T1D) is a partly unmet medical need, with an esti-
mated 18 million patients worldwide requiring life-long insulin sup-
plementation, as do many patients with type 2 diabetes (T2D) due to
loss of adequate endogenous insulin secretion [1]. Since the intro-
duction of insulin treatment in 1922, there have been improvements in
composition, formulation, dosing regimens and devices. Nevertheless,
the human burden of treatment remains high, with over half of patients
failing to achieve optimal glucose control and experiencing compli-
cations [2,3].

There has been significant progress in delivering insulin-producing
cells generated by differentiation of either embryonic stem or
induced pluripotent stem cells to T1D patients [4]. This approach has
the potential to restore autonomous glucose control and minimize the
side effects of insulin administration (e.g. hypoglycemia, weight gain)
[5,6], but there is lingering uncertainty on the mechanics of delivering a
sufficient number of cells to patients and protecting them from the
attendant immune responses.

An attractive alternative is in vivo generation of insulin-producing,
glucose-responsive B-like cells from other cell types. We and others
have demonstrated the feasibility of this approach by reprogramming
enteroendocrine cells (EECs) [7—9]. Genetic ablation of Foxo7 induced
the formation of B-like cells in vivo in streptozotocin-diabetic mice,
restoring glucose control [10], and inhibition by shRNA or a dominant
negative mutation induced B-like cell conversion in human iPS-derived
gut organoids in vitro [11].

More recently, we have demonstrated that this new therapeutic
paradigm can be realized by oral treatment with a small-molecule tool
compound FOXO1 inhibitor (FBT10), when used in combination with a
Notch inhibitor to increase the pool of EECs available for conversion to
insulin-producing cells. We observed a significant improvement in
glucose levels and glucose tolerance in Akita mice, a model of insulin-
deficient diabetes [12].

Here we report that two novel, orally bioavailable, optimized FOXO1
inhibitors, FBT432 and FBT374, can lead to the formation of gut B-like
cells, normalize glucose levels and glucose tolerance in STZ diabetic
mice either as single agents, or in combination with a Notch inhibitor.
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Specifically, compound FBT374, when administered as a single agent,
normalized blood glucose concentrations, and nearly restored glucose
tolerance. Taken together, these results suggest that FOX01 inhibition
is a viable strategy for T1D treatment.

2. MATERIAL AND METHODS

2.1. Chemicals

FBT374 and FBT432 were synthesized by IntelliSyn Pharma, (Montreal,
Canada) and determined to be >98% pure by LC/MS and "H NMR
spectroscopy. PF-03084014 was synthesized by Viva biotech
(Shanghai, China) according to published methods.

2.2. Reporter gene assays

Reporter gene assays were as described [13] (Supplemental Material).
At least two independent experiments were performed for each
compound for each assay. ICsg or LCsg was estimated by the four-
parameter logarithmic curve fit using GraphPad Prism.

2.3. Primary hepatocyte isolation and qPCR

All procedures were approved by the CUNY-Advanced Science
Research Center (ASRC) Institutional Animal Care and Use Committee
(IACUC). Hepatocytes were isolated from 8- to 10-week-old male C57/
BL6 mice as described [13]. See Supplemental Material for details.

2.4. Pyruvate tolerance test (PTT)

6- to 7-week-old C57/BL6 male mice (Jackson Laboratories) were
acclimated for 1 week. FBT374 or FBT432 was formulated into N,N-
Dimethylacetamide: Solutol HS 15: water = 5:10:85 (v/v/v) solution,
pH 4—5. Mice were randomized based on weight and dosed at 15 and
50 mg/kg/dose, 10 ml/kg, twice a day, p.o. for a total of 3 doses (The
third and last dose was given 2 h prior to pyruvate injection). After a 4-
hr fast, 2 g/kg of sodium pyruvate (Sigma) dissolved in saline was
injected i.p. at 10 ml/kg and the glucose levels were measured at 0,
15, 30, 60 and 120 min by tail vein sampling using Contour Next
glucometer (Bayer).

2.5. Animal study using streptozotocin (STZ) induced diabetic mice

6- to 7-week-old C57/BL6 male mice were purchased from Jackson
Laboratories, acclimated for a week, and injected i.p. with STZ dis-
solved in sodium citrated buffer (pH4.5) after 4 h fast. Glucose was
monitored daily until mice became hyperglycemic. Mice were
implanted subcutaneously with a half pellet of LinBit (LinShin Canada).
Once hyperglycemia stabilized ~600 mg/dl, animals were random-
ized based on weight and ambient glucose. FBT374 or FBT432 was
formulated into N N-Dimethylacetamide: ~ Solutol HS  15:
water = 5:10:85 (v/v/v) solution, pH4-5 and dosed orally twice daily at
50 mg/kg/dose, 10 mi/kg. For combined treatment with FBT432 and
PF-03084014, the solution was prepared in N,N-Dimethylacetamide:
Solutol HS 15: water = 5:10:85 (v/v/v) solution, pH 4—5 to achieve
dosing concentration of 150 and 50 mg/kg for PF-03084104 and
FBT432, respectively. Weight was monitored daily and circulating
glucose concentration in a blood drop obtained from a small nick on
the lateral tail vein using a 30G needle was monitored using a gluc-
ometer (Nova Medical) every 2—3 days in awake mice. For glucose
tolerance tests, mice were fasted for 4-hr (8:30 am—12:30 pm) and
dosed i.p. with 2 g/kg of p-glucose (Sigma) dissolved in saline. Glucose
was measured at the indicated time points as indicated above. Urine
ketone and glucose were measured using Diastix (Bayer). Mice were
euthanized by CO, inhalation followed by cervical dislocation. Of note,
we observed an increased size and volume of the cecum following

Table 1 — In vitro activities of FBT432 and FBT374 in HEK293 cell-based
assays.

FBT432, ICs (UM) FBT374, ICso (UM)

IRE-reporter assays

FOXO01 0.069 x /= 1.79 0.073 x /= 1.20
FOX03 >50 16.2 x /+ 1.01
FOX04 >50 1.63 E+01
FOXA2 >50 >50

Non-specific activities

pCMV-Rluc >50 >50

Cell viability (LCsp) >50 >50

IRE: insulin response element. Rluc: Renilla |uciferase. Data are geometric mean x/ =+
standard deviation.

FBT374, FBT432, or combination treatment. The tissue was intact and
healthy with no sign of increased of hyperplasia, hypertrophy, or
inflammation (Supplementary Figure 2). Small and large intestines
were collected for immunohistochemistry and epithelial cell isolation
followed by flow cytometry and gPCR. Liver paraffin sections were
stained with hematoxylin and eosin (H&E). Images were taken using
the Keyence BZ-X800 microscope. RNA was extracted from snap-
frozen liver using QlAsymphony (Qiagen) and reverse-transcribed us-
ing 0.5 mg and the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystem). gPCR was performed on a CFX Connect Real-
Time PCR system (Bio-Rad) using iTaq Universal SYBR Green Super-
Mix. Primer sequences are indicated in Supplementary Table 4.

2.6. Epithelial cell isolation and EEC analysis

The proximal third of the small intestine was used for epithelial cell
isolation as described [12]. See Supplemental Material for details. The
isolated cells were then lysed in RLT buffer for RNA isolation using
QlAsymphony or immunostained with ChgA, 5HT, and GLP-1 anti-
bodies followed by flow cytometry on a BD LSR FortessaTM Cell
Analyzer as described previously.

2.7. Immunostaining and quantification

The small and large intestines were dissected, rinsed in 1x PBS and
fixed with 4% paraformaldehyde (PFA)/PBS by passing through the
solutions. Tissues were cut open, washed, fixed in 20 ml of 4% PFA/
PBS for 90 min at 4 °C on a rocker, dehydrated in 30% sucrose/PBS for
24 h, then fashioned into swiss rolls, embedded in OCT (Sakura), and
cut into 6-7 pum-thick frozen sections. The list of primary and sec-
ondary antibodies is shown in Supplementary Table 5. Images were
taken using the Keyence BZ-X800 microscope and quantification of
5HT- and insulin-immunoreactive cells was performed using Hybrid
Cell Count software (Keyence).

2.8. Data and resource availability
All data generated or analyzed during this study are included in the
published article and its online supplementary files.

3. RESULTS

3.1. FBT432 activity in cell-based assays and in vivo efficacy

Based upon the previously reported FOXO01 inhibitor FBT10 [12,14], we
generated a series of chemical variants to optimize its properties and
identified FBT432, a compound with improved solubility and in vitro
metabolic stability (Supplementary Table1). We evaluated activity and
selectivity of FBT432 against FOXO in previously established tran-
scription reporter gene assays by transiently expressing FOX01 and an
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insulin response element (IRE)-firefly luciferase construct as a reporter
of FOXO01 activity in HEK293 cells. We used FOXA2 as a counter screen
to determine the compound’s selectivity as FOXA2 binds to the same
DNA elements but is not responsive to insulin signaling [15]. As shown
in Table 1, FBT432 showed strong activity against FOXO1 (estimated
IC5o = 69 nM) but no activity against FOXA2 and other FOXO isoforms,
including FOX03 and FOX04. A further test using a CMV-promoter
mediated Renilla luciferase (Rluc) reporter gene showed no activity,
revealing FBT432 as a potent and specific FOXO01 inhibitor. FBT432
showed no significant cellular toxicities (Table 1).

Next, we examined the effect of FBT432 on endogenous FOXO1
function using mouse primary hepatocytes as previously described
[13]. Five-point dose—response treatment of primary hepatocytes with
FBT432 showed an inhibition of cyclic AMP (CAMP) and dexametha-
sone (Dex)-induced G6pc expression at concentrations above 1 pM,
with an estimated IC5q of 5.28 puM (Figure 1A).

FBT432 is orally bioavailable in mice, with good tissue distribution,
including liver and intestine (Supplementary Table 2). To evaluate its
in vivo efficacy, we used pyruvate tolerance tests (PTT) as a phar-
macodynamic (PD) measure of the compound’s ability to suppress
hepatic glucose production, an acute consequence of FOXO01 inhibition
[13]. Normoglycemic mice received three oral doses at 15 and 50 mg/
kg on a twice a day schedule, and glucose levels were monitored at 0,
15, 30, 60, or 120 min after a bolus intraperitoneal injection of py-
ruvate following a 4-hour fast. Mice treated with three oral doses of
FBT432 for 1.5 days showed a dose-dependent lowering of glucose
excursions compared to vehicle-treated mice (Figure 1B—C). These
results suggest that FBT432 is a bioavailable, potent, and selective
FOXO1 inhibitor, leading us to further evaluate its in vivo efficacy in a
preclinical model of diabetes.

3.2. Glucose-lowering by FBT432 in streptozotocin (STZ) diabetes

We have previously shown that somatic ablation of Foxo7 in Neuro-
genin3 (Neurog3)-expressing endocrine progenitor cells normalizes
hyperglycemia by converting gut enteroendocrine cells (EECs) into -
like insulin-producing cells [10]. We therefore tested whether chemical
FOXO1 inhibition by FBT432 can lower glycemia in diabetic mice by
converting EECs into insulin-producing cells. FBT10 lowers glucose in
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Akita mice when administered at 50 mg/kg on a twice a day schedule
for five days [12]. In the present study, to rule out a confounding effect
of residual insulin secretion as well as of the insulin gene mutation of
Akita mice [16], we used streptozotocin, administered to 7- to 8-week-
old C57/BL6 mice at 170 mg/kg intraperitoneally, to induce hyper-
glycemia, accompanied by glucosuria, ketonuria, near-absent plasma
insulin and immunoreactive pancreatic insulin (Supplementary
Figure 1).

To prevent diabetic ketoacidosis (DKA)-associated morbidity and
mortality, we implanted a sub-therapeutic dose of insulin by way of a
half pellet of LinBit. This expedient allowed us to maintain a stable
hyperglycemia of ~600 mg/dl. After monitoring animals for up to 3
days, we administered FBT432 at 50 mg/kg/dose by gavage on a twice
a day schedule for 12 days. Consistent with the lack of cellular toxicity
observed in vitro, administration of FBT432 was well tolerated and did
not affect body weight (Figure 2A). FBT432 demonstrated a statistically
significant glucose-lowering effect after 2 days of treatment that
persisted until the end of the experiment on day 10 (Figure 2B). The
fasting blood glucose concentrations of the FBT432-treated group
were significantly lower than the untreated control group (Figure 2C).
Moreover, intraperitoneal glucose tolerance tests (ipGTT) confirmed
that FBT432 treatment had a significant glucose-lowering effect
(Figure 2D,E). Accordingly, ketonuria was reversed, consistent with
restored insulin action (Figure 2F).

To assess whether the glucose-lowering effect of FBT432 adminis-
tration was driven by newly arisen gut insulin-producing cells, we
analyzed the EEC pool. We isolated epithelial cells from the proximal
gut, including duodenum and jejunum, immunostained them for
Chromogranin A (ChgA), 5HT, and GLP-1 and analyzed each cell sub-
population by flow cytometry. FBT432 treatment slightly but signifi-
cantly increased total EEC number, as measured by counting ChgA
cells, as previously reported for FOXO01 inhibition [11]. Interestingly, the
5HT-positive population was significantly increased, while the GLP-1-
positive population remained unchanged (Figure 2G). Expression of
marker genes of either sub-population was not significantly changed
(Figure 2H).

Next, we asked whether EECs had been converted to B-like cells. We
co-immunostained small intestine sections with insulin and SHT
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Figure 1: In vitro and in vivo activity of FBT432. (A) G6pc mRNA in hepatocytes treated with the indicated combinations of reagents. Data are means + SEM of 2—3 replicate
wells per concentration. ICsq was generated by four-parameter curve fit in GraphPad Prism. (B, C) Glucose levels and area-under-the-curve (AUC) during PTT after treatment with
FBT432. N = 8 mice per group; *, **, *¥* *¥** — p < 0.05, 0.01, 0.001, 0.0001 vs. vehicle by two-way ANOVA (B) or one-way ANOVA (C).
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Figure 2: Effect of FBT432 in STZ diabetic mice. Mice were randomized as described and treated with vehicle or FBT432 (50 mg/kg/twice a day) for 12 days. (A) Weight was
measured before morning dosing. NS = not significant vs. vehicle by two-way ANOVA. N = 9—16 per group. Aggregated data from 2 independent experiments conducted under the
same condition and presented as means =+ SEM. (B) Ad libitum glucose levels measured between 4 and 5 pm before afternoon dosing. *, ** = p < 0.05, 0.01 vs. vehicle by two-way
ANOVA. (C) 4-hr fasting glucose on day 12. *** = p < 0.001 by two-tailed t-test. (D) Glucose tolerance test (GTT) on day 12. *, ** = p < 0.05, 0.01 vs. vehicle by two-way ANOVA.
(E) AUC from 0 to 60 min during GTT. ** = p < 0.01 vs. vehicle by two-tailed t-test. (F) Urine ketone (acetoacetic acid) concentration on day 13. **** = p < 0.0001, NS = not
significant vs. vehicle by two-tailed t-test. (G) Flow cytometry of 5HT-, ChgA-, and GLP-1- immunoreactive cells from the proximal gut. N = 3—4 per group, data are means 4 SEM. **,
*H¥% = p < 0.01, 0.0001 vs. vehicle by two-way ANOVA. (H) gPCR in isolated epithelial cells. N = 6 per group, data are means + SEM. NS = not significant vs. vehicle by two-way
ANOVA. (I—M) Representative intestinal immunohistochemistry at day 12 of treatment with vehicle or FBT432. (I, J) 5HT (green) and Insulin (red), (L, M) 5HT (green) and PC2 (red). Scale
bar = 50 um, DAPI counterstains nuclei. (K) Quantification of SHT- and insulin-co-immunoreactive cells. N = 3 per group, data are means + SEM. NS = not significant vs. vehicle by
two-tailed t-test.
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antibodies. Consistent with the glucose-lowering effect, we observed
the appearance of insulin- and 5HT-immunoreactive cells in FBT432-
treated mice, mostly in duodenum (Figure 2l,J, K). Prohormone
convertase-2 acts in pancreatic B-cells to process proinsulin to mature
insulin and is not normally found in the intestine [10]. To further
characterize the insulin-positive gut cells, we tested PC2 immunore-
activity in the FBT432-treated group and found an increase that par-
alleled insulin-immunoreactive cells, mostly in duodenum. These PC2-
positive cells were also co-immunoreactive with 5HT (Figure 2L,M).

3.3. Combination treatment with notch and FOXO1 inhibitors
normalizes glycemia in STZ mice

Although FBT432 administration showed a glucose-lowering effect, it
underperformed the genetic Foxo7 knockout. We have previously
proposed that FOXO1 and Notch inhibitor combination therapy has
synergistic effects, with Notch inhibition acting to promote EEC pro-
genitor differentiation into the secretory cell lineage, thereby expanding
the pool of cells available for conversion to B-like cells by FOXO1 in-
hibition [12]. Consequently, we have shown that combination treat-
ment with the first-generation FOXO1 inhibitor, FBT10, and the
gamma-secretase inhibitor PF-03084014, has additive effects on f3-
like cell generation and glucose levels in Akita mice [12].

In the present study, we further investigated whether it is possible to
achieve a synergistic glucose-lowering effect by combining FBT432
with Notch inhibition achieved by the orally bioavailable clinical gamma
secretase inhibitor PF-03084014 (PF) in the STZ model. The effects of
treatment with PF alone are described in the previous report [12]. Oral
administration of PF at 150 mg/kg and FBT432 at 50 mg/kg, twice a
day for 10 days was well tolerated, with a slight decrease of weight
(Figure 3A). A significant glucose-lowering effect occurred within 4
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days of starting combination treatment and led to a normalization of
glycemia after 7 days of treatment (Figure 3B). We saw a similar effect
on fasting glycemia (Figure 3C), and intraperitoneal GTT in mice treated
with PF and FBT432 (Figure 3D,E). Urine glucose and ketone became
undetectable, consistent with restoration of insulin action
(Figure 3F,G). We analyzed the intestine of animals treated with the
combination to assess the efficacy of FBT432 and PF in converting
EECs into P-like cells. Insulin immunohistochemistry identified
numerous cells, mostly localized to the base of crypts, and more
evident in the proximal gut, (duodenum and jejunum; Figure 4A,B). We
confirmed that insulin-positive cells co-expressed 5HT (Figure 4A,B),
consistent with the result of single treatment with FBT432 (Figure 2K).
Quantification of insulin-immunoreactive cells confirmed a significant
increase by PF + FBT432 combination treatment compared to vehicle
(Figure 4C). Other B-cell markers, such as PC2 and C-peptide, were
also increased by combination treatment (Figure D—G). mRNA ana-
lyses in epithelial cells isolated from the proximal gut confirmed a
significant induction of B-cell markers, such as Ins2, Nkx6.1, Nkx2.2,
Kir6.2, and Sur? (Figure 4K). Consistent with expectations, combina-
tion treatment with PF-03084014 and FBT432 significantly enriched
the 5HT EECs sub-population in the proximal gut, as assessed by
immunostaining (Figure 4H,l) and flow cytometry (Figure 4J). Gene
expression showed a significant increase of Neurog3 by combination
treatment, consistent with an expanded secretory progenitor pool
(Figure 4K). Collectively, these results are consistent with the hy-
pothesis that FOXO01 inhibition drives EEC differentiation into B-like
cells, and that this effect is significantly enhanced by Notch inhibition,
leading to a substantial glucose-lowering effect.

Lastly, we examined whether the glucose lowering effects were
associated with insulin-mediated effects on hepatic glucose
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Figure 3: Combination treatment with PF-03084014 and FBT432 in STZ mice. (A) Weight measured before morning dosing. NS = not significant vs. vehicle by two-way
ANOVA. N = 8—10 per group. Data are means + SEM. (B) Ad libitum glucose measured before afternoon dosing. **** = p < 0.0001, ns = not significant vs. vehicle by
two-way ANOVA. (C) 4-hr fasting glucose on day 10. *** = p < 0.001 vs. vehicle by two-tailed t-test. (D) Glucose tolerance test (GTT) on day 10. *, *** **¥* —p < 0.01,
0.001, 0.0001 vs. vehicle by two-way ANOVA. (E) AUC from 0 to 60 min during GTT. **** = p < 0.0001 vs. vehicle by two-tailed t-test. (F) Glycosuria and (G) ketonuria on day

10. **, %% — p < 0.01, 0.0001 vs. vehicle by two-tailed t-test.
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Figure 4: Combination treatment with PF-03084014 and FBT432 and [-like gut cells. (A, B) Representative intestinal immunostaining with 5HT (green) and insulin (red) after
10 days of treatment. (C) Quantification of 5HT- and insulin-immunoreactive cells across the entire gut. N = 3—5 per group, data are means + SEM. ** = p < 0.01 vs. vehicle by
two-tailed t-test. (D, E) 5-HT (green) and PC2 (red), (F, G) C-peptide, (H, I) 5-HT (green) and GLP-1 (red) staining. Scale bar = 50 pm, DAPI counterstains nuclei. (J) Flow cytometry
of 5HT-, ChgA-, and GLP-1- immunoreactive cells from the proximal gut. N = 3 per group, data are means + SEM. **, *** —p < 0.01, 0.001 vs. vehicle by two-way ANOVA. (K)
gPCR in isolated epithelial cells. N = 3 per group, data are means & SEM. *, ** *¥* ¥¥% — 5 <01, 0.01, 0.001, 0.0001 vs. vehicle by two-way ANOVA.
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homeostasis. Gck expression was significantly increased in the liver
during the combination treatment, while expression of gluconeogenic
genes such as G6pc and Pck was suppressed compared to vehicle-
treated group, consistent with a restoration of the actions of insulin,
likely secreted from gut B-like cells (Figure 5A). Liver histology showed
no lipid accumulation and normal glycogen stores (Figure 5B,C).

3.4. Glucose lowering effect of FBT374 in STZ-induced diabetic
mice

In addition to FBT432, we identified other active compounds with good
oral bioavailability, suitable for progression to in vivo models, including
FBT374. In activity and selectivity studies, FBT374 displayed a strong
potency against FOXO1 (estimated IC5o = 73 nM), no activity against
FOXA2, and minimal activity against FOX03 and FOX04. No cellular
toxicity or nonspecific activity against CMV promoter-mediated reporter
gene activity was observed (Table 1). We examined inhibition of
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FOX01-dependent gluconeogenesis in primary hepatocytes by FBT374
and observed that it suppressed cAMP/DEX-induced G6pc in a dose-
dependent manner with an estimated 1Csq of 1.31 puM (Figure GA).
In vitro DMPK studies showed that FBT374 is more cell permeable than
FBT432 while retaining similar solubility (Supplementary Table 1).
Despite lower in vitro metabolic stability than FBT432, FBT374 has
comparable oral bioavailability. The slightly lower systemic plasma
levels were accompanied by higher exposure in liver and small in-
testine, at both 1 h and 8 h after oral dosing at 50 mg/kg
(supplementary Table 3). Together with the higher cell permeability,
the exposure data prompted us to investigate whether FBT374 is
effective as a single agent FOXO1 inhibitor.

To determine whether FBT374 suppresses hepatic glucose production
(HGP) in vivo, we performed pyruvate tolerance tests (PTT) in nor-
moglycemic mice following three oral doses of FBT374 at 15 and
50 mg/kg, respectively. Following intraperitoneal pyruvate injection,
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m
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3 o .
g?é 2+ m
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2e r,
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PF-03084014
+ FBT432

Figure 5: Hepatic effects of combination treatment with PF-03084014 and FBT432 in STZ mice. (A) RNA analysis after 10 days of treatment. (B—C) Representative H&E
staining after 10 days of treatment. Scale bar = 50 um. N = 3 per group, data are means 4 SEM. *** = p < 0.001, ns = not significant vs. vehicle by two-way ANOVA.
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Figure 6: In vitro and in vivo activity of FBT374. (A) G6pc mRNA in hepatocytes treated with the combination described. Means + SEM of 2—3 replicate wells per concentration
are shown. ICso was generated by four-parameter curve fit in GraphPad Prism. (B, C) Glucose levels and area-under-the-curve (AUC) during intraperitoneal PTT after oral treatment
with FBT374. N = 8 mice per group; *, **, *** = p < 0.05, 0.01, 0.001 vs. vehicle by two-way ANOVA (B) or one-way ANOVA (C). 7-8-week-old C57/BL6 mice were randomized
into three groups based on the body weight. (D) Weight measured before morning dosing in STZ or control mice. NS = not significant by two-way ANOVA. N = 8—25 per group.
Aggregated data from two independent experiments conducted under the same conditions and presented as means + SEM. (E) Ad libitum glucose measured before afternoon
dosing. **, ¥*** —p < 0.01, 0.0001 vs. vehicle by two-way ANOVA. (F) 4-hr fasting glucose on day 6. *** = p < 0.001 by one-way ANOVA multiple comparison. (G) Glucose
tolerance test (GTT) on day 6. **** = p < 0.0001 vs. vehicle by two-way ANOVA. (H) AUC from 0 to 120 min during GTT. ** = p < 0.01 by one-way ANOVA for multiple
comparisons. () Urine ketone on day 7. **** = p < 0.0001 vs. vehicle by two-tailed t-test.

50 mg/kg FBT374-treated animals showed a significantly lower As a control we included a vehicle-treated group that underwent the
glucose excursion than vehicle-treated controls; we also saw a similar ~ same procedures as STZ-treated mice. Of note, STZ injection and
trend in animals treated with 15 mg/kg (Figure 6B—C). Based on these  uncontrolled hyperglycemia resulted in a ~10% weight loss, seen as
results we further evaluated the glucose-lowering effect of FBT374 in  early as day 1 (Figure 6D). Oral administration of FBT374 at 50 mg/kg/
STZ mice. dose, twice a day for 6 days was well tolerated without signs of
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Figure 7: FBT374 treatment and generation of [3-like cells. (A, B) Representative immunostaining with 5HT (green) and insulin (red) after 12-day treatment with vehicle or
FBT374. (C) Quantification of 5HT- and insulin-immunoreactive cells across the entire gut. N = 3—7 per group, data are means = SEM. *p < 0.05 vs. vehicle by two-tailed t-test.
(D, E) 5HT (green) and PC2 (red), (F, G) C-peptide, (H, I) 5HT (green) and GLP-1 (red) staining. Scale bar = 50 um, DAPI counterstains nuclei. (J) Flow cytometry of 5HT-, ChgA-,
and GLP-1- immunoreactive cells from the proximal gut. N = 3—4 per group, data are means & SEM. *** **¥* — p < 0,001, 0.0001 vs. vehicle by two-way ANOVA. (K) gPCR
of isolated epithelial cells. N = 6—7 per group, data are means + SEM. * = p < 0.1, ** = p < 0.01, ns = not significant vs. vehicle by two-way ANOVA.

toxicity, consistent with the lack of cellular toxicity in vitro. Interest-
ingly, a progressive and significant glucose lowering effect was
observed within 2 days after starting treatment with FBT374 and
persisted until the end of the study (Figure 6E). Nearly a third (5 out 17)
of FBT374-treated mice achieved euglycemia compared to the vehicle
group after 5 days of treatment, and 63% (10 out of 16) showed fasting
euglycemia compared to sham-treated controls (Figure 6F). Strikingly,
following intraperitoneal injection of glucose after a 4-hr fast, FBT374-
treated mice exhibited a glucose excursion identical to the sham group
at 15 and 30 min, and slightly higher levels at 60 and 120 min

compared to sham (Figure 6G). Area under the curve (AUC) calculation
confirmed that glucose tolerance was virtually normal following
FBT374 treatment of STZ-diabetic mice (Figure 6H). Accordingly,
ketonuria, an indicator of insulin-deficiency, became undetectable
(Figure 6l). These data suggest that FBT374 treatment alone can
efficiently improve glucose homeostasis in STZ-induced diabetic mice.
To determine whether reprogramming of enteroendocrine cells into the
B-like cells contributed to the improved glycemic control of FBT374-
treated mice, we examined the presence of insulin-immunoreactive
gut cells by co-immunostaining with insulin and 5HT. Insulin- and
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5HT-immunoreactive cells were increased in duodenal crypts
(Figure 7A,B). Quantification of the entire gut from 7 different FBT374-
treated mice confirmed a ~ 5-fold increase of insulin-immunoreactive
cells compared to controls, and we estimate that they account for
approximately 0.2—0.5% of total gut epithelial cells (Figure 7C). This
increase was paralleled by PC2-/5HT-, and C-peptide co-
immunoreactive cells in FBT374-treated mice (Figure 7D—G).
Consistent with our previous findings [10,11], gut immunohisto-
chemistry showed that FBT374 treatment increased the SHT-immu-
noreactive EEC subpopulation by ~2.5 fold, while GLP-1 cells
remained unchanged compared to vehicle-treated mice (Figure 7J),
indicating that there is an expansion of EECs capable of conversion to
[B-like cells (Figure 7H,l). Gene expression analysis confirmed a sig-
nificant increase of Tph1 with a trend to increase ChgA (Figure 7K).
Although we were unable to detect an increase in plasma insulin
levels, this may be due to the scattered distribution and consequent
time lag of insulin release into the portal system (see discussion).

In addition, we detected a 2- to 3-fold increase in total insulin amount
in duodenal tissue and plasma insulin level in about 50% of mice in the
FBT374 treated group after 9—10 days (Supplementary Figure 3).
Although the results did not reach statistical significance due to indi-
vidual variability, they are consistent with a systemic effect of the
locally produced insulin (see discussion).

4. DISCUSSION

We report the identification and characterization of potent, selective,
and orally bioavailable FOXO01 inhibitors capable of inducing conversion
of gut cells to insulin-producing, glucose-responsive B-like cells
capable of normalizing glucose homeostasis in insulin-deficient dia-
betic mice. We optimized a series of small molecule FOXO1 inhibitors,
confirming their activity and selectivity in reporter gene and primary
hepatocyte functional assays. We advanced compounds with favorable
in vitro ADME properties and in vivo PK, including FBT432 and FBT374.
When administered to mice, both compounds decreased glucose ex-
cursions during pyruvate tolerance tests, consistent with the reported
effects of FOX01 on glycogenolysis and gluconeogenesis [17]. This
decrease was accompanied by suppression of CAMP/dexamethasone-
induced G6pc expression in primary hepatocytes, constituting effec-
tive, combined pharmacodynamic readouts of compound efficacy.
The effects of treatment with FBT432 in combination with PF-
03084014 are reminiscent of those in Akita mice by a combination
of FOX01 and Notch inhibitors [12]. These findings suggest that the
ability to expand the EEC pool and thus the generation of cells with an
insulinogenic potential is a class effect of this combination. Given the
demonstrated in vivo safety of various Notch inhibitors in human trials
for indications from Alzheimer’s disease to cancer, and the obvious
benefits of an oral treatment that would liberate patients from devices
to release insulin and measure glucose—let alone the constant risk of
fatal hypoglycemia—this approach has merit.

However, the main advance of the present study is the demon-
stration of efficacy of FOXO01 inhibition by a single compound. In
this regard, FBT374 outperformed FBT432. With both FBT com-
pounds, we found a correlation between hypoglycemic effect and
number of insulin-immunoreactive gut cells. While comparable to
FTB432 in primary luciferase assays, FBT374 showed improved
solubility and cellular permeability and, despite lower in vitro
metabolic stability, good oral bioavailability, tissue exposure, and
higher intestinal levels than FBT432, which may lead to better

local exposure in the crypts, where we observed the most pro-
nounced effect on the generation of P-like cells. FBT374 as
monotherapy normalized glucose levels and glucose tolerance in
STZ diabetes, a finding that recapitulates both somatic ablation of
Foxo1 by Neurogenin3 Cre and combination treatment.

These results phenocopy those obtained in STZ mice following genetic
ablation of Foxo7 and are consistent with the possibility that gut insulin
production drives the therapeutic effect [10]. We detected a trend of
increased gut insulin content and plasma insulin levels of mice treated
with inhibitors. While we cannot rule out a contribution to the glucose-
lowering effect by reduced hepatic glycogenolysis and gluconeogen-
esis, these effects cannot be separated from the reconstituted insulin
production. If the compounds were acting as insulin sensitizers, we
would not expect a glucose-lowering effect, because there is no
circulating insulin to sensitize the body to. In this regard, it should be
remembered that insulin-deficient patients do not show a reduction in
glucose levels in response to insulin sensitizers. The reversal of
ketonuria is also consistent with an insulin-dependent effect. There are
two likely reasons why were unable to detect an increase of plasma
insulin: unlike in the pancreas, where B-cells are clustered together
and release insulin in a coordinated fashion, B-like cells in the gut are
anatomically scattered, likely resulting in a shallower secretory peak.
Moreover, given the insulin-deficient state, secreted insulin is likely to
be rapidly cleared by the liver, resulting in lower systemic concen-
trations [18—20]. In addition, we have shown that a different FoxO1
inhibitor, FBT10, in combination with Notch inhibitors gives rise to
glucose-dependent insulin release from isolated gut specimens [12].
The feasibility of converting gut cells into B-like cells has received
further support by the recent discovery of bona fide insulin-producing
cells in the human fetal gut [21], an observation that we have inde-
pendently confirmed [22]. In this regard, it is possible that FOXO1
inhibition arrests EEC maturation at a fetal stage of development, a
speculation that is entirely consistent with the known effects of FOX01
inhibition in the pancreatic islet, where it promotes reversion to a
progenitor-like stage [23,24]. Thus, this intervention may recapitulate
aspects of the normal ontogeny of the cell fates in the endodermal
anlagen from which intestine, liver and islets are derived.

In conclusion we have identified potent, selective, orally bioavailable
FOXO01 inhibitors that show efficacy in normalizing glucose levels in
STZ diabetes, either in combination with a NOTCH inhibitor (thereby
extending our previous findings in the Akita model) [12] or as single
agents, phenocopying the effect of genetic Foxo7 ablation in mouse
[10]. Our results suggest the use of FOXO1 inhibitors as a potential
new class of agents for the treatment of insulin-dependent diabetes.
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