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HTRIF ANTAGONISTS FOR IMPROVEMENT OF BETA CELL
SURVIVAL AND FUNCTION

CROSS-REFERENCES TO RELATED APPLICATIONS
10601} The present application claims prionty to U.S. Provisional Pat. Appl. No.
63/136,434, filed on Javunary 12, 2021, which application is incorporated herein by reference
m ifs enfirety.

BACKGROUND OF THE INVENTION

{38827 Type | diabetes 1s caused by an autoimmune attack on the pancreatic beta cells. The
cure for type 1 diabetes must mvolve replacing or regenerating these critical cells (likely
combined with immunosuppression). Indeed, type 1 diabetes can be cured by islet
transplantation but many beta cells die soon after they are infused o the portal vein,
meaning that only recipients with low msulin requirements can be cured with 1slets from a
single donor {1, 21 Therefore, new therapeutics that improve human beta cell survival arg
expecied to make islet transplantation a possibility for more type 1 patients. While ES-cell
derved beta cells may soon allow a virtually unhimited supply of beta-hike cells, these cells
also die in significant mumbers upon transplant {3}, Guiside of the transplant setting, beta cell
death is an important part of the pathophysiology of both type 1 and type 2 diabetes {4] and
understanding buman beta cell death is expected to reveal new targets to treat all forms of

diabetes.

[B003] Increasing human beta cell replication would be a complementary approach to
reducing beta cell death. Many studies of beta cell rephication have 1dentified candidates in
rodent beta cells and then asked 1f these candidates can drive primary human beta cell
replication. Unfortunately, while many new mouse beta cell mitogens bave been found, most
have proven ineffective in adult human beta celis (recently reviewed by [5]). Starting i
rodent cells 1s not ideal since this strategy cannot wdentify any biology of primary human beta
cells that is not conserved in rodents. Indeed, the biology of the human beta cell can be quite
different than that of the mouse or rat, particularly with regard to proliferation {reviewed by
[61}. A bright spot in the arca of human beta cell replication has come from chemical screens

{7-10]. Inicrestingly, though these studies started with diverse libranes and/or screening
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strategies, most have converged on the whibition of a single target, DYRKIA {8, 9, 11, 12}
While the BDYRKIA inhibitors have certainly been a game changer, a major gap in the field
remains a relative pancity of other pathways that can trigger primary hioan beta ccll

replication.

BRIEF SUMMARY OF THE INVENTION
[3884] Provided herein are methods for treating diabetes. The methods melude

admimstration of a serotonin receptor 1F (HTRIF) antagonist to a subject in need thereof.

[60G5]  In some embodiments, the HTRIF antagonist 1s a compound according to Formula |

2
=y di R
3/0 \/K\/ N
R (1.

or a pharmaceutically acceptable salt thereof, wherein:

R} and R® are independently selected from the group consisting of hydrogen
and hvdroxy;

R31s sclected from the group consisting of phenvl, naphthvl, quinolinyl,
wsoquinolinyl, indanvl, 1,23 4-tetrahvdronaphthyl, indolvl, N-(Ci4 alkylindolvl,

benzothiazolyl, benzothienyl, benzofuryl, 2.3-dihydrobenzothienyl, 2,3-dihvdrobenzoturyl,

jelolidinyl, and dibenzofuryl;

R’ is optionally substituted with one or two substituents independently
selected from the group consisting of Crs alkyvl, Crs acyl, benzovl, Cie alkoxy, phenoxy, Cis
alkylihio, tnfluoromethyl, mfluoromethoxy, and halo; and

R s selected from the group consisting of pyridin-3-yl, guinolin-3-vi,

isoquinolin-4-vl, and quinoxalin-2-y1.

106067  Alsc provided herein are methods for transplanting pancreatic islets. The methods

mchude delivenng pancreatic 1slets o a subject i conjunction with an HTRIF antagonist

BRIEF DESCRIPTION OF THE DRAWINGS
[B087] FiG. 1A shows the design of a pooled shRNA dropout screen in primary human
beta cells. A cell with an shRNA targeting a negative regulator of proliferation or survival 1s
labeled with an arrow at the top of FIG. 1A, and a higher frequency of these cells 1s shown

after transplant,
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13608] TG, 1B shows fold-cnrichment after transplant of 25 shRNAs targeting CDKNIB
{erey) or 500 non-targeting shRNAs {black). Each linc represents a different donor. A total of

3 donors are shown.

(68097 FIG. 1C shows fold-enrichment as in FIG. 1B, but for shRNAs targeting HTR/IF

{zrev)

{36108} FiG. 1D shows enrichments for gach of the HTR/ Ftargeting shRNAs averaged
over the 3 donors {grey) and 20 randomly selected negative controls shRNAg (black). Note
that these ennichments are represented as the log? fold enrichment. Standard error is shown

over the 3 mdependent donors.

{6011}  FiG. 2A shows islet cell death afier treatment with an HTRIF specific agonist.
Dhssociated human slets were treated with the indicated doses of LY 344864 for 24 hours.
Diead cells were monitored by Sytox Green. The nomber of Sytox Green nuclet were
normalized to cclt density measured by bright ficld imaging. n=4 biological rephicates for
cach donor. *p<0.05, ¥**p<0.01 by post-hoc Student’s t-test after one-way ANOVA versus

vehicle treatment.

[B812] FIG. 2B shows islet cell death as in FIG. 2A, but cells wore treated with the
indicated doses of LY 344864 tor 24 hours and stamed by TUNEL and for insulin. A
representative tmage is shown, White arrows represent cells that are TUNELA wnsulint cells,

Scale bar is 25 uM.

{0813} FIG. 2C shows the gquantitation of FIG. 2B over 4 mdependent donors. Given
differences in baschine cell death between donors, the fold moerease in the fraction of
TUNEL+ beta cells over vehicle control is plotted. Standard error is shown, n=4 donors with
at least 400 beta cells counted for each donor. * p<Q.05, one-way ANOVA | post-hoc tested

against vehicle.

[0814] FIG. 2D shows cell death in MING cells treated with either vehicle or pertussis toxin
and then transicotly transfected with either GFP or GFP-T2A-HTRIF. GFP+ cells were
assessed for cell death by propidium iodide staining 32-40 hours afier transfection. Two-way
ANOVA analysis showed an effect of HTR/F expression f{1) = 11.9, p=0.000762 and an
effect of pertussis toxin treatment f{1) = 10,494, p=0.001529, bot f{1} = 1969, p=0.162 for

2"
ol

mteraction. Significant post-hoo Holm adjusted Stadent’s t-test comparisons are shown. n=3

2
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for each group condacted over 3 independent experiments. Taken together, FIGS. 2A-2D

ithustrate the induction of primary human beta cell death by HTRIF signalmg.

[0815] FIG. 2E shows the efficient knockdown of HTR# with an HTRI 7 shRNA K562
cells were infected with a lentivirus containing puromycin resistance and either control or
HTRIF shRNA, selected with puromyein and RT-QPCR was performed for HTRIF. n=5.
*p<0.05 by Student’s t-test.

10616]  Fifz 3A shows a strategy for measuring beta cell death in the setting of transplant.

{08177 FIG. 3B shows beta cell death measured after human sslets were infected with
control shRNA lentivirus {GFP) or H7R/#F shRNA lentivinus {mCherry), transplanted,
explanted, and stained for cleaved caspase-3, mCherry, and GFP as depicted n Fi(r. 3A. The
% reduction m cleaved caspase-3 i mCherry positive cells (HTRIF knockdown) as
compared to the GFP positive cells {control knockdown) s plotted. n=4 donors. ** p<0.01 by

one sample, two-tailed Student’s t-test. Baseline cell death ranged between 5-10%.

10618} Fi{z 3C shows beta cell death in dissociated human islets treated with 10 pM
thapsigargan, 30 nM methysergide, or both for 48 hours. % dead cells were monitored by
Sytox Green staining at 48 hours and normalized to total nucler. n=3 biological replicates per
condition. Each graph is from an independent donor. *p<.05 for thapsigargan and forthe
imieraction between methysergide and thapsigargan by 2-way ANOVA . Standard error is

shown.

[B819]  FIG. 3D shows diabetes-free survival in test amimals receiving marginal islet mass
transplants of human slets treated with vehicle or methysergide. *p<0.05 by log-rank
{Mauntel-Cox} test. Taken together, FIGS. 3A-3D illustrate the prevention of human beta cell

death by blocking of HTRIF signaling.

[6826] FIG 4 shows inhibition of HTRIF 1 2937 ¢cells by 1-(2-hydroxy-3-(naphthalen-2-

vioxyipropyli-4-{guinolin-3-vipiperidin-4-ol.

106217  Fi 5 shows glucose-stimulated insulin release in human isiets treated with HIRIF
antagonist 1-(2-hvdroxy-3-(naphthalen-2-viexy)propvi)-4~{(quinolin-3-yhpiperidin-4-ol (right
bars) as compared to control islets (Ieft bars). Antagonist structure is shown above the data

plot.
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DETAILED DESCRIPTION OF THE INVENTION
106227 Islet transplantation can cure type 1 diabetes but peri-transplant beta cell death
limits thus procedure to those with low insulin requirements. Iraproving buman beta ccl
survival or proliferation may make 1slet transplantation a possibility for more tvpe | patients.
The present mvention is based, in part, on the identification of regulators of beta cell survival
and proliferation using a pooled RNA interference screen in primary buman beta cells
transplanted into mice. Small hatrpin RNAs targeting cvelin dependent kinase inhibitors were
enriched after transplant, showing that the screen was able to detect negative regulators of
beta cell proliferation. Blocking of signaling mediated by the Gai-coupled, serctonin IF
receptor {(HTR1F) was found to reduce beta cell death, whereas triggering HTRIF signaling
imnduced beta cell death. Methysergide, a serotonin receptor antagonist formerly used for
headache prophyviaxis, improved glycemia in a mouse model of human islet transplant.
Inhibition of HTRIF was also found to morease mnsulin production in human islets. The
studies described herein show that HFRIF is a novel target to traprove human beta cell
survival during islet transplantation and tor the treatmoent of metabolic disorders such as

diabetes.
i Defimitions

106237 As used herein, the term “diabetes” refers to a variable disorder of carbohydrate
metabolism caused by a combination of hereditary and environmental factors. Diabetes
meludes, but is not himited to, tvpe T diabetes, where the pancreas produces hitle orno
msuling type 2 diabetes, where a subject becomes resistant to insulin or cannot produce
sufficient insulin; gestational diabetes; prediabetes; and metabolic syndrome. Diabetes is
typically characterized by inadequate secretion or utilization of msulin, by excessive urine
produciion, by excessive amounts of sugar in the blood and urine, and by thirst, hunger, and

loss of weight,

[6624]  As used herein, the terms “serotonin receptor LF,” “3-hydroxyirvptanune receptor
1F.” and “"HTRIF” refer to a G-protein coupled receptor for S-hydroxyiryptamime
{serotonin). HTRIF is a Gio-type receptor, and activation leads to inhibition of adenyivl
cvelase and decreased production of cAMP. Human HTRIF (GenBank Accession No.
AAM21128.1) 1s expressed in various cells and tissues including, but not Hmited to, brain
tissue; airway epithelial cells; subcotaneous adipose tissue; kidaey tissue; and pancreatic beta

cells, alpha cells, delta cells, and gamma cells. Over 200 orthologs to human HTRIF bave

(o]
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been dentified n various species including, but not bmited to, mouse (M. musculus), cattle

(H. frusy, dog {C. fupus), sheep (O aries), and chimpanzee (P, rroglodvies).

[B023]  As used herein, the term “pancreatic islet” refers to cell aggregates containing
pancreatic endocring hormone producing cells: alpha cells, beta cells, delta cells, gamma cells
epsiton cells, and combinations thereof. In vivo, islets (also referred to as islets of
Langerhans} are roughly spherical and distributed throughout the pancreas, surrounded by
exocring tissue. Pancreatic islets may be obtained from a deceased donor and transplanted to

a subject as described herein {e.g., to the hiver of the transplant recipient).

{08261  As used herein, the term “alkyL” by itself or as part of another substituent, refers to
a straight or branched, saturated, aliphatic radical having the number of carbon atoms
indicated. Alkyl can include any number of carbons, such as Ciz, Cia, Crag, Cros, Cros, Cia,
Ciz, Cioo, Cro0, Cos, Cog, Cos, Cros, s, Cass, Caos, Cas, Cacs, and Css. For oxample, Cis
alkyl includes, but is not imited to, methyl, cthyl, propyl, sopropyl, butyl, isobutyl, sec-
butyl, tort-butyl, pentyl, isopentyl, hexyl, etc. Alkyl can also refer to alkyl groups having up
to 20 carbons atoms, such as, but not limited to heptyl, octyl, nonvl, decvl, etc. Alkyl groups
can be substituted or unsubstituted. Unless otherwise specified, “substituted alkyl” groups
may be substituted with one or more groups selected from hale, hydroxy, amine, oxo,

alkylanino, amido, acvl, nitro, cyana, and alkoxy.

{3827} As used herein, the term “alkoxy,” by itself or as part of ancther substituent, refers

to a group having the formula -OR. wherein R is alkyl

{0628}  As used herein, the term “haleoalkyl,” by ttself or as part of another substituent,
refers to an abkyl group where some or all of the hydrogen atoms are replaced with halogen
atoms. As for alkyl groups, haloalkyl groups can have any suitable number of carbon atomes,
such as Cis. For example, haloalkyl inchudes tnifluoromethyl, fuoromethyl, erc. In some
mstances, the term “perflacro” can be used to define a compound or radical where all the
hydrogens are replaced with fluonine. For example, perfluoromethyl refers to

1,1, 1-tnfluoromethyl.

(68297  As used herein, the toerm “aryL” by tiself or as part of another substituent, refers to
an aromatic ring svstem baviong any suttable number of carbon ring atoms and any suitable
number of rings. Arvl groups can inclade any suttable number of carbon ring atoms, sach as
Cs, Cr. Cs, s, Cro, Cin, Cin, Tis, Cug, Cis or Cis, as well as Coao, U1z, or Co14 . Aryl groups

can be monocychic, fused to form bicyclic {e.g., benzocyclohexyl) or tricyclic groups, or
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linked by a bond to form a hiarvl group. Representative arvl groups include phenvl, naphthyl
and biphenyl Uther aryl groups include benzyl, having a methylene linking group. Some
aryl groups have from 6 to 12 ring members, such as phenyl, naphthy! or biphenyl. Other
arvl groups have from 6 to 10 ring members, such as pheny! or naphthyl. Some other aryl
groups have 6 ring members, such as phenyl. Aryl groups can be sabstituted or
ansubstiited. Unless otherwise specified, “substituted aryl” groups can be substituted with
one of more groups selected from halo, bydroxy, amino, alkylamivo, amido, acyl, nitro,

cyano, and alkoxy.

[6638]  As used herein, the term “heteroaryl,” by itself or as part of another substituent,
refers to a monocychic or fused bicvelic or tnicvelic aromatic ring assembly contaiming 5 to 16
ring atoms, where from 1 to 3 of the ring atoms are a heterpatom such as N, Gor S,
Additional heteroatoms can also be useh, including, but oot limited o, B, Al, Stand P. The
heteroatoms can be oxidized to form moieties such as, but not hnuted to, ~S{0)~ and ~S{(3)-.
Heteroaryl groups can include any number of ning atoms, such as Cs.s, Csag, Cas, Tses, Ces,
Csug, 310, Caany, o1 Cio1z, wherein at least one of the carbon atoms is replaced by a
heteroatom. Any suitable number of heteroatoms can be mcluded in the heteroaryl groups,
suchas 1,2, 3, 4 or3,0rlto2, 1103, 104, 1105, 2903, 2104, 2105, 3tod, or3t0 5.
For example, hetercaryl groups can be Usshetercaryl, wherem 1 o 4 carbon ring atoms are
replaced with heteroatoms; or Us.s hetercarvl, wherein 1 to 3 carbon ring atoms arg replaced
with heteroatoms; or Cs. heteroaryl, wherein 1 to 4 carbon ring atoms are replaced with
heteroatoms; or Cs.6 heteroarvl, wherein 1o 3 carbon ring atoms are replaced with
heteroatoms. The heteroaryl group can inciude groups such as pyrrole, pyridine, imidazole,
pyrazole, triazole, tetrazole, pyrazine, pvamiding, pyndazine, triazine {1,2,3-, 1,2.4- and
1,3,5-1somers}, thiophene, furan, thiazole, isothiazole, oxazole, and isoxazole. The heteroaryl
groups can also be fused to aromatic ring systems, such as a phenvl ring, to form members
including, but not limited to, benzopyrroles such as indole and i1soindole, benzopyridines such
as quinoling and 1soquinoling, benzopyrazine {quinoxaline), benzopyrimidine {guinazoling},
benzopyrnidazines such ag phthalazing and cinnolme, benzothiophene, and benzofuran. Other
hetercaryl groups include heteroaryl rings linked by a bond, such as bipyridine. Heteroaryl
groups can be substituted or unsubstituted. For example, “substituied heteroaryl” groups can
be substituted with one or more groups selected from halo, hvdroxy, amino, alkylamine,

amido, acyl, nitro, cvane, and alkoxy.

-3
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[3631] The heteroaryl groups can be hinked via any position on the ring. For example,
pyrrole includes i-, 2- and 3-pyrrole, pyridine includes 2-, 3~ and 4-pyridine, imidazole
mcludes -, 2-, 4- and S-imidazole, pyrazole includes 1-, 3-, 4~ and 3~pyrazole, triazole
meludes i-, 4- and S-triazole, tetrazole includes [- and S-tetrazole, pyrimiding includes 2-, 4-,
5- and 6- pynmidine, pyndazine tnclades 3- and 4-pyridazine, 1,2, 3-trazine inclades 4- and
S-triazine, 1.2 4-triazme includes 3-, 5- and 6-triazine, 1,3, 5-trniazine includes 2-triazine,
thiophene includes 2- and 3-thiophene, furan tneludes 2- and 3-furan, thiazole includes 2-, 4-
and 3-thiazole, 1sothiazole meludes 3-, 4- and S-1sothiazole, oxazole includes 2-, 4- and 5~
oxazole, soxarole meludes 3-, 4- and 3-isoxazole, indole mchudes 1-, 2- and 3-indole,
isoindole wncludes 1- and 2-isomdole, guinoline includes 2-, 3~ and 4-quinohine, isoguinoline
meludes -, 3- and 4-1soquinoline, quinazoline meludes 2- and 4-quinoazohng, cionoline
meludes 3- and 4-ctunoling, benzothiophene includes 2- and 3-benzothiophene, and

benzofuran mcludes 2- and 3-benzofuran.

{38321 As used herein, the term “heterocvelyl,” by 1tself or as part of another substituent,
refers to a saturated ring system: having from 3 to 12 ring members and from | to 4
heteroatoms of N, O and 8. Additional heteroatoms can also be useful, including, but not
hmated to, B, Al Siand P. The heteroatoms can be oxidized to form moieties such as, but
not fimited to, -5(03- and -5(0):-. Heterooyelyl groups can imchude any number of ring
atoms, such as, Cas, Cas, Tses, Caus, Car, Csaa, Coug, Taoo, Caato, Caann, of Tz, wherein at least
ong of the carbon atoms 18 replaced by a heteroatom.  Any suitable number of carbon ring
atoms can be replaced with heteroatoms in the heterocvelyl groups, suchas 1, 2, 3, or 4, or |
02, 1103, 104, 2103, 214 or3to4d The heterocyclyl group can melude groups such as
aziridine, azetidine, pyrroliding, piperidine, azepane, azocane, qumuchidine, pyrazohidine,
midazolidine, piperazine {1,2-, 1,3~ and I 4-isomers), oxirane, oxetane, tetrahydrofuran,
oxane {fetrahydropyran}, oxcpane, thiirane, thietane, thiolane {tetrahydrothiophene}, thiane
{(tetrahydrothiopyran), oxazolidine, isoxazoliding, thiazolidine, 1sothiazolidine, dioxolane,
dithiolane, morpholine, thiomorphokhine, dioxane, or dithiane. The heterocvelyl groups can
also be fused to aromatic or non-aromatic ring systems to form members meluding, but not
fimited to, indoline. Heterocvelyl groups can be unsubstituted or substituted. For example,
“substituted heterocvelvl” groups can be substituted with one or more groups selected from

halo, hvdroxy, amino, oxo, alkviammo, anmudo, acyl, nitro, cvane, and alkoxy.

{6833} The heterocyelyl groups can be linked via any position on the ring. For example,

aziridine can be 1- or 2-azindine, azetidine can be 1- or 2- azetidine, pymrolidine can be 1-, 2-
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or 3-pyrrolidine, piperidine can be 1-, 2-, 3- or 4-pipendine, pyrazolidine can be 1-, 2-, 3+ or
4-pyvrazolidine, imidazokdine can be 1-, 2-, 3- or 4-mudarclidine, piperazine can be i~ 2-, 3~
or 4-piperazine, tetrabvdrofuran can be 1- or 2-tetrahydrofuran, oxazolidioe can be 2-, 3+ 4-

or S-oxazoliding, 1soxazohdine can be 2-, 3-, 4- or 3-1soxazoliding, thigzohiding can be 2+, 3+
4- or 3-thiazohdine, isothiazohidine can be 2-, 3+, 4- or 5- isothtazoliding, and morpholine can

be 2-, 3- or 4-morpholine.

[3834]  As used herein, the terms “halogen™ and “halo,” by themselves or as part of another

substituent, refer to fluorine, chlorine, bromine and ioding.
[B035]  As used herein, the term “hydroxy” refers to the moiety ~OH.

[B835] As used herein, the torm “oxo” refers to an oxygen atom that is double-bonded to a

compound {i.e., 0=},

{66377 As used herein, the term “amino” refers to a moiety —~NRz, wherein cach R group 1s
H or alkyl. An amino moiety can be ionized o form the corrcsponding ammonium cation.

“Alkylamino” refers to an amino moiety wherein at least one of the R groups 1s alkyl.

[3838]  As used herein, the ferm “amudo” refers to a moisty ~NRC{OJR or —C{(O)NR3,

wherein each R group is H or alkyl.

[6639]  As used herein, the term “acvl” refers to the moisty ~C(OMR, wherein cach R group

18 alkyl.
{30403  As used herein, the term “ntiro” refers to the motety —-NOz.

106417  As used herein, the term “cvane” refers to a carbon atom triple-bonded to a nitrogen

atorn {(i.¢., the moicty —C=N).
(68427 As used herein, the term “carboxy” refers to the moiety ~C(O)0H.

{38431  As used herein, the torm “salt” refers to a compounds comprising at least one cation
{e.g., an organic cation or an inorganic cation) and at least one anion {e.g, an organic anion
or an inorganic anion). Acid salts of basic HTRIF antagonists include, but are not limited to,
moineral acid salis {e.g., salts formed using hvdrochlornic acid, hydrobromic acid, phosphoric
acid, and the like}, organic acid salts {e.g., salts formed using acetic acid, propionic acid,
glutamic acid, citric acid, and the like) salts, and quaternary ammonium salts {e.g., salfs
formed using methyl wodide, ethyvl wodide, and the like). Acidic HTRIF antagonists may be

contacted with bases to provide base salts such as alkali and alkaline earth metal salts (e.g.,
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sodiom, hihium, potassiom, calcium, and magnesiom salts), as well as ammonium salts (e g,
ammonivm, trimethyi-ammonium, dicthylammonium, and tris-(hydroxymethyli-methyl-

ammonium salts),

{6844} In some embodiments, the neutral forms of the compounds may be regenerated by

contacting the salt with a base or acid and isolating the parent compound in the conventional
manner if desired. In some embodiments, the parent form of the compound may differ from
various salt forms in certain physical properties, such as sohubility in polar solvents, but

otherwise the salt forms may be equivalent to the parent form of the compound.

[0845]  As used herein, the term “pharmaceutically acceptable excipient” refers to a
substance that aids the administration of an HTRIF antagonist or other compound to a
subject. By “pharmaceutically acceptable,” it 1s meant that the excipient is compatible with
the other ingredients of the formulation and 1s not deleterious to the recipient thereof. Ttis
understood, for example, that pharmaceutically acceptable excipients and salts are non-toxic,
Useful pharmaceutical excipients mnclude, but are not limited to, solvents, diloents, pH

modifiers, and solubilizers.

[B846]  As used herein, the torms “freat,” “treatment,” and “treating” refer to any indicia of
success in the treatment or amehioration of a condition {e.g., diabetes), injury, pathology, or
symptom, melading any objective or subjective parameter such as abatement; remission;
diminishing of symptoms or making the symptom, inpury, pathology or condifion more
tolerable to the patient; reduction in the rate of symptom progression; decreasing the
frequency or duration of the symptom or condition; or, n some situations, preventing the
onset of the symptom. The treatment or amehioration of symptoms can be based on any

objective or subjective parameter; including, e.g., the result of a physical exammation,

[3847]  As used herein the term “effective amount™ refers 1o a dose of a compound such as
an HTRIF antagonist that produces the cutcome for which it is administered. The exact dose
will depend on the purpose of the treatment, and will be ascertainable by one skilled i the ant
using known techniques (see, e.g.. Licherman, Pharmacentical Dosage Forms (vols. 1-3,

;

1992); Lioyd, The Ari, Science and Technology of Pharmaceuntical Compounding (1999},

Pickar, Dosage Caleulations (1999); Goodman & Gilman's The Pharmacological Basis of
Therapeniics, 11% Edition, 2006, Brunton, Ed., McGraw-Hill; and Remingron: The Science
and Practice of Pharmacy, 21 Edition, 2005, Hendrickson, Ed., Lippmceott, Wilhiams &

Wilking).
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[3848]  As used herein, the terms “antagonizing” and “inhibiting” refer to reducing the level
of activity {e.g., signaling activity} of target such as HTRIF which can be assessed, for
cxample, using an in vifro assay or other suitable assay. Inhibition of target activity caused by
a particular substance (e.g.. an HTRIF inhibitor as described heremn) can be expressed as the
percentage of the activity measured m the absence of the substance under similar conditions.
The ability of a particular substance to inhibit a target can be expressed as an {Cso value, i.e.,
the concentration of the compound required to reduce the activity of the enzyme to 36% of s

maximum activity.

[0649]  As used herein, the term “subject” refers to animals such as mammals, including,
but not hmited to, primates {e.g., humans), cows, sheep, goats, horses, dogs, cats, rabbits,

rats, mice and the like.

[B850] The terms “about” and “around,” as used herein to modify a numerical value,
mdicate a close range surrounding that explicit value. I “X” were the value, “about X7 or
“around X7 would mdicate a value from 0.8X to 1.2X, preferably a value from 0.9X t0 1.1X,
and, more preferably, a value from 0.95X t0 1. 05X, Any reference to “about X7 or “around
X7 specifically indicates at least the values X, 69X, 091X 092X 093X, 094X (0.95X,
0.96X, 097X, 098X, 0.99%, 1 01X, 102X, 1 03X, 1 04X, 1.05X, 106X, 1 07X, 1 08X,
109X, and 1.10X. Thus, “about X and “arcund X are intended to teach and provide

written description support for a claim hmitation of e.g, “0.98X”
L Methods for Treatment of DHabetes

{6051} As described herein, it has been discovered that knockdown of human serotonin
recepior IF (HTRIF) improves primary human beta cell survival in the setting of pancreatic
islet transplantation. In contrast, HTR1F agonists were found to inhibit human beta cell
function and cause human beta cell death. HTRIF antagonists, inchuding those mnitially
contemplated for the treatment of anxicty, can be used to improve primary human beta cell
survival and function during islet transplant and in a patient’s own beta cells during treatment

of diabetes.

(6852} Provided herein are methods for treating diabetes. The methods mnchide
admnistering a therapeutically effective amount of a serotonin receptor IF (HTRIF)
antagonist {0 a subject in need thereof. The subject may have, for example, type 1 diabetes,
tvpe 2 diabetes, gestational diabetes, or mnsulin resistance. In some embodiments, the subject

has type 1 diabetes, type 2 diabetes, or gestational diabetes. o some embodiments, the

i
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HTRIF antagomst is administered to the subject in conjonction with a pancreatic islet

transplantation procedure, as deseribed below.

{08831 Insome embodiments, the HTRIF antagonist is a substituted piperidine compound

according to Formula 1

or a pharmaceutically acceptable salt thereof, wherein:

R and R? are independently selected from the group consisting of hydrogen
and hydroxy;

R is selected from the group consisting of phenyl, naphthyl, quinolinyi,

10 isoquinohinvl, ndanyl, 1,2,3 4-tetrabydronaphthyl, indolyl, N-{Ci4 alkylindolyl,
henzothiazolyl, benzothienyl, benzoturvl, 2,3-dihydrobenzothienyl, 2,3-dihvdrobenzofuryi,
julolidinyl, and dibenzoturvi;

RY is optionally substitated with one or two sabstituents independently
selected from the group counsisting of Cre alkyl, Cre acyl benzoyl, Cis alkoxy, phenoxy, Cis

15 alkylthio, tmflucromethyl, trifluoromethoxy, and halo; and

R* s selected from the group consisting of pyridin-3-y1, quinoln-3-vl,

isoquinohin-4-yi, and quinoxalin-2-y1L
[00654] Tn some embodiments, R’ and R? are hvdroxy. In some embodiments, R is
naphthvl. In some embodiments, R? is quinolin-3-vl. Compounds of Formula I can be

20 prepared as desenbed, for example, in US. Pat. No. 6,242 450,
[3855]  In some embodiments, the HTRIF antagonist is methiothepin, methysergide, a
methysergide derivative, or a pharmaceutically acceptable salt thereof
[0856] Insome embodiments, the HTRIF antagonist is methiothepin {CAS Registry No.
20229-30-5; 1-(10,1 I -dihydro-8~(methyithio)dibenzolb fithiepin- 1 0-y}-4-methylpiperazing)

o Oy
P L
) \}s

Xy .
N
)

25 CHs
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or a pharmaceutically accepiable salt thereot (.2, methiothepin maleate, CAS Registry No.

19728-88-2; methicthepin mesylate; or the hike),

{08571  Insome embodiments, the HTRIF antagonist 1s methysergide (CAS Registry No.
361-37-5; (6aR 9R}-N-{(8}-1-hydroxybutan-2-y1}-4, 7-dimethyl-4,6,6a,7 8 9-
5 hexahvdromdolo]4,3-fglguinoline-9-carboxamide):

o

CH,

or a pharmaceutically acceptable salt thereof (e. 2., methysergide maleate, CAS Registry No.
129-49-7; or the like). In some embodiments, the methysergide dernvative is a compound

according to Formula 1L

10 (I,
or a pharmaceoatically acceptable salt thereof, wheren:
R s selected from the group consisting of hydrogen, optionally substituted
Cra alkvl {e.g, Cig alkyl substitiied with one or more thuotine atoms}), optionally substituted
Cira acyl, and optionally substituted Civ heteroalkyl;
15

R is selected from the group consisting of hydrogen, optionally substituted
Cra alkyl {e.g, Cia alky] substituted with one or more fluoring atoms), optionally substituted
Ci4 acyi, halogen, ~OH, and optionally substituied Ci-1 heteroalkyl;

R i selected from the group consisting of optionally substituted alkyl,
optionally substituted acyl, halo, optionally substituted hetercalkyl, ~NQ2, N3, ~OH,
20 —S(OnRV2 QR _NRURB _CONRMRY CO:RPe and -O:CRPY,
R is selected from the group consisting of hydrogen and optionally

substituted Cis alkyl (e.g.. Cis alkyl substituted with one or more flucrine atoms);

i3
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RU% ig selected from the group consisting of hydrogen, optionally substituted
Craalkyl{e. g, Cis alkyl substitited with one or morg fluorine atoms}, and optionally
substituted Ci4 heteroalkyl;

R'® is selected from the group consisting of hydrogen, optionally substituted
Cra alkvl {e. g, Ciq alkyl substituted with one or more fluorine atoms), and optionally
substituted Ci-¢ heteroalkyk;

subscriptnis 0, 1, Zor 3;

subscripto1s 0, 1, 2, 3 or 4;

subscriptk s 0, 1 or 2; and

RULR BN gre independently selected from the group consisting of hvdrogen,
optionally substituied alkyl, optionally substituted acyl, optionally substituted arvl, optionally
substituted arvialkyl, optionally substituted heteroalkyl, optionally substituted hetercaryl, and

optionally substituted heteroarviatkyl.

[6058]  In some embodiments, both RY and R? in compounds of Formula If are not
hiydrogen. In some embodiments, R* in compounds of Fornula 1Y is other than hydrogen
when R and R are methyl, subscript o is 0, subscript o 15 1, and R* and R are hydrogen.
Compounds of Formula I can be prepared as described, for example, in U.S. Pat. No.

8.895.743.

[B03%]  In some embodiments, the HTRIF antagomst may be a compound which 1s known
o antagonize other serotonin receptors and which may also exhibit an inhibitory effect on
HTRIF. Methysergide, for example, is known to antagonize HTRIA, HTR2A, HTR2B.
HTR2C. Other such non-selective serotonin recepior inhibitors include, but are not limiuted to,
cvanopindolol, ergolime alkaloids {e. g, metergoline, methvlergonoving), tricyclic
thiepmes/thicpanes {e.g.. methiothepin), T-napthylpiperazine, indole alkaloids (e g,
vohimbine), and phenvimdoles {e.g., sertindole}. Non-sclective serotonin recepior mhibitors
can be particularly useful for treatment of pancreatic 1slets prior to a transplant procedure ag

described herein.

[6668]  In some embodiments, the HTRIF antagonist is an antibody that binds to HTRIF.
As used herein, the term “antibody” refers to a protem with an immunoglobulin fold that
specifically binds to an antigen via its variable regions. The term encompasses mtact
polyclonal antibodies, tnfact monoclonal antibodies, single chain antibodies, multispecific

antibodics such as bispecific antibodies, monospeaific antibodies, monovalent antibodies,
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chimeric antibodies, hamanized antibodies, and human antibodies. The term “antibody,” as
used herein, also mchides antibody fragments that retain antigen-binding specificity via is
variable region, including but not lumnited to Fab, Flab’ ), Fv, scFv, and bivalent scFv.
Antibodies can contain hght chaing that are classified as etther kappa or lambda.  Antibodies
can contain heavy chams that are classified as gamma, muy, alpha, delia, or epsilon, which in
turn define the immunoglobulin classes, IgG, IgM, IgA, 1gD and IgE, respectively. The
andthody may be a monoclonal antibody or a polyclonal antibody. A “roonoclonal antibody™
refers to antibodies produced by a single clone of celis or a single cell line and consisting of
or consisting essentially of antibody molecules that are identical in their primary amino acid
sequence. A “polvclonal antibody” refers to an antibody obtamed from a heterogencous
population of antibodies in which different antibodies in the population bind to different

epitopes of an antigen.

{38611 Antbodies mav be obtained from commercial sources, or may be prepared by
immunizing an ammal (e g, a mouse) with an antigen (e.g.. an HTRIF protein or fragment
thercof} or a vuxture of antigens, for the induction of an antibody response. In some
cmbodiments, the antigen or guxture of astigens s administered in conyugation with an
adjuvant {e.g., Freund’s adjuvant). After an miial immmunization, one or more subsequent
booster ijections of the antigen or antigens may be administered to improve antibody
production. Following immunization, antigen-specific B cells are harvested, e.g., from the
spleen and/or Iyraphoid tissue. Phage or yeast display technology can be used to wentify
antibodies and Fab fragments that specifically bind to selected HTRIF antigens.
Ahlernatively. the genes encoding the heavy and light chains of an antibody of interest can be
cloned from a cell, e.g., the genes encoding a monoclonal antibody can be cloned from a
hybridoma and used to produce a recombinant monoclonal antibody. Gene bibraries encoding
heavy and light chams of monoclonal antibodies can also be made from hybridoma or plasma
celis. Antibodies can also be made bispecific, i.¢., able to recognize two different antigens.
Antibodics can also be heteroconjugates, e.g., two covalently joined antibodies, or
immunotoxins., Antibodies can be produced using any number of expression systems,
mcluding prokaryotic and eukarvotic expression systems. In some embodiments, the
¢xpression svsiom 18 a mammalian cell expression, such as a hybridoma, or a CHO cell

expression sysiem. Many such systems are widely available from commercial suppliers.

(68627 In some embodimenis, the HTRIF antagonist is a nucleic acid that inhibits the

expression of HTR1IF. The vucleic acid can be, for example an siRNA or shRNA that
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mediates RNAL by targeting and inhibiting the expression of HIRIF. Other aseful nucleic
acid-based inhibitors include microRNAs and antisense oligonucleotides. Relevant
sequences and methods for geverating mhubttory RNA molecules are known in the art.
siRNAs useful for inhibiting the expression of HTRIF are commercially available from, for
example, Santa Craz Biotechnology, Inc. (Catalog No. s¢-42229}. siRNAs, shRNAs,
microRNAs and antisense oligonucleotides, frequently 19-21 nuclectides in length, may also
synthesized according to known methods and customized as desired based on the sequence of
the target to be mhibited. The nucleic acid may have a single sequence or may be a pool of
different sequences {e.g., a pool of 3-7 siRNAs that inhibit the expression of HTR1IF). In
some embodiments, the nucleic acid comprises a sequence havimg at least 70% wdentity {e.g.,
at least 75, 80, 90, 95, 99, or 100% identity) to SEQ ID NG 1 or SEQID NG 2 ora
complementary sequence. The terms “identity” and “identical” refer to a sequence having
sequence identity o a reference sequence. Algorithms that are suitable for determuining
percent sequence identity and sequence sunilanty include BLAST and BLAST 2.0
algorithms, which are descnbed 1 Altschul ef of., 1990, and Altschud er o, 1977,
respectively. Software for performing BLAST analyses is publicly available through the
National Center for Biotechnology Information (NCBI) web site. The BLASTN program for
nucleotide sequences uses as defanlis a word size (W) of 28, an expectation (E) of 10, M=1,
N=22 | and a companson of both strands. The BLAST algorithm also performs a statistical

analysis of the similarity between two sequences {Karlin and Altschul, 1993).

[3863]  In some embodiments, the HTRIF antagomnist 1s adnunistered as a pharmaceutical

composition comprsing the HTR1F and a pharmaceutically acceptable excipient.

[6064] Liquid pharmaccutical compositions include solutions, suspensions, and emulsions.
Such formulations may be administered orally or by injection, that i, mtravenously,
intramuscularly, indracutancously, subcutancously, intraduodenally, or intraperitoncally.
Liquid compositions will commonly comprise a solution of the HTRIF antagonist dissolved
i 3 pharmaceutically acceptable camier. Among the acceptable vehicles and solvents that
can be employed are water and Ringer's solution, an isotonic sodium chloride. In addition,
steriie fixed oils can conventionally be cmploved as a solvent or suspending medinm. For
this purpose any bland fixed oil can be emploved mcluding synthetic mono- or diglveernides.
In addition, fatty acids such as oletc acid can likewise be used in the preparation of
ijoctables. These solutions are typically sterile and generally free of undesirable matter.

These formulations may be sterthized by conventional, well known sterilization techunigues.
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The formulations may contaim pharmaceutically acceptable auxihiary substances as required
to approximate physiological conditions such as pH adjusting and buffering agents, toxicity
adjusting agents, e.g., sodium acetate, sodivm chloride, potassium chlonde, calcium chionde,
sodium lactate and the ike. The concentration of HTRIF antagonist in these formulations
can vary and will be selected primarily based on fluid volumes, viscosities, body weight, and
the like, in accordance with the particular mode of administration selecied and the patient's

needs.

10665] Ol suspensions can be formulated by suspending an HTRIF antagonist ina
vegetable oil, such as arachis oil, olive oil, sesame ol or coconut oil, or in a mineral oi such
as hiquid paraffin; or a mixture of these. The o1l suspensions can contain a thickeming agent,
such as beeswax, hard paraffin or cetvl alcohol. These formuudations can be preserved by the
addition of an antioxidant such as ascorbic acid. As an example of an injectable o1l vehicle,
see Minto, J. Pharmacol. Fxp. Ther. 281:93-102, 1997, The pharmaceutical compositions
can also be in the form of oil-in-water emnidsions. The oily phase can be a vegetable ol ora
mineral oil, described above, or a mixture of these, Suitable emulsifving agents include
naturally-occurring gums, such as gum acacia and gum tragacanth, naturally occurring
phosphatides, such as soybean lecithin, esters or partial esters derived from fatty acids and
hexito] anhvdrides, such as sorbitan mono-oleate, and condensation products of these partial
esters with ethylene oxide, such as polyoxyethylene sorbitan mono-cleate. Such formulations

can also contain a demulcent, a preservative, o1 a coloring agent.

106667  Suitable compositions for oral adonunistration also include, but are not mited to,
tablets, troches, lozenges, dispersible powders or granules, hard or soft capsules, syrups,
clixirs, solutions, buccal paiches, oral gels, chewing gums, chewable tablets, effervescent
powders, and effervescent tablets. Such compositions can contain one or Mmore agents
selected from sweetening agents, flavoring agents, coloring agents, antioxidants, and

prescrving agents m order to provide pharmaceuntically clegant and palatable preparations.

[3667] Tablets generally contain the active ingredient 1n admixture with non-toxic
pharmaccutically acceptable excipients, including: inert diluents, such as celtulose, silicon
dioxide, aluminum oxide, calcium carbonate, sodium carbonate, glucose, mannitol, sorbitol,
lactose, calcium phosphate, and sodium phosphate; granmulating and disintegrating agents,
such as corn starch and alginic acid; binding agents, such as polyvinyipyrrolidone (PVP),

cellulose, polyethylene glveol (PEG), starch, gelatin, and acacia; and lubricating agents such
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as magnesium stearate, stearic acid, and talc. The tablets can be uncoated or coated,
enterically or otherwise, by known technigues to defay disintegration and absorption in the
gastrointestinal tract and thereby provide a sustained action over a longer period. For
example, a ime delay matenal such as glvecervl monostearate or glveeryl distearate can be
craployed. Tablets can also be coated with a semi-permeable membrane and optional
polymeric osmogents according to known techniques to form osmotic pump compositions for
controlled release. Hard gelatin capsules can be formulated with the active ingredient 1s
mixed with an nert solid diluent (such as calcium carbonate, calcium phosphate, or kaohng,
and soft gelatin capsules can be formolated with the active ingredient mixed with an agueous

medium or an ol medium (such as peanut oil, liquid paraffin, or olive oil).

[6068] The HTRIF antagonist 1s generally admimnistered in amounts sufficient to provide
increased beta cell proliferation or beta cell longevity o the subject. For example, the
mcrease n beta cell proliferation upon adounistration of the HTR1F antagonist may range
from about 1% to about 100%, or higher, as compared to the rate of beta cell proliferation
observed in absence of the HTRIF antagonist {e.g.. in the subject prior to treatment, or in an
appropriate control population}. The increase m beta cell proliferation can range from about
1% to about 25%, or from about 25% to about 50%, or from about 50% to about 100%, or
from about 100% to about 300%. In certain embodiments, the HTRIF antagonist is
administered in an amount sufficient to reduce the amount of exogenous insulin, or other
agent, necessary for treatment of diabetes in the subject. The decrease 1o daily dose of

exogenous insulin may range, for example, from about 1% to about 25%, or from about 23%

10 about 30%, or from about 30% to about 100%.

(6869 The HTRIF antagomist may be used for treatment of pancreatic 1slets prior to
transplantation in a subject, as described in more detail below. The HTRIF antagonist may
also be adnunistered directly fo the subject, with or without the transplantation of pancreatic
islets. When administered directly to the subject, the HTRIF antagonist will typically be
administered at a dose ranging from about 0.1 milhigrams to about 1000 sulligrams per
kilogram of a subject’s body weight {i.e., about 0.1-1000 mg/kg). In some embodiments, the
HTRIF antagonist 1s adounistered at a dose ranging frora about 0.1 nulligram to about 200
milligraros per kilogram of a subject’s body weight (7.e., about 1-100 mg/kg). The dose can
be, for example, about §.1-1000 mg/ke, or about 1-10 mg/kg, or about 10-50 mg/kg, or about
25-50 me/kg, or about 50-75 mg/kg, or about 75 mg/kg, or about 1-100 me/ke, or abowt 1-

500 mg/kg, or about 25-230 rag/kg, or about 50-100 mg/kg. The dose can be about 1, 2,3, 4,
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300, 350, 400, 450, 300, 550, 600, 630, 700, 750, 800, 850, 900, 950 or 1000 mg/kg. The
dosages can be varied depending upon the requirements of the patient, the severity of the
diabetes being treated, and the particular formulation being administered. The size of the
dose will also be determined by the existence, nature, and extent of any adverse side-effects
that accompany the administration of the HTRI1F antagonist inn a particular patient.
Determunation of the proper dosage for a particular situation 1s within the skill of the typical
practitioner. The total dosage can be divided and admmistered in portions over a period of

time suoitable to treat to the diabetes.

6678  Sularly, admustration of the HTRIF antagonist can be conducted for a period of
time which will vary depending upon the nature of the diabetes, ifs severity, and the overall
condition of the patient. Administration can be conducted, for example, hourly, every 2
hours, three hours, four hours, six hours, eight hours, or twice daily including every 12 hours,
or any intervening interval thereof. Admunistration can be conducted once daily, or once
gvery 36 hours or 48 hours, or once every month or several months, Following treatment, a
patient can be monttored for changes in his or her condition and for alleviation of the
svmptoms of the disorder. The dosage of the HTRIF antagonist can either be increased in
the event the patient does not respond significantly to a particular dosage level, or the dose
can be decrcased if an alleviation of the symptoms is observed, or if unacceptable side effects
are seen with a particular dosage. The dosage regimen can consist of two or more different
mierval sets. For example, a first part of the dosage regimen can be administered to a subject
muitiple times daily, datly, every other day, or every third day. The dosing regimen can start
with dosing the subject every other day, every third day, weekly, biweekly, or monthly. The
first part of the dosing regimen can be conducted, for example, for up to 30 days, such as 7,
14, 21, or 30 days. A subsequent second part of the dosing regimen with a different mterval
administration administered weekly, every 14 davs, or monthly can optionally follow,
continuing tor 4 weeks up to two years or longer, such as 4. 6, 8, 12, 16, 26, 32, 40, 52, 63,
68, 78, or 104 weeks. Altematively, if the symptoms go into remission or generally
mmproves, the dosage may be maintained or kept at lower than masimum amount. I
svmptoms worsen, the first dosage regimen can be resumed until an improvement s seen, and
the second dosing regimen can be implemented again. This cycle can be repeated multiple

fimes as necessary.
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[3671] The HTRIF antagonist may be administered with one or more additional active
agents. Examples of additional actives molude, but are not limited to, metformin,
sulfonviurcas {e.g., glyvbunde, glipizide, glinepinde, or the like); meghtinides {e.g.,
repaghinide, nateghnide, or the like); thiazohdinediones {e.g., romghitazone, pioglitazone or
the like}; DPP-4 whibitors {e.g., sitagliptin, saxagliptin, linaghptin, or the like}, GLP-1
receptor agonists {e. g, exenatide, biraglotide, semaghutide, or the like}; and SGLT2 mhibitors
{e.g., canagiiflozin, dapagliflozin, empagliflozin, or the like). The HTRIF antagonist may
also be adnunistercd m conjunction with insulin therapy. The insulin therapy may include a
short-acting msulin, an intermediate-acting insulin (e.g.. NPH msulin}, a long-acting tnsulin

(e.g., sulin glargine or msulin detemir), or a combination thercof.
BI. Methods for Transplantation of Pancreatic Islets

{38721 Also provided herein are methods for fransplanting pancreatic islets. The methods
mclade delivenng pancreatic islets to a subject in conjunction with an HTRIF antagonist as
described above. The HIRIF antagonist may be, for example. a compound according o
Formula {, methiothepin, methysergide, a methysergide derivative (e.g. a compound
according to Formula 11}, or a pharmaceutically acceptable salt thereof. In some
embodiments, the HTRIF zmtag@nist is an antibody that binds to HTRIF, or a nucleic acid
that inhubiis the expression of HT1F. The subject may bave type 1 diabetes, type 2 diabetes,

gestational diabetes, or insulin resistance

106737  Moethods such as the Edmonton Protocol may be used for preparation of pancreatic
islets for transplantation. Islet transplantation using the Edmonton Protocol i1s descnibed By
Shapiro, et al. {Transplaniation Proceedings, 2001, 33 {7-8) 3502-3503) and Ryan ¢t al.
{(Diabetes, 2001 (50): 710-719; Diabetes, 2002 (51): 2148-2137). The Edmonton Protocol
may include multiple steps, e g, 7-10 steps, depending on the method craploved. The first
step involves digestion of pancreatic tissue using one or more enzymes such as collagenases,
neutral profeases, and thermolysin, Examples of commercially available enzyme blends
suitable for digestion include collagenase NBU/NP (SERVA Electrophoresis GmbH),
LIBERASE Hi, and LIBERASE MTF C/T (Roche Diagnostics). Digestion can be conducted
m a Ricordi chamber or other suitable apparatus, ¢.g., as descrnibed in U8, Pat. Nos.
6,833,270 and 5,079,160, Following the digestion step, the islets are separated from other
cells 1n the pancreas, e.g., via density gradient centrifugation using a Ficoll, Percoll, or

sucrose gradient.
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[3674]  In some embodiments, the pancreatic islets are delivered to the liver of the subject.
Separated islets may be introduced w0to a suitable transplantation medivm (¢ g, CMRL-1666)
and transplanted into the portal vein {(e.g., via a percutancous transhepatic approach). One or
more infusions may be used for transfer of the islets to the subject, wherein 5,000-10,000 islet
cquivalents per kilogram of body weight {or more)} are transferred to the subject per infusion.
Islet equuvalents may be assessed as described for example by Huang et al. {Acta Diaberol,
2013, 50:687-696), The tiver is able to regeneraie itself when damaged, building new blood
vessels and supporting tissue. Therefore, when islets are transplanted into the liver, it is
believed that new blood vessels form to support the islets. The msubn that the cells produce
is absorbed into the blood stream through these surrounding vessels and distributed through
the body to conirol glucose levels in the blood. Alternatively, pancreatic islets may be

aplanted under a kadnev capsule in the subject.

{38751 In some embodiments, pancreatic islets are treated with the HTRIF antagonist
before transplantation to the subject. The HTRIF antagonist may be combined, for example,
with the pancreatic isleis in the transplantation mediunm prior before transfer to the subject.
The amount of the HTRF1 antagonist will depend ou factors mehuding, but not himaited to, the
structure of the particular HTRF antagonist emploved, the antagonist’s affinuty for HTRF1
{exprossed, for example, as a half maximal inhibitory concentration ICso or dissociation
constant Ka), and the namber or density of the islets being treated. The HTRIF antagonist
may be introduced into cell culture media and/or transplantation media in amounts ranging
from a few picomolar to several micromolar. As a non-himiting example, islets may be
treated with methysergide or 1-(2-hydroxy-3-{naphthalen-2-vloxyipropyh-4-(quinolin-3-
vipiperidin-4-ol in amounts ranging from about 10 nM 1o about 500 nM prior to
fransplantation. The treatment may be conducted for periods of time ranging from a few
minutes o a day or several days. Media contaming the HTRIF antagonist may be removed
from the islets and replace fresh media prior to the transplantation procedure. Betiore and/or
after the transplantation procedure, the HTRIF antagonist may be administered directly 1o the
subject {e.g., orally or via injection} as described above. The transplantation procedure may
also mchude admimstration of ong or more mmunosuppressants to the subject including, but
not limited 1o, corticosterouds, calcineurin inhibitors {e. 2., cyclosporine A and tacrolimus),
antimetabolites (e.g., azathioprine and mycophenolate mofenl), antilvmphocyie antibodies

{¢.g., muromonab-CD3), and anticytokine receptor antibodies {e.g., daclizumab}.
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IV.  Examples
Example 1. Materials and Methods.

[B876] The studics described herein were approved by the UCUSE Institutional Animal Care
and Use Program (AN170193). As human islet donors were anonymized and not available,
this was not constdered to be human subjects research by the UCSF Institutional Review
Board (18-26481). LY 344864 and methysergide maleate were obtatned from Tocris.
Streptozotocin was obtained from Sigma. Pertussis toxin was obtained from Enzo. Statistical
tests are histed under each figure legend and were caleulated with GraphPad (Prism), R, or

custom python seript.

[G077]  Pooled shRNA hibrary construction: A pSicoR-based lentiviral shuttle vector
expressimg puromycin resistance T2 A mCherry ander the control of the msulin promoter was
a generous gift from Sergio Covarrubius and Michael T, McManus. A custom pool of DNA
oligos encoding 12,472 unique shRNAs was synthesized {CustomArray}, amplified by PCR
(15 ¢veles, Phusion, NEB) and cloned mio the Xhol and EcoRI sites of the vector as
previously deseribed[42] with the modification that the original EcoRI siie was restored back

to the pative mir-30 sequence (o improve shRNA processing and subsequent knockdown[43].

{3878 Human islet transplant sereen: Human islets (20-30K IEQ) were 1solated from
cadaveric donors by the UCSF Human Islet Production Core. Islets were dissociated the day
atter isolation with collagenase P (Raoche) digestion for 15 nunutes at 37 degrees, 0.05%
frypsin {Thermeo) digestion for 10 mmutes, and finally gentle trituration to dissociate the islets
into single cells. Trypsin was mactivated with fetal bovine serum and the cells were plated on
804G coated plates in CMRL1066 (MediaTech) + B-27 supplement (Thermo), Glutamax
{Thermo), non-gssential amuno acids (Thermo), penicillin and streptomyvein. The cells were
infecied with lentiviras containing the shRNA pool at a MOI of 3-5. Puromyvein (3 ug/mL
final) was added 3 days after infection and 60% of the surviving cells were transplanted
ander the kidney capsule of scd-beige {Charles River) mice at day 7-9 after infection while
40% were frozen for later genomic DNA isolation and lentiviral insert sequencing. Four
weeks after transplant, the graft was removed and genomic DNA from both samples was
isolated. For monitoring of transplant coverage, lentiviral copy number from the pre- and
posi-transplant samples were measured using digital droplet PCR {(3X100, Biorad) using a
probe that recognizes the RRE sequence n the Jentiviral insert. RRE-F=

GUGCAAAGAGAAGAGTGOTGC, RRE-R= GACGUGTACAGGCCAGACAAT; RRE-probe
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= CCATAGTGUTTCCTGUTGCTCCC. The fentiviral inserts from the pre-transplant and
posi-transplant samples were then barcoded, amplified, pooled and sequenced on a HiSeq
4000 (transplants A and B) or MiniSeq (transplant C) (Iununa). Reads were mapped to the
original oligo sequences using Hisat?[44]. shRNAs with less than 530 reads were discarded to
avoid error due to low counts. Reads counts were then normalized to total read number using
DESeqg and the ratio of cach shRNA post-transplant to pre-transplant was calculated
{enrichment score). Gene level p-values were calculated using a custom python script that
performed Mann-Whitney U tests comparing the distribution of enrichment scores of all
shRNAs to the tested gene to the distribution of the non-targeting shRNAs. These p-values
were then FDR corrected with the Benjanuni-Hochberg method. Given the anticipated high

level of heterogeneity in these differcnt human islets, we set a significance threshold ot 0.1

(60791 Human islet donor characteristics: Human iskets were obtained from the UCSF

Human Islet Production Core or the IsletCore at the University of Alberta.

106807 Human beta celf death and proliferation: Islets were dissociated and plated on
804G coated plates as done for the screens. For Sytox Green assays, islets were plated mto 96
well plates and Sytox Green (Thermo} was added to the media (30 nM) and green
fluorescence and bright field tmages were captured at 24 hours dunng calturg (Incucyte). The
number of green nuclel normalized to the cell density {(calculated by brightficld tmage) was
measured m biological triplicate (FIG. 2A). For FIG. 3C, dead nuclei were normalized to
total nuclel as measured after treatment of the cells with 8.0625% Triton X-100. For the in
vifro TUNEL assay (FIG. 2B and FIG. 20), cells were fixed 1 4% paraformaldehyde in
calcium/maguesium free PBS for 15 minutes at room temperatire, permeabilized with 0.1%
Triton X-100 for 1 hour, blocked with 10% donkey serum in PBS for 1 hour at room
temperature, and stained with gumea pig anti-insulin antibody {Agilent) overnight at 4
degrees. Secondary antibody was anti-guinea pig 488 (Thermo) at 1:300 for 1 bour at room
temperature. For TUNEL staining, In Situ Death Detection Kif, TMR red (Roche) was used
per the manufacturer™s protocol i combination with msubin staining as above. Imaging was
performed using a Leica SPS confocal laser microscope. To deternune beta cell death after
transplant, 5000-6000 YEQs donor isiets were infocted at an MOI of 10 with lentiviruses
containing either a non-fargeting shRNA expressed i the 3"UTR of nuclear GFP oran

HTRIF shRNA inthe 37 UTR of nueclear mCherry for § days.

o
(V8]
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[3081] Non targeting shRNA sequence (including loop)y: TAAGACTUGAATTIGTAGTGT
CATAGTGAAGUCACAGATOGTATGACACTACAATICGAGTCTTT (SEQ ID KOD).

[6082] HTRIFtargeting shRNA sequence (inclading loop): TTAGAAGATATACGAAA
TAATATAGTGAAGCCACAGATGTATATTATTTICGTATATCTTICTAT (SEQ 1D NG:2y.

[3683] Both were driven by the proximal 360 base pairs of the buman insulin promoter.
Separate infections were performed to prevent double infection of the beta cells with the two
shRINAs. Isiets were then pooled and 1800-1500 1Eq were then transplanted under the kidaey
capsule of a scd-beige mouse. The gratt was removed after 5 davs. Grafis were frozen n

G CT. (Tissue-Tek} and cryosections were then prepared at 5 um thickness. Sections were
stained as above. The primary antibodies were rabbit anti-cleaved caspase-3 (Cell Signaling;
D661, 1:100), chicken anti-GFP (Aves Labs, 1:100) and mouse anti-mCherry {Clonetech,
1:200) overnight at 4 degrees. Secondary antibodies were anti-rabbit Alexa 647 at 1:300,
anti-chicken Alexa 488 at 1:.5300 and anti-mouse Alexa 555 at 1:300. To determine beta cell
proliferation, grafts were stained with anti-Ki67{BD Phamigen, 1150} overnight at 4

degrees. The secondary antibody was anti-mouse Alexa 647 at 1:300,

[0884] MING cell death: The human H7R/F ¢DNA was cloned from 293T ¢cDNA and
cloned downstream of a CMV promoter GFP-T2A expression vector with the addition of a
viral signal sequence and FLAG epitope tag as previously describedi45]. The sequence was
confirmed by Sanger sequencing. 10,000 MING cells were plated in a 96-well plate. The
following dav, the cells were transfected with either the parental GFP-TZA cxpression vector
or GFP-T2A-HTRIF using Lipofectamine 2000 (Thermo Fisher}. Six hours afier
transfection, the media was changed {0 one containing propidiom todide (Therme Fisher) at
0.3 ug/mi. The percentage of GFP+ cells that were also P+ was measured by automated

fluorescence microscopy (fucuCyte, Hssen Biosciences) at 32-40 hours after transfection. For

transfection.

(068357 Minimal human islet transplant model with methysergide: Human islets were
treated with 300 nM methysergide maleate or vehicle for 24 hours after 1solation. Seven-

hundred 1Eqg were then transplanted under the kidney capsule of scd beige mice. Four hours
prior to transplant, recipient mice were mjected with either 10 mg/kg methysergide maleate
or vehicle. After transplant, mice were injocted every 24 hours with 10 mg/kg methvsergide

or vehicle for § dayvs. After 48 howrs without methysergide treatment to allow washout of the
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drag, streptozotocin {230 mgfg) was injected into the peritoneal space with 1 mL of normal
saline mjected subcutancously for hydration. 24 hours after streptozotocin mjection an
additional 1 mL of normal saline was mjected subcutancously with an additional 1 ml into
the perttoneal space for hydration. Blood glucose was assessed by glucometer (Freestyle Lite)
afier a 6 hour fast {9 am-3 pm). Diabetes was defined as a fasting blood sugar »>250 or by

death at least 3 days after strepiozotocin injection,

Example 2. An in vivo shRNA proliferation and survival screen in primary human

islets.

[0886] Since a tissue culture dish is not the native environment of the beta cell) in vive isiet
transplantation of human beta cclis has been reasoned to allow for longer term and more
physiologic studics of beta cell proliferation and survival [13]. A pooled shRNA screen was
performed in primary human islets transplanted under the kidney capsule of
mmunoccompromised mice. Primary human beta cells were infected with a custom, pooled
fibrary of 12,472 independent shRNAs under the control of the insulin promoter (FIG. 1A). A
purontycin resistance gone was also expressed under the control of the samce promoter to
allow for selection of infected beta cells. Each of 479 target genes had 25 independent
shRNAs targeting it. Five hundred non-targeting shRNAs were included as negative controls.
The targeted genes were chosen based on expression in primary human beta cells and
annotation for either druggability or cell surface expression [14, 15]. Genomic DNA was
extracted from approximately half of the cells prior to transplant and the remaming half of the
cells were transplanted under the kidney capsele of an immuonocompromised mouse. Four
weeks after transplant, the graft was harvested and genomic DMNA was isolated. In order to
address this likely small signal to noise ratio and to ensure biological reproducibility, the

screen was performed in biclogical triphicate, using islets from 3 independent donors.

[3087] Dagital droplet PCR was used to estimate lentiviral copv number from the genonue
DNA samples before and after the transplant. Sixty to eighty percent of lentiviral copies werg
lost after the transplant perdod, consistent with reported levels of beta cell logs affer kidney
capsule transplant[3}. After transplant, the cell coverage (7.¢e., the number of lentiviral juserts
recovered per unique shRNA in the original library) ranged between 50-300. The frequency
of cach shRNA was then measured from the pre-transplant and post-transplant genomic DNA
samples by deep sequencing of the udegrated lentiviral nserts. A focus on shRINAs that

became enriched after transplant was made, as these are hikely more specific (f.e., not simply
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causing increased cell death) and would potentially identify more feasible drug targets {as
most therapeutics are inhibitors). A p-value for each gene was caleulated based on the
cnrichments of all shRNAs targeting that gene as corapared to those of the 500 non-targeting
shRNAs using a multiple testing corrected Mann-Whitney U test. It is noted that the screen
that wdentified the lowest numbers of hits {transplant €} was also the lowest in terms of cell

COVETrage.

[3688] If there was beta cell proliferation, ennichments were expected to be modest because
not all cells with knockdown of a gene would bikely proliferate. In the case of DYRKIA
mhibition, arguably the gold standard 1o trigger human beta cell replication, only a small
fraction of treated cells actually enter the cell eyele{7]. I 50% of celis with knockdown of a
gene divide twice, the expected ennchment of that shRNA would be 2-fold. If there was
prevention of beta cell death, the maxmom enrichment is expectied to be inversely
proportional to the fraction of cells that die after transplant. In the present case, an enrichment
cap was cstimated at approximately 3-fold, assuming that knockdown of the gene of interest
protects 100% of the cells from death and given 60-80% cell death after transplant. In
contrast, dropout screens in cell lines are often capable of generating thousands of fold

enrichments or depletions due to ongoing death and proliferation{16].

[GORG]  shRNAs targeting two genes were statistically significantly enriched after transplant
m all 3 donors. One gene was CDENIB or p27Kipl, a cvehn dependent kinase (CDK)
mhibitor. Examination of the enrichment ratios for non-targeting shRNAg (FIG. 1B, black
fines) revealed a symmetric distribution of enrichment centered around 1 {no enrichment after
transplant} while the COKN/H shRNAs (FIG. 1B, grev tines) had a tail to the nght with 1.2-
2-fold enrichment after transplant. Notably, there were some shRNAs to CDENI B that did
not become enriched. This was expected since many computationally predicted shRNAs do
not knockdown the intended target and thus should not show enrichment. Koockdown or
knockout of CDAN/E 1s known 1o increase human beta cell proliferation] 17} and mouse beta
cell profiferation| 18], thus validating the approach emploved m this study. shRNAg to
CDENZE, ancther CDX nbubitor, were enniched after transplant in 2 of the 3 donors. Finding
these two CDK inhibitors in the screen suggests that the screening method was capable of

detecting negative regulators of human beta cell proliferation.

[G096G]  The sccond gene with statistically significant enriched shRNAs afier transplant in

all 3 donors was HTRIF (FIG. 1C). The behavior of 20 of the 25 different HTRIF targeting
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shRNAs also shown -- the 5 other HTRIF shRNAs did not have enough reads to reliably
quantitate. The same 500 non-targeting shRNAs shown in FIG. 1B are again shown in black.
As with COKNIE, there were a subset of shRNAs 1o HTR/# that became enriched afier
transplant 1o all three donors {(FIG. 1), Importantly, the same HTR/F shRNAs were

enriched after transplant in all 3 donors (FIG. 1D).

{3891 HTR/Fisaclass A GPUR whose higand, serotonin, 1s released from pancreatic beta
cells in a ghucose-dependent fashion, suggesting a possible autocring or paracring loop{19]. In
mice, serotonin plays an important role in beta cell proliferation during pregnancy, lactation,
and the perinatal peniod through the Gog-coupled Hir2b receptor|20-22]. Serotonin also
mereases glucose stiunulated fosulin secretion (GSIS) through HTR2ZE in adult mice and
human sletsf23]. In pregnancy, serotonin increases G515 through Hor3a[24] HTRIF i the
alpha cell negatively regudates ghucagon seoretion in a paracrine response (o serotonin release
from beta celis{Z5], but there is no known role for HTR/F in the beta cell. Previously
published mRNA-seq data shows that TR/ F 15 also expressed in sorted primary human beta
cells at 5.3 transcripts per million (TPM)} {14, 26}, makeng it the most highly expressed
serotonin GPCR by 10-fold n the primary homan beta cell. Previously published single cell
RNA-seq also confirms that H7R/F 15 expressed m the human beta cell, alpha cell, delta cell,
and gamma cell but not n the acimar celif27, 28], Notably, while 7R/ F is among the most
highly expressed GPCRs m human islets, 1t 18 not expressed m the mouse or rat 1slet{29, 30]

highlighting the importance of screening in human beta cells.
Example 3. HTRIF signaling induces beta cell death.

16092]  Gou signaling s also known to vestrain beta cell proliferation m mice[3 1] However,
it was reasoned that since adult human beta cell proliferation 15 not induced by GLP-1, which
trigeers Gags signaling| 13}, knockdown of a Gai-coupled receptor would be unlikely to cause
human beta cell proliferation. Instead, it was hypothesized during the present studies that
triggering Gou signaling might induce cell death. indeed, the HTRIF specific agonist,
LY344864, was found to increase primary human istet cell death in two independent donors
(FIG. 2A). To confirm this, the frequency of TUNEL positive cells among insulin expressing
cells was measured in an additional 4 donors after LY 344864 treatment. LY 344864 was
found to merease beta cell death at 10 nM, near its reporied Ki (6 aM) and EC50 (3 nb){32]
(FIG. 2B and 2€). Importantly, the Ki of LY 344864 for the other HTRI receptors is >500
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n and the Ki for the other scrotonmm family GPCRs and adrenergic receptors 13 1300-5000

nM, more than 50-fold higher than the concentrations where it mncreases beta cell death{33].

{0893} Since mouse beta cells do not express HTR7F734, 357, human HTRIF was
ectopically exprossed in the MING mouse beta cell hine MINGS. It was found that HTRIF

5 expression along was sufficient to induce cell death (FiG. 2D}, This could reflect basal
activity of HTRIF 1n the setting of over-cxpression or stimulation of HTRIF by endogenous
serotonin production in MING cellsf21] Regardless, these data confirmed that HTRIF
signaling induces beta cell death. This cell death was blocked by pre-incubation of the celis
with pertussis toxin, suggesting that HTR I F-induced cell death 1s dependent on Gau

10 signaling.
Example 4. HTRIF knockdown prevents human beta cell death.

[0694]  Next, 1t was asked 1t HTR/F knockdown could reduce human beta cell death afier
transplant. One of the enriched shRNAs to HTR/Fidentified tn the screen was cloned and its
ability to efficiently reduce HTR/F oxpression was validated (FIG. 2E). To reduce varability

15 between transplants and between donors, mntact primary human islets were infected with
either control shRNA or HTR/ 7 shRNA lentiviruses (FI1G. 3A) prior to pooling of the
mfected islets and transplantation of the mixture into a single mouse recipicnt. To distinguish
hetween the control shRNA expressing beta cells and H7RIF shRNA expressimg beta cells,
the control shRNA was co-cxpressed with nuclear GFP and the HTR/F shRNA was co-

20 expressed with nuclear mCherry. The grafts were harvested 4 days after transplant, as most
death is believed to occur i the immediate post-transplant period. The frequency of cleaved
caspase-3+ cells in the GFP+ population (control knockdown) was measured and compared
to the frequency of cleaved caspase-3+ cells i the mCherry+ population (HTR/JF
knockdown). Over 4 independent donors {and 4 independent ransplants), the frequency of

25 cell death inthe HTR/F knockdown cells was reduced by 30% as compared to control

knockdown (FIG. 3B).

[G095]  The frequency of Ki67+ positivity 1o control and H 7RI # knockdown cells m these
transplants was also measured. Approximately 1000 mfected beta cells per knockdown
condition for each donor were covnted, and only a single Ki67 positive cell with HTRIF

30 knockdown was found. Zero Ki67 positive cells with control knockdown were found. These
data suggest that the ctfects of HTR/F knockdown are likely linuted to increasing survival, at

least during the first 5 davs after transplant.
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Example 5. Methysergide, an HTRIF antagonist, prevents human beta cell death in

vitro and improves glycemia in a marging islet traasplant model.

[0896] Methysergide is known to potently inhibit HTRIF[33] in addition to other HTR]
and HTR2 class receptors. Since AR 15 the most highly expressed serotonin GPCR i
human beta cells, it was envisioned that methysergide moight predominantly block HTRIF
and Goi signaling . Indeed, methysergide s known to increase msulin secretion i humans{36,
371 Whale methysergide alone had no effect on islet cell death m dissociated cultures,
methysergide was found to prevent death triggered by the ER stress inducer thapsigargan

(FIG. 3C).

{3697} To ask ifimproved buman beta cell survival due to HTRIF mhibition could
improve glycemia after transplant, human islets were treated with methysergide or vehicle
and then a marginal mass of islets was transplanted imto mice. Recipient mice were treated
with daily injections of methysergide or vehicle for an additional 5 davs affer transplant.
After 2 days to allow for methysergide clearance, the endogenouns mouse beta cells were
destroyed using streptozotocin and monitored for diabetes development. This brief, peri-
transplant treatment with methysergide was found to protect mice from the development of
diabetes (FIG. 3D}, Importanily, this was not an effect of methysergide on the efficiency of
mouse beta cell ablation as all mice treated with methysergide developed diabetes after the

human isief grafis were surgically removed {data not shown).

[6098] In summary, the feasibility of a pooled shRNA screening system to identify
regulators of primary human beta cell proliferation and survival has been demoustrated.
Using this system, a novel role of HTR/F m beta cell survival has been clucidated.
Methysergide, a drug previously used for migraine, was repurposed to improve glycemain a
marginal mass islet transplant model. While methysergide is no longer commonly used dug to
the risk of retroperitoneal fibrosis during chronic treatment, shorter courses of methysergide
(as used here) for recaleitrant nugraine prophviaxis minimize this risk and are still

occasionally used|38].

{38991 Islets infused nto the portal vem of human patients expernence immediate cell death
due to the immediate blood mediated inflammatory reaction (IBMIR}Y 39, 40]. Notably, a key
feature of the IBMIR is platelet activation which would release serotonin tmmediately around
the transplanted islets. Without wishing to be bound by any particular theory, it 1s believed

that part of the IBMIR might be mediated by a serotomn-HTRIF signaling axis. An HTRIF

[N
O
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agonist, lasmuditan, has been recently approved for acute migraine treatment{41]. While there
are no reports of hyperglveemia in patients using this medication, the data provided herein
suggests that 1t could bave negative cffects on the beta cell, especially in the setting of
fransplant or other beta cell stress. Conversely, HTRF-specific antagonists are expected (o
be therapeutically aseful to improve human islet transplant survival to core type 1 diabetes

patients.
Example 6. Inhibition of HTRIF in humas embryonic kidaey cells.

[6308] 2937 cells were transiently transfected with the Glosensor plasmid (Promega) and
the HTRIF ¢cDNA . The cells were pre-treated with 1-(2-hydroxy-3-(naphthalen-2-
viloxyipropyli-4-{quinolin-3-yhpiperidin-4-ol at the concentrations shown in FIG. 4 for 10
oumtes, then with serotonin (8 nM), and then forskolin and luminescence was determined.
=3, error bars show standard error. Without 5-HT treatment or antagonist treatment, cells
had a cAMP level of 162 ¢red line) as shown in FIG. 4. Without antagonist, cells had a cAMP

fevel of 112 {orange line). N=5 per concentration.

Example 7. Stimulation of insulin production in human islets treated with HTRIF

antagonist,

[3181]  Human isiets were rested for 24 hours after receipt in CMRL 1066 (Media Tech)
supplemented with penicillin and streptomycin, B27 supplement, Glutamax (Thermo}, and
non-¢ssential aming acids (Thermo). For both the test treatment group and the control
freatment group, 40-60 islets for each of the § replicates were hand-picked. The islets were
cquilibrated for two hours at 37 °C i Kreb-Ringer Bicarbonate HEPES Buffer pH 7 4
{(KRBH; 137 mM NaCL 4.7 mM KCL 1.2 M KHPOs, 1.2 mM Mg804, 2.5 mM CaCly, 23
mM NaHCO:, 20 mM HEPES, 2 8 mM glucose, and 0.25% BSA). Equilibration buffer wasg
then removed and islets were incubated at 37 °C with KRBH pH 7 4 with 2.8 mM glucose
and .25% BSA and were treated with BMSCO or 150 nM HTRIF antagonist 1-(2-hydroxy-3-
(naphthalen-2-vioxy)propvl-4-{quinclin-3-yhpiperidm-4-ol. After 1 hour, islet secretion was
collected and islets were treated with KRBH pH 7.4 contaming 11 mM ghucose and 8.25%
BSA and were treated with BMSO or 150 oM antagonist at 37 °C for another hour. Following
mcubation, islet secretions were collected and the islets were bysed 1 RIPA buffer o
determine the total islet insulin content. fslet seerctions were diluted 2-5 fold for analysis
with the Mercodia insulin ELISA kat and lysates were diduted 200-300 fold for analysis.

Since msubin secretion 18 highly vanable from individual donors, the data shown in FIG. 5 are

30
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normalized to the insulin secretion at high glucose (11 mM) from DMSQ treated 1slets
{vehicie} These data are from 9 different donors, with 5 replicates for ¢ach donor for DMSO

treatment and 5 replicates per donor for HTRIF antagonast treatment.

(6102} FDA approved drugs that treat diabetes by mereasing msubin secretion in pationts
{e.g., braglutide, exenatide, ghpizide, glvburide} are known to do so n 1solated buman 1slets.
In fact, most such drugs were inttially tested im vifro on human islets as validation before
testing m patients. In the present study, HTRIF antagonist was found to merease insulin
secretion at high glucose concentration by 40% over 9 duferent buman islet donors. These
data indicate that besides mereasing buman beta cell survival in the setiing of islet
transplantation, HTR1F antagomsts also increase insulin seeretion. Therefore, HTRI1F

antagonism may be useful for treatment any type of human diabetes even in the absence of

islet transplant.
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Vi, Exemplary Embodiments
(6103}  Exemplary embodiments provided m accordance with the presently disclosed

subject matter include, but are not Hmited to, the claims and the following embodiments:

i, A method for treating diabetes, the method comprising adnunistering a
25 therapeutically effective amount of a serotonin receptor 1F (HTRIF) antagonist to a subject

in need thereof

2. The method of embodiment 1, wherein the subject has type 1 diabetes,

tvpe 2 diabetes, or gestational diabetes.

3 The method of embodiment § or embodunent 2, wheremn the HTRIF 15

30 admunistered to the subject i conjunction with a pancreatic 1slet transplantation.
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4, The method of embodiment 3, wherein pancreatio islets are treated

with the HTRIF antagonist before transplantation to the subject.

3. The method of any one of embodiments 1-4, wherewn the HTRIF
antagonist is a compound according to Formula §
R2

R’ R
T

R (L,

(o]

or a pharmaceutically acceptable salt thereof, whersin:

R and R? are independently selected from the group consisting of hyvdrogen
and hydroxy;

R is selected from the group consisting of phenyl, naphthyl, quinolinyl,

10 isoquinohinyl, mdanvl, 1,2,3 4-tetrahyvdronaphthyl, indolvi, N~(Ci4 alkytindolyi,
benzothiazolvl, benzothienyl, benzotirvl, 2,3-dihydrobenzothienyl, 2,3-dihvdrobenzofuryi,
julolidinyl, and dibenzofuryl;

R? is optionally substituted with one or two substituents independently
selected from the group consisting of Cre¢ alkyl, Cis acyl, benzovl, Cis alkoxy, phenoxy, Cirs

15 alkylthio, tmfluoromethyl, trifluoromethoxy, and halo; and

R* is selected from the group consisting of pyridin-3-yl, quinolin-3-yl,

isoquinohin-4-yi, and quinoxalin-2-y1L
6. The method of embodiment 5, wherein R! and R® are hydroxy.

The method of embodiment 5 or embodiment 6, wherein R is

~

20 naphthyl

. The method of any one of embodiments 5-7. wherein R is quinolin-3-
Y

9. The method of any one of embodiments 1-4, wherein the HTRIF

antagonist is methiothepin, methvsergide, or a methysergide derivative.

25 10.  The method of any oue of eubodiments 1-4, wherein the HIRIF

ardagonist is an antibody that binds to HTRIF.
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11, 'The method of any one of embodiments 1-4, wherein the HTRIF

antagonist is a nucleic acid that inhibits the expression of HIRIF.

12, The method of any one of crubodiments 1-11, wherein the HTRIF
antagonist is admiuustered as a pharmaceutical composition comprising the HTRIF and a

5 pharmaceutically acceptable excipient.

13. A mcthod for transplanting pancreatic 1slets to a subject comprising

[

delivering pancreatic islets to the subject in conjunction with an HTRIF antagonist.

4. The method of embodiment 13, wherein the pancreatic islets are

delivered to the biver of the subject.

10 15, The method of embodiment 13, wherein the pancreatic islets are

maplanted under a kidnev capsule in the subject.

16, The method of any one of embodiments 13-13, wherein the pancreatic
islets are treated with the HTRIF antagonist before delivering the pancreatic islets to the

subject.

15 17. The method of any one of embodiments 13-16, wherein the HTRIF
antagonist is a compound according to Formula |

R?
R1 ]/\j/ R
& 3,0\«/[\\/ N

or a pharmaccutically acceptable salt thereof, wherem:

(0,

R and R’ arc independently selected from the group consisting of hydrogen
20 and hydroxy;

R 1s selected from the group consisting of phenvl, naphthyl, guinolingd,
isoquinohinyl, indanyl, 1,2,3 4-tetrabydronaphthyl, mdolyl, N-{Cr4 alkybindolyi,
benzothiarolyl, benzothienvl, benzofuryl, 2, 3-dihydrobenzothienyl, 2, 3-dihydrobenzofuryl,
julolidinyl, and dibenzofuryl;

25 R3 is optionally substituted with one or two substituents independently
selected from the group consisting of Cies alkyl, Cis acyl, benzoyl, Cis alkoxy, phenoxy, Cis

alkvlthio, triffuoromethyl, trifluoromethoxy, and halo; and
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R* is selected from the group consisting of pyridin-3-yl, quinolin-3-vl,

isoquinohin-4-yi, and quinoxalin-2-y1L

18. The method of embodiment 17, wherein R! and R? are hydroxy.
15, The method of embodiment 17 or embodiment 18, wherein RY is
5 naphthyl
20.  The method of any one of embodiments 17-19, whercin R* is quinclin-
3-yi
21, 'The method of any one of embodiments 13-16, wherein the HTRIF

antagonist is methiothepin, methysergide, or a methysergide derivative.

14 22, The method of any one of ecmbodiments 13-16, wherein the HTR1F

ardagonist is an antibody that binds to HTRIF.

23, The method of any one of embodiments 13-16, wherein the HTRIF

antagonist is a nucleic acid that inhibits the expression of HT1F.

24 The method of any onc of crobodiments 13-23, wherein the subject has

15 diabetes.

[3184] Although the foregoing has been descnibed m some detail by way of lustration and

example for purposes of clarity and understanding, one of skill in the art will appreciate that
20 certain changes and modifications can be practiced within the scope of the appended claims.

In addition, cach reference provided herein is incorporated by reference m its entirety to the

same extent as if sach reference was individually mncorporated by reference.
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WHATIS CLAIMED IS:

i A method for treating diabetes, the method comprising admimistering a
therapeutically effective amount of a serotonin receptor 1F (HTRIF) antagomst (o a subject

i need thereof

2. The method of claim 1, wherein the subject hag type 1 diabetes, tvpe 2

diabetes, or gestational diabetes.

3. The method of claim 1 or claim 2, wherein the HTRIF 1s administered

0 the subject 1 conjunction with a pancreatic 1slet transplantation.

4, The method of claim 3, wherein pancreatic 1slets are treated with the

HTRIF antagonist before transplantation to the subject.

5. The method of claim 1, wherein the HTRIF antagonist is a compound

according to Formula 1

R2
! d/ R4
R,Q \/K' N o
R .

or a pharmaceutically acceptable salt thereof, wheren:

R} and R? are independently selected from the group consisting of hydrogen
and bydroxy;

R¥is selected from the group consisting of phenvl, naphtbvl, guinolinyl,
isoquinohinyl, indanyl, 1,23 4-tetrabydronaphthyl, mdolyl, N-{Cr-s alkybindolyi,
benzothiazolyl, benzothienyl, benzofuryl, 2,3-dibydrobenzothienyl, 2.3-dibydrobenzofuryl,
julolidinyl, and dibcnzofuryl;

R3 is optionally substituted with one or two substituents independently
selected from the group consisting of Cis alkyl, Crs acyl, benzoyl, Cis alkoxy, phenoxy, Cis
alkylthio, triffuoromethyvl, trifluoromethoxy, and halo; and

R? 15 selecied from the group consisting of pyndin-3-yl, quinolin-3-vi,

isoquinolin-4-vi, and quimoxalin-2-v1.
5. The method of claim 5, wherein R! and R? are hydroxy.

7. The method of claim 5, wherein R is naphthyi.
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8. The method of claim 5, wherein R is quinolin-3~-yi

9. The method of claim 1, wherein the HTRIF antagonist is

methiothepin, methysergide, or a methysergide derivative,

10, The method of claim 1, wherein the HTRIF antagonist is an antibody
that binds to HTRIF.
11, The method of claim 1, wherein the HTRIF antagonist is a nucleic

acid that inhubits the expression of HTRIF.

12, The method of claim 1, wherein the HTRIF antagomst i1s administered
as a pharmacsutical composition compnsing the HTRIF and a pharmaceutically acceptable

excipient,

13, A method for transplanting pancreatic 1slets to a subject comprising

delivering pancreatic islets to the subject in conjunction with an HYR1F antagonist.

14, The method of claim 13, wherein the pancreatic islets are delivered to

the liver of the subject.

15, the method of clamm 13, wherein the pancreatic islets are implanted

under a kidney capsule m the subject.

16, The method of claim 13, wherein the pancreatic islets are treated with

the HTRIF antagonist before delivening the pancreatic islets to the subject.

17 The method of claim 13, wherein the HTRIF antagonist is a compound
according to Formula 1
2
R LR
LI
Re .
or a pharmaceutically accepiable salt thereof, wherein:
R} and R® are independently selected from the group consisting of hydrogen
and hydroxy;
R is selected from the group consisting of phenyl, napbthyl, quinolinyi,

isoguinolinyl, indanyl, 1,2 3 4-tetrahydronaphthyl, indolyl, N{(Cra alkylnndolyl,
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benzothiazolyl, benzothienyl, benzofuryl, 2.3-dihydrobenzothienyl, 2,3-dihvdrobenzoturyl,

jelolidinyl, and dibenzofuryl;

R’ is optionally substituted with one or two substituents independently
selected from the group consisting of Crs alkyvl, Crs acyl, benzovl, Cie alkoxy, phenoxy, Cis
alkylihio, tnfluoromethyl, mfluoromethoxy, and halo; and

R is selected from the group consisting of pyridin-3-yl, guinofin-3-v1,

wsoquinchin-4-vl, and quinoxalin-2-vi.

18 The method of claim 17, wherein R' and R? are hydroxy.
19 The method of claim 17, wherein R is naphthyl.

20, The method of claim 17, wherein R* is quinolin-3-yl.

21 The method of claim 13, wherein the HTRIF antagonist is

methiothepin, methysergide, or a methysergide derivative.

22 The method of claim 13, wherein the HTRIF antagonist 1s an antibody
that binds to HTRIF.
23, The method of ¢laim 13, wherein the HTRIF antagonist is a nucleic

acid that inhubits the expression of HT1F.

24, 'the method of claim 13, wherein the subject has diabeteos.
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R1 and R2 are independently hydrogen; R3 is unsubstituted phenyl; and R4 is pyridin-3-yl, or a pharmaceutically acceptable salt thereof;
methods for treating diabetes; and methods for transplanting pancreatic islets.

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees need to be paid.

Group [+: claims 1-24 are drawn to compounds having a structure of Formula |, or a pharmaceutically acceptable salt thereof, methods
for treating diabetes, and methods for transplanting pancreatic islets.

The first invention of Group 1+ is restricted to a compound according to Formula | wherein R1 and R2 are independently hydrogen; R3 is
unsubstituted phenyl; and R4 is pyridin-3-yl, or a pharmaceutically acceptable salt thereof, methods for treating diabetes; and methods
for transplanting pancreatic islets. It is believed that claims 1-5 and 12-17 read on this first named invention and thus these claims will be
searched without fee to the extent that they read on the above embodiment.

Applicant is invited to elect additional formula(e) for each additional compound to be searched in a specific combination by paying an
additional fee for each set of election. Each additional elected formula(e) requires the selection of a single definition for each compound
variable. An exemplary election would be a compound according to Formula | wherein R1 is hydroxyl; R2 is hydrogen; R3 is
unsubstituted phenyl; and R4 is pyridin-3-yl, or a pharmaceutically acceplable salt thereof; methods for treating diabetes; and methods
for transplanting pancreatic islets. Additional formula(e) will be searched upon the payment of additional fees. Applicants must specify
the claims that read on any additional elected inventions. Applicants must further indicate, if applicable, the claims which read on the first
named invention if different than what was indicated above for this group. Failure to clearly identify how any paid additional invention
fees are to be applied to the “+” group(s) will result in only the first claimed invention to be searched/examined.

The inventions listed in Groups I+ do not relate to a single general inventive concept under PCT Rule 13.1, because under PCT Rule
13.2 they lack the same or corresponding special technical features for the following reasons:

The Groups I+ formulae do not share a significant structural element requiring the selection of alternatives for the compound variables,
R1, R2, R3, R4, and accordingly these groups lack unity a priori.

Additionally, even if Groups |+ were considered to share the technical features of a compound having the core structure of Formula I, or
a pharmaceutically acceptable salt thereof; a method for treating diabetes, the method comprising administering a therapeutically
effective amount of a serotonin receptor 1F (HTR1F) antagonist to a subject in need thereof; and a method for transplanting pancreatic
islets 1o a subject comprising delivering pancreatic islets to the subject in conjunction with an HTR1F antagonist, these shared technical
features do not represent a contribution over the prior art as disclosed by US 6,242,450 B1 to Koch et al. (hereinafter, “Koch”) and US
2020/0405728 A1 to Ferox Therapeutics LLC (hereinafter, “Ferox”).

Koch teaches a compound having the core structure of Formula |, or a pharmaceutically acceptable salt thereof (Col. 4, Lns. 17-18; see
also Col. 1, Lns. 57-59, invention provides pharmaceutical formulations comprising an effective amount for deactivation of the 5-HT1F
receptor of a compound of Formula |, specifically 1-(3-phenoxyprop-1-yl)-4-hydroxy-4-(isoquinolin-4-y!) piperidine).

Ferox teaches a method for treating diabetes, the method comprising administering a therapeutically effective amount of a serotonin
receptor 1F (HTR1F) antagonist to a subject in need thereof (Para. [0008], methods of preventing or treating hypoglycemia in a
mammalian patient, particularly a human, having Type 1 or Type 2 diabetes, by the administration of a therapeutically effective amount
of...a serotonin receptor antagonist, e.g., a SHT1F antagonist); and a method for transplanting pancreatic islets to a subject comprising
delivering pancreatic islets to the subject in conjunction with an HTR1F antagonist (Para. [0082], therapeutic agents, which are normally
administered to treat hypoglycemia may also be present in the pharmaceutical compositions disclosed herein or may be administered
concurrently with the pharmaceutical compositions disclosed herein...patient may also be a diabetes patient who has undergone islet
cell transplantation; Para. [0008), patient also is administered a serotonin receptor antagonist, e.g., a SHT1F antagonist).

The inventions listed in Groups I+ therefore lack unity under Rule 13 because they do not share a same or corresponding special
technical feature.
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