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METHODS OF LOCAL INDUCTION OF T BEGULATORY CRLLS

CROSS-REFERENCE

W

This application claums the benefit of U.S. Provisional Patent Application No. 62/154,493,

filed April 29, 20135, which application is incorporated herein by reference in its entirety.

BACKGROUND
Immune system dysregulation is a major contributor {o various discases and generally
1G onderlies the eticlogy of autoimmune disease. The tmmune system consists of activating components
that respond to an impwinogen o induce an ramune response and regulatory componenis that, when
present and activated, function amtagomistically (o repress the immune response and inhibit
mflammation.

While also serving many other functions, epithehial tissues generally function as an

-
W

organtsie’s physical barder to fection asd are thus panicularly twportand locations for immuse
regulation. Without a rapid and robust immune response fo a pathogenic foreign antigen at the
epithelial site of fection a pathogen may spread unchecked to other paris of the body. However, an
overly frequent or appropriately strong response to a non-pathogenic antigen can lead fo
unnecessary persistent inflammation in an epithelial tissue that, while in itself presents a significant
20 impact on quality-of-life and scrions pathology, may alsc promacie more critical conditions such as
canger.

Ag an example, the gastrointestinal (GI) tract represents the main surface by which an
organism encouniers exogenous antigens, includimg both those antigens ingested as part of the

organisin’s dict as well as those present on commensal bacteria. Under normal conditions, however,

N
W

these antigens do not trigger inflanumation. The lack of idlanumation 1o the Gl tract of bhealthy

subjects is not due to a lack of pathogenicity in commensal bactenia, as evidenced by the

opportanstic wfections of commensal bacteria that are frequently seen 1 the GI tract of mmuno-

compronused iadividuals. Thus, the immune response i the G tract roust be tightly regulated. When

dyvsregulated, as scen in ¢.g., the overly exuberant immune response in individuals with inflammatory

30 bowel disease, chronic intestinal mflasunation may be a major contributor to Gl disease and, long-
term, can lead to colorectal cancer.

Immune dysregulation leading to autcimmune disease 18 not limited to diseases of the GI
tract and arc also seen in other epithehial tissucs such as the skin {c.g., psoriasis) and non-cpithchial
tissues such as connective tissue (¢.g., rheumatoid arthritis), the pancreas (e.g., type 1 diabetes) and

35 the central pervous system (e.g., multiple sclerosis). Imraune dyseeguiation can arise naturally, ag
secn i1 the aforementioned diseases, but can also be provoked, ¢.g., as seen in graft vs. host disease.

Relative to autcrmmune discases, immune cells and particularly the CD4+ T cell population



WO 2016/176501 PCT/US2016/029875

contain both activated, pathogenic T cells as well as regulatory T (Treg) cells. CD25+ has been
wdentified as a marker of a T cell subset that this largely Treg but nonetheless contains some
pathogenic T cells. The transcription factor Foxp3, identified from the mouse mutant “scurdy” that
suffers a severe autoimmune syndrome similar to human IPEX (mmune dysregulation,

5 polyendocrinopathy, enteropathy, X-linked) syndrome which also manifests from a Foxp3 mutation,
has been identified as a higher fidelity marker of immune-repressive Treg cells.

Accordingly, Foxp3+ Treg cells are important for maintaining immune system balance,
particularly where the munune system has been activated by the presence of an exogenous antigen.
Therelore, particularly in subjects suffering of immune dysregulation, increasing the presence of

10 Foxp3+ Treg cells or the expression of Foxp3 i imumature T cells or the activity of Foxp3+ cells is
an attractive strategy for confrolling aberrant inflammation associated with autoimniune disease. In
vitro expansion and adoptive transfer of Treg cells has been 1nvestigated for the treatment of certain
auwtoimnmee conditions as has the administration of superagonistic anti-CD2% antibodies which
promote Treg cell proliferation. Both are largely systemic treatments, the former requirtng significant

15 effort, time and risk to collect, expand and administer the cultured Treg cells and the latter producing
adverse “cytokine storms” in early clinical tnals (see Marshall (2006) Science. 311(5768): 1688~
1689). Morcover, apto-infllammatory conditions do not uniformly display a decrease in Treg cells or
weegular Treg cell function. On the countrary, whether Treg cell numbers are reduced m Type 1
Diabetes remains a point of controversy and in the case of inflammatory bowel disease the numbers

20 of Treg cells are actually increased (sce ¢.g., Buckner (2010) Nat Rev Immuonology. 10(12):849-859),
Such findings indicate that gencrically supplving more Treg cells systemically may not necessarily
provide a therapeutic benefit i all autvimmuas diseases,

Alternative methods of increasing Foxp3+ Treg cell numbers and function the cffectively
treat or prevent autoimmune diseages are desirable. In addition, targeted therapies where Foxp3+

25  Treg cells are increased or otherwise activated at the primary site of inflanunation may allow for
local mmmune suppression while preventing adverse effects duc to systemic immune response

mhibition of less specific therapies.

SUMMARY
30 The instant disclosure provides, among other things, methods of locally increasing the
mumber T regulatory (Tregy cells, in particular Foxp3-expressing Treg cells, m the damaged
epithelium of a subject by administering to the subject an agonist of the hedgehog signaling pathway .
Also provided are methods of preventing a condition associated with damaged epithclium by
prophyvlactically indocing Foxp3-expressing Treg cells by admimstering a Hedgehog pathway
35  agowst i a subject at risk of developing such a condition. Also provided are pharmacentical

compositions and kits comprising Hedgehog agonists formulated for use in the described methods.
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BRIEF DESCRIPTION OF THE FIGURES
The invention is best understood from the following detailed description when read in
conjunction with the accompanying drawings. It is emphasized that, according to common practice,
5 the various features of the drawings are not to-scale. On the contrary, the dimensions of the various
features are arbitrarily expanded or reduced for clarity. Included in the drawings are the following

figares.

FiG. 1A-H: Decreased Hh pathway response exacerbates acute dextran sulfale sodium

10 {(DSSyinduced colitis, FIG. TA: Overview of acute DSS-induced colitis experiments. T mdicates
days of tamoxifen treatment, arrowheads indicate the day of colon harvest, colored bars indicate the
duration of PSS exposure and XL-139 treatracnt. FIG. 18 Confocal image shows the stromal
localization of Gfi/-cxpressing cells using an antibody that detects nuclear expression of B-
galactosidase in a GIiI™*" mouse. Epithelial cells are detected with an anti-Epcam antibody. FIG.

1 i £ e} vy, R/ e B
i3 1C: Confocal image of a colon section from a taroxifen-treated G ™™™ R g™

mouse shows
Glil-expressing cells, as marked by expression of membrane-associated GFP, i the lamina propria

closely juxtaposed to colon crvpt epithelial cells (anti-Epcam  antibody). FIG. ID-1E:

F/it

-y, fCRERA . —ry; 7 CeER/A, ¢ {U+ o~
Gl animals versus GHI Smo™" controls showed a greater loss of total body

Smo
weight [(FIG. 1D} day 10, 83.8% vs. 97.9% onginal body weight, *p < 0.0001} and more severe
20 colitig by histologic grading [(FIG. 1E) 2.7 vs. 8.9, *p = 0.0004; see FIG. 1H} FIG 1F-1G: XL-139-
treated amimals versus vehicle treated controls showed a greater loss of total body weight [(FIG. 1F)
day 10, 96.5% vs. 112 1% original body weight, *p < 0.00601] and more severe colitis [(FIG. 143 day
10, 2.3 vs, 0.3 severity score, *p < 0.0001]. FIG. 1H: Representative H&E stained cross-sections of
distal colons from acute-DBS colitis experiments showing varving levels of colitis severity, as
25 discussed in the text (also see Methods).

FiG. 2A-2G: Increased Hh pathway response ameliorates acute D33-induced colitis. FIG.
2A: Overview of experiments. Arrowheads indicate day of colon harvest, Colored bars indicate the
duration of D58 exposure. Dots indicate the timing of either vehicle or SAG21k doses. FIG. 2B:
Preh™ animals show less severe colitis than Prehl™ controls (average severity scores 1.8 vs. 3.4,

30 *p = 0.0104). FIG. 2C: Survival is increased in Pichl’” versus Pichl" animals following a 7 day
period of DSS injury (90.9 vs. 34.5 % swrvival, *p = 0.0449, Log-rank test). FIG. 2D Microarray
heat map shows induction of Hb pathway targets in SAG21k (n = 3) versus vehicle (n = 3) ireated
mice during DSS injwry. Comparison of expression levels in the two treatment groups reveals the
following t-test p-vahues: Hhip 0.003, Igf1 0.001, Glil 8.3 x 10°°, Prchl 0.004, Myocd 0.027. FIG.

35 2E: SAGZ1k treated FVB mice display less severe colitis than vehicle treated FVB controls (average
severity score 0.62 versus 4.75, *p < 0.0001). FIG. 2F: CS7BL/6 mice wreated with SAG2 1k showed
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iess severe colitis than vehicle treated controls by histologic grading at Day 7 (average severity score
1.9 we. 3.1, ¥p = 0.0197). SAGZIE or vehicle treatiment was started on Day 4. FIG 2G
Representative H&E stains of distal colon show less severe colitis in SAG21kK wreated mice (right
pancls) compared to vehicle treated mice (left pancls), from the experiment in FIG. 1E.

5 FIG. 3A-3B. Hh responsive cells are distinct frorm CD43" hematopoetic cells. FIG. 3A:

Confocal images of colon sections from tamoxifen treated GIiJ* ™" RogH 750t mine which
were either vamjured (eft two pasels) or mjured with DSS (5% DSS of 5 davs, followed by 3 days
of normal drinking water). No overlap was detected between CD45" hematopoetic cells and Glil'
cells, marked by fluorescent ZsGicen protein expression. FIG. 3B: FACS plots showing the

10 identification and  isolation of three distnct  populations of cells from  colons  of
i 1O R 27 mice that were given tamoxifen, then treated with DSS and/or pharmacologic
agenis as labeled (see Methods and FIG. 4A). These populations are Ghil' stromal cells (ZsGreen™),
hematopoetic cells (CD45") and epithelial cells (Epcam’, CD45", ZsGreen™, lower left corner of gach
plot). The plots show no overlap of GFP' stromal cells with CD45" hematopoetic cells.

13 FIG, 4A-4G: The protective effect of Hh response i colitis is mediated in part by increased
IL-10 expression. FIG. 4A: Overview of experiments. Tamoxifen treatment (1), colon harvest
{arrowheads), duration of DSS exposure (blue bars) and vehicle or SAG21k doses (dots) are shown.
FIG. 4B: FACS plots showing the isolation of Hh-responsive GFP' marked cells (boxed, right, in

cach plot) from colons of GIiJ“™R" Rog™™"

mice that were given tamoxifen, then treated with

20 wvehicle or SAG21k (as schematized in FIG. 4A, top diagram; see Methods). FIG. 4C: Microarray

heat map shows induction of Hh pathway targets as well as J2-70 in FACS purified G/i1"7 (GFPY

cells from SAG21K (n = 3) versus vehicle (o = 3) treated GH ™ R26™™5" mice. Comparison of

expression levels in the two treatment groups vielded the following t-test p-valucs: Hhip 0.039, Igfi

0.088, Mvocd 0.049, Giil 0.058, Proql 0.049, 17-10 G.009. FIG. 4D /1-10 mRNA expression was

25 6.3-fold higher in FACS-purificd GFP' cells from non-injured mice given SAG21k versus vehicle.

FIG. 4E-4F: [L-10 expression i FACS-purified cell populations from DSS injured mice given either

vehicle or SAG21k is shown ND indicates no detection after 40 cycles of amplification. FIG. 4G

The colitis-reducing effect of SAG21k was decreased in /7-707 mice (1.3 unit change in mean

severity score; p = 0.0101) compared to wild-type CS7BL/6 mice (4.0 unit change; p < 0.0001). f7-

30 797 mice which did not receive DSS displayed a low background level of colitis (mean severity
score 1.0).

FIG. SA-5.J; Foxp3' Treg levels in the colon are increased by Hh response as well as colitis.

FIG. 3A: Overview of experiments. Arrowheads mdicate day of colon harvest. Colored bars indicate

duration of DSS. Dots indicate drug doses. FIG. $B: The percentage of Foxp3 ' cells within the CD4"

35  population increases during DSS injury [n = 8 mice (Day 0), n = 4 (other timepoints)]. Mean % of

Foxp3 ' /CD4" cells was 9.9 on Day 0 versus 45.8 on Day 10 (p < 0.0001). FIG. 5C: Representative
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flow plots (gated on CD4" cells) show greatly increased % of Foxp3' cells at Day 10 versus Day 0 of

DSS injury. FIG. SD: The percentage of CD4" Foxp3' Treg cells increase dramatically after DSS

njury. FIG. 5E: Mean % of Foxp3'/CD4' cells sharply increases at one day following SAG21k

treatment (9.9, Day 0 versus 213, Day I, p = 0.0011). Afterwards, Foxp3® cells remain clevated

5 through day 10 {n = % mice (Day 0), n = 4 (other fimepoints)] FIG. 5F. Representative flow plois

show increased Foxp3' cells at Day 1 following SAG21k treatment compared to Day 0 baseline

fevels. FIG. 3G After a 10 day DSS-injury protocol, mice treated with SAG21k had a decreased

percentage of CD4' Foxp3' Treg celis versus vehicle controls. FIG. SH-5): When a short course of

SAG21k or vehicle was given during carly DRSS njury (FIG. 3A, bottom schema), colitis severity

1¢ was manimal at all time points and there were no significant differences in treatment groups (FIG.

SH). In this context, SAG21k increased the percentage of CD4” Foxp3' Tregs, both within the CD4"
population (FIG. 51 as well as the population of total colon cells (FIG. 55

FiG. 6A-6J; Hh response reduces tumor burden in colitis-associated cancer. FIG. 6A:

Overview of AOM-DSS tumor indaction studies. Colored bars mdicate duration of exposure to DSS

15  and Hh modolators, A denotes azoxymethane, T indicates days of tamoxifon treatmeni and

yt-
!

arrowheads indicate day of colon harvest. FIG. 6B: Colons from Prchi™ (n =7 and Pichl™ mice (n
= 7). Distal colons arc oriented towards the top. FIG. 6C: Pichl™ mice develop reduced overall
volume of colon tumors compared to Ftchl™ controls. Fach data point represents the total tumor
volume. FIG. 6D} Ptchi™ mice develop fewer discrete colon tumor foci than Prehl™ controls. FIG.

20 6E: Colons from FVB mice given vismodegib (r = 6), vebicle (n = 7) or SAG21k (n = 7). Similar tc
XL-139, vismodegib causes a strong suppression of Hh response (see Fig. 52¢). Dhstal colons are
oriented towards the bottom. FIG. 6F The vismodegib group shows drarsatically increased tumor
volumes as compared to vehicle (242.0 ram’ vs 25.1 mun’ respectively, p = 0.0004), whereas the
SAG21k group displays decreased tumor volumes (4.2 mm® vs 25.1 mm’ respectively, p = 0.0168).

25 FIG. 3G Fewer discrete tumor foci are present in the SAG21K versus vehicle group, whereas m the
vismodegtb group the tumors were too large to distinguish and count. FIG 5H: Colons from
GH S (= 6y and GLITY™™ Smo™" (a = 6). Distal colons are orienied towards the
bottom. i, Two weeks after completion of DSS injury, just prior to administration of tamoxifen
(Week 4), minimal or no colitis was detected in either GE“™ Smo™ or Gli I :Smo™™" groups.

30 There was no significant difference in mean colitis severity scores. FIG. 51 GAY™" Smo™ mice
develop an increased overall volume of colon tumors as compared to G/~ "

0.0093),

ﬂ A,’ .
Smo " mice (p =

FYG., TA-7C: G mutant effects on colitis. FIG. 7A: Overview of acute DSS-induced colitis
experiments. Blue bars indicate the duration of DSS exposure and arrowheads indicate the day of
35 colon harvest. FIG. 7B: Weights of GiiJ"", GIIM%" and Gli " mice exposed to 5% DSS for

five days. No statistically significant differences were noted among the three groups at any time

(W4
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: T e p . o g glacZit 4 vy ylaci/Lack v
point. FIG. 7C: Fourteen-day survival of GHI'" and Gli/%" as compared to GHI™" mice

(40.5%, 44.7%. vs. 61.5% survival, respectively). Contrary to expectation, the decreased survival and

its statistical significance were greater for GH/M™“" heterozygotes as compared to Gl

7 LacZ/LacZ
homozygotes G/iJ (p=0.0346 vs. p = 0.1276, respectively).
5 FiG, 8A-88: Quantitation of Hh pathway response by qRT-PCR. FIG. 8A: G/l mRNA

3 = or 1y | ~ g 1CreER/ ¢ il Y 15; 1 CeER/A
tevels were reduced 4.3 fold in colons of G /Y™™ Smo™ (m = 3) versus GIii“

5+

Smo” T (n=3)
mice after admupistration of tamoxifen (¥p = 0.0136). FIG. 8B: Gl mRNA levels m colons of FVB
mice given vehicle or XL-139 (n = 3 for each group). X1L-139 was given by oral gavage at 72 hour
mtervals, with dose namber and time 1nterval between the last dose and colon harvest as indicated.

16 Gl mRNA levels were reduced 15.6 fold in colons of mice given XL-139 (2 doses, 24 hours) versus
vehicle (*p = 0.0026). FIG. BC: G/il mRNA levels in colons of FVB mice given vehicle or
vismodegib (n = 3 for cach group). Vismodegib (100 mg/kg) or vehicke was given by oral gavage
every 12 hours x 6 doses. Colons were harvested 4 hours after the last dose. GIi7 mRNA levels were
reduced 7.8 fold in colons of mice given vismodegib versus vehicle (*p = 0.0019). FIG. 8D Relative

15 expression of Glil mRNA in colons of FVB mice with increasing doses of SAGZ1k. Values on the
X-axis indicate the dose in mg/kg given by mtraperitoneal injection every 12 hours.

FIG. 9A-9C: Expression of Hh pathway targets and 774 by SAG21k in whole colon. FIG.
9A: Relative expression of the Hh pathway genes GIil, Pichi, Hhip and Ihh m the colons of FVB
mice treated as mdicated (0 = 3 for cach treatment condition). HPRT expression was used for

20 opormabization. In the non-injury groups, either vehicle (PBS) or SAGZIk (0.5 me/kg) was given
every 12 hours x 6 doses by 1.p. injection, and colons were harvested 4 hours after the last doge. In
the DS injury groups, 3% DSS was given on days 0-5 and colons were harvesied on day 10, Vehicle
or SAG21k were given by i.p. injection every 12 hours on days -2 through 10, with the last dose
given 4 hours prior to colon harvest. FIG. 9B: The expression of I2-7/0 was increased 1.9-fold in

25 colons of FVEB mice that received SAG21k versus vehicle duning DSS injury (*p = 0.0274). DBSS and

drug treatments were as performed in the previous panel. FIG. 9C: Increased levels of IL-10 protein

were detected by Luminex Assay in SAG21k versus vehicke treated animals with DSS tnjury (Fp =

0.0459).

FIG, 18A-10L: Localization of Hh responsive cells i the colon. FIG. 10A: An X-gal stain

30 of a colon section from a GUI™™" mouse shows (fil-cxpressing cclls in the lamina propria,
muscularis mucosa, and muscularis propria. FIG. 10B: A confocal image of a colon section from a
Gl I“F R 26™™59 mouse which received tamoxifen is shown. Hh responsive cells, marked by
GFP expression, are confined to the stromal compartment. FIG, 10C-10G: Confocal images of colon

CreFRA 54~ LSL-ZsGreenl /+ . . .
BRI p oglSh-zsGremnit ice which teceived no DSS treatment.

sections from tamoxifen treated Glil/
35 No overlap was detected between Glil' cells (marked by fluorescent ZsGreen protein expression)

and various subsets of hematopetic cells expressing CDlic, CD11b, F4/80 or CD2006. FIG. 10k A
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;7 lacZi+

colon section from a GYil mouse shows no overlap of endothehial cells (anti-CD31 antibody)
with Glil" stromal cells (anti B-galactosidase antibody; staining is localized to the naclens). FIG. 101-

CreBR/M SL-ZsGreenl/t s :
CeER/ ,R 26[ S sCreend mice Vvlth

10L, Confocal images of colon sections from tamoxifen treated G/i/
DSS colitis. Tamoxifen was given prior to the start of DSS (schema shown in middle diagram of
5  FIG. 4A). Dwing colitis, there was no evidence of overlap between the GHI' cells (ZsGreen-

expressing) and hematopoetic subscets expressing CD1lc or CD11b.

DETAILED DESCRIPTION
The mstant disclosure provides methods of locally increasing the nwaber T regudatory (Treg)
10 cells, in particular Foxp3-expressing Treg cells, in the damaged epithebum of a subject by
admimstering 1o the subject an agonist of the hedgehog signaling pathway. Also provided are
methods of preventing a condition associated with damaged epithehom by prophylactically inducing
Foxp3-expressing Treg cells by administering a Hedgehog pathway agonist in a subject at risk of
developing such a condition. Also provided are pharmaceutical compositions and kits comprising

15  Hedgehog agomnsts formulated for use in the described methods,

The practice of the present imvention will employ, unless otherwise indicated, conventional
methods of pharmacology, chemistry, biochemistry, recombinant DNA techniques and immunology,
within the skill of the art. Such techmiques are explained fully in the literature. See, e.g., Handbook of

20 Experimental Immunology, Vols. IV (B.M. Weir and C.C. Blackwell eds., Blackwell Scientific
Publications); A L. Lehninger, Biochemistry (Worth Publishers, Inc. | current addition), Sambrook, et
sk, Molecular Cloning: A Laboratory Mannol (2nd Edition, 1989, Methods In Enzymology (5.
Colowick and N. Kaplan eds., Acadonuc Press, Inc.).
All publications, patents and patent applications cited herein, whether supra or infro, arc
25 hercby mcorporated by reference in their entireties,

Where a range of values is provided, it 1s understood that cach intervening value, to the tenth
of the unit of the lower limit uniess the context clearly dictates otherwise, between the upper and
fower himits of that range 15 also specifically disclosed. Each smaller range between any stated value
or intervening value 10 a stated range and any other stated or intervening value 1n that stated range is

30 encompassed within the invention. The upper and lower limits of these smaller ranges may
mdependently be mcluded or excluded in the range, and each range where either, neither or both
fimils are ncluded in the smaller ranges is also encompassed within the invention, subject to any
specifically excluded limit m the stated range. Where the stated range includes one or both of the
fimits, ranges excluding either or both of those incladed limits are also mchided 1 the mvention.

35 Unless defined otherwise, all technical and scientific terms used lercin have the same

meaning as commonly vnderstood by one of ordinary skill in the art to which this invention belongs.
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Although anv methods and materials similar or equivalent to those described herein can be used in
the practice or testing of the present mvention, some potential and preferred methods and matenials
arc now described.  All publications mentioned hercin are incorporated hercin by reference to
disclose and describe the methods and/or materials m connection with which the publications are

5 cited It is understood that the present disclosure supercedes any disclosure of an incorporated
publication to the exient there is a coniradiction.

As will be apparent to those of skill in the art upon reading this disclosure, cach of the
individual embodiments described and illustrated herein has discrete components and features which
may be readily scparated from or combined with the features of any of the other several

10 embodiments without departing from the scope or spirit of the present mvention. Any rectied method
can be carried out in the order of events recited or in any other order which is logically possible.

The publications discussed berein are provided solely for thetr disclosure privs to the filing

date of the present application. Nothing hercin is to be construed as an admission that the present

mvention is not entitled to antedate such publication by virtue of prior invention. Further, the dates

-
W

of publication provided may be different from the actual publication dates which may need to be

mdependently confirmed

Definitions
In describing the present invention, the following terms will be emploved, and are tended
20 o be defined as ndicated below.
It must be noted that, as used in this specification and the appended claims, the singular
forms “a”, “an” and “the” include plural referents unless the content clearly dictates otherwise. Thus,
for example, reference to “an agonist” includes a mixture of two or more such agonsts, and the like.

3 39

25 The terms “recipient”, “individual”, “subject”, “host”, and “patient”, are used
mterchangeably herein and refer to any manunalian subject for whom diagnosis, treatment, or
therapy is desired, particolarly humans, "Mammal” for purposes of treatment refers to any animal
classified as a mammal, mcluding humans, domestic and farm animals, and zoo, sports, or pet

ammals, such as dogs, horses, cats, cows, sheep, goats, pigs, camels, etc. In some embodiments, the

43
<

mammal is human. In some cases, the methods of the invention find use in experimental animals, in
veteringry application, and in the development of animal models, including, but not hmited to,
rodents including mice, rats, and hamsters; and primates.

55 <C

The terms “specific binding,” “specifically binds,” and the like, refer to non-covalent or
covalent preferential binding to a molecule relative to other molecules or moicties in a solution or
35 reaction mixture {¢.g., an antibody specifically binds to a particular polypepiide or epitope relative o

other available polvpeptides). In some embodiments, the atfinity of one molecule for another
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molecule to which it specifically binds is characterized by a K (dissociation constant) of 107 M or
less (e.g., 10° M or less, 107 M or less, 107 M or less, 107 M or less, 1077 M or less, 107 M or less,
1077 M or fess, 1077 M or fess, 107" M or less, 107° M or fess, or 107° M or less). "Affinity" refers to
the strength of binding, increased binding affinity being correlated with a lower Kp.

The terras "treatment”, "treating”, "wreat” and the ke are used herein o generally refer to
obtaining a desired pharmacologic and/or physiologic effect. The effect can be prophylactic in terms
of completely or partially preventing a disease or symptom(s) thercofl and/or may be therapentic in
terms of a partial or complete stabilization or cure for a disease and/or adverse effect atiributable to
the discase. For example, a preventative (reatment, 1.e. a prophylactic treatment, may imclode a
reatinent that effectively prevenis an epithelial mflammatory condition or a treatment that effectively
prevenis or conirols progression of an epithehal inflammatory condition. In some mstances, the
treatment may result in a treatment response, such as a complete response or a partial response. The
term “treatment” encompasses any treatment of a disease in a mammal, particularly a human, and
includes: (a) preventing the discase and/or symptom(s) from occurring in a subject who may be
predisposed to the disease or symptom(s) but has not vet been diagnosed as haviag it; (b) inhibiting
the disease and/or symptom(s), i.c., arresting development of a discase and/or the associated
symptoms; or {¢) relieving the disease and the associated symptom(s), 1.¢.. causing regression of the
disease and/or symptom(s). Those in need of treatment can include those already afflicted (¢.g., those
with epithelial damage and/or infllammation) as well as those in which prevention s desired (e.g.,
those with increased susceptibility to epithelial damage; those suspected of having epithehial damage,
those with an increased risk of developing epithelial damage; those with increased environmental
exposure to epithelial damaging agents, those suspected of having a genciic or behavioral
predisposition to cpithelial damage; those with cpithelial damage, those having results from
screening indicating an ncreased risk of epithebal damage or inflammation, those having tested
positive for a epithelial damage or mflammation related condition, those having tested positive for
one or more biomarkers of epithelial damage and/or an cpithelial mflammation related condition,
ete.).

A therapeutic treatment 1s one in which the subject is afflicted prior 1o adminisiration and a
prophy lactic treatment s one in which the subject 1s not afflicted prior 1o administration. In some
crabodiments, the subject has an increased likelihood of becoming afflicied or is suspected of having
an increased likelihood of becoming afflicted (e g, relative to a standard, ¢.g., relative to the average
individual, e.g., a subject may have a genctic predisposition to cancer and/or a family history

mdhicating mereased risk of cancer), in which case the treatment can be a prophylactic treatment.

A “biological sample” encompasses a varicty of sample types obtained from an individual

and can be used in an assessment (e.2., a diagnostic or momtoring assay ). The definition
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encompasses blood and other Liguid samples of biological origin, solid tissue samples such as a
biopsy specimen or tissue cultures or cells derived thereflrom and the progeny thereof. The definition
also includes samples that have been manipulated in any way after their procurement, such as by
treatment with reagents, solubilization, or enrichment for certain components, such as
polypucleotides or polypeptides. The term “biclogical sample” encompasses a clinical samaple, and
also mcludes cells in culture, cell supernatants, cell lysates, serum, plasma, biological flind, and
tissuc samples. Where appropriate, the term “biological sample” includes urine, saliva, cerebrospinal
fluid, interstitial fluid, ocular fluid, synovial fluid, blood fractions such as plasma and serum, and the
like. The term “biological samaple” also includes solid tissue samples, tissue culture samples, and
celiular samples.

The term “assessing” mcludes any form of measurement, and includes determining if an
clement is present or not. The terms “determining”, “measuring”, “cvaluating”, “assessing” and
“assaying” are used interchangeably and include quantitative and qualitative determyinations,
Assessing may be relative or absclute. © Assessing the presence of” includes determining the amount
of something present, and/or determining whether i is present or absent. Ag used herein, the termas
“determining,” “measuring,” and “assessing.” and “assaying” are used interchangeably and inchide

both quantitative and qualitative determinations.

Before describing the present invention in detatl, it 18 to be understood that this invention 1s
not Hraited to particolar formulations or process parameters as such may, of course, vary. It is also to
be understood that the terminology used herein 1s for the purpose of describing particular

embodiments of the invention anly, and s a0 iniended to be bmiting,

METHODS AND COMPOSITIONS

Aspects of the discloswre include inducing T regulatory (Treg) cells through the
administration of a Hedgehog (Hh) signaling pathway agonist to a subject having a condition
associated with damaged epithelium or at risk of developing a condition associated with damaged
cpithelium. Methods of the instant disclosure include where the Treg cells are induced locally within
and/or near the damaged epitheliom of the subject to locally treat a condition associated with the
damaged epithelium.

The terms “induction” and “induce” as used herein, particularly when referring to Treg cells,
generally refers to increasing or enhancing the overall function of the cells that are induced,
mchiding where the overall function mayv be increased or enhanced by mcreasing the number of the
subject cells or creasing the function of the subject cells, e.g., by increasing the number of Treg

cells or increasing the function of Treg cells. Inducing an increase in the number or the function of a
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cell type need not be mutually exclusive and, in some cases, such mmducing may result n an increase
i both the aumber and the function of an mduced cell type.

Local increases in cell number may manifest in various ways including ¢.g., an increase in
proliferation of the particular cell type at the location, an increase in the differentiation of other cells

5 into the particular cell type at the location, an increase in migration of the particular cell type (or cells

fated to differentiate into the particular cell type) to the location. Local increases in the function of a
particular cell type may manifest in various ways including e.g., a local increase in the expression
ievel of a particular gene causing or correlated to the particular function n the subject cells, a ocal
hibition of one or more cellular functions or behaviors that nterfere with or detract from the

10 cellular function to be increased, etc.

The instant disclosure arises, at least m part, from the discovery that Treg cells can be
focally induced. 1n subjects with epithelial damage ov at risk thereof, by admsinistering to the subject a
Hh agonist. Spectfically, without being bound bv theory, Hh agonists were found 1o induce the
expression of the cytokine, ILIG, in stromal cells accompanying the epithelivnn, which expression

15 subsequently induced the maintenance of Foxp3 expression i Treg cells in the epithelium.
Specifically, Hh agonist was found to provide both an IL-10 dependent and [L-10 independent
redaction i the severity of epithebal avtoimmaone discase models. Moreover, the effect of the Hh
agomnist, namely, the reduction i the severity of autoummune disease, was found to vot be due to
activation of Hh pathway signaling in hematopoictic cell types.

20 Accordingly, the instant disciosure provides, in certain embodiments, methods of inducing
Foxp3-expressing Treg cells, locally within damaged epithelium, by administering a Hh agonist,
where the Hh agonist acts upon Hh responsive siromal cells and the Hh stimulated stromal cells then
generate 1L-10 which induces Treg cells. In certain embodiments, the instant disclosure also provides
methods wherein Foxp3-expressing Treg cells are mduced by a Hh agonist through an IL-10-

25  independent mechanism. The mechanisms of Treg cell induction, whether [L-10 dependent or
mdependent, are not necessarily mutnally exclusive and, while certain methods may be solely IL-10
dependent or solely 1L-10 independent, i many nstasces 3 wethod will juvolve both 1L-10
dependent or independent induction of Treg cells.

As would be recognized, not all of the effect of admimistiering the Hh agonist may be

30 mediated by 1L-10 or by mduction of Treg cells. As such, in some embodiments, the effect of
admimstering the Hh agonist may be mediated by an IL-10 Treg induction-mndependent pathway. As
such, in some embodiments, the method may comprise administering to a subject having a condition
characterized by a damaged emithelivm or at risk thercofl a Hedgehog (Hh) agonist in an amount
effective to treat the damaged epithelium in the absence of a local increase the number of Foxp3-

35  expressing Treg cells in the damaged epithelium.



WO 2016/176501 PCT/US2016/029875

Stromal cells may, in certain cases, be referred to herein as “Hh-responsive cells” where the
subject stromal cells react to an administered Hh agonist, generally but not exclusively to result in the
release of a Treg cell altering cvtokine from the Hh-responsive cell. Stromal cells of the subject
disclosure will vary depending on e.g., the particular tissue to be treated including ¢.g., the particular

5  epithelial tissue to be {reated, and may inclode epithelial-associated stromal cells, including but not
limited to e.g., mtestinal stromal cells, skin stromal cells, and the like. In some instances, intestinal
stromal cells may express one or more indestinal stromal cell markers including but not hmited to
¢.g., collagen, vimentin, alpha-smooth muscle actin (uSMA), prostaglandin-E,, CD90, and the like.
In some stances, infestinal stromal cells may be identified, at least in part, based on the absence of

10 one or more markers including the absence of one or more hematopoietic markers. Markers which

may be used to identify stromal cells based on the absence of such markers may include but are not
himited to ¢.g., CD45, CD31, CB1ib, CDllc, F4/80, CD206, and the like. In some instances, stromal
cells may be identified based on a combination markers including ¢.g.. a combination of makers that
are present and absent including but not himited to e.g., CD90+, aSMA+, CD45- and CD31- and/or

15 any combination of the markers herein described,

Treg cells of the mstant disclosure may likewise vary and may inchide but are not bmited to
CDd+ Treg cells. In some instances, Treg cells of the instant disclosure may wclude CD4+, CD25+
Treg cells. In some instances, Treg cells of the instant disclosure may include CD4+, CD25+,
Foxp3+ Treg cells. In some instances, Tregs may be further characterized based on expression of

20 Heliog, an Tkaros family transcription factor, ¢.g., as described in Himrael et al. (2013) J Immunol

190¢5):2001-8; the disclosure of which is incorporated herein by reference.

The presence of immune cell surface markers (¢.g., CD3, CD4, T8, CD25, eic.) may be
readily detected, on Treg cells and/or other relevant immune cell types, through the use of an
antibody and subsequent detection of the bound antibody by a variety of means mcluding e g,

25 mmmunofluorescence microscopy, flow cytometry, ete. The presence of internal (¢.g., cviosolically
expressed, nuclearly transported factors, ete) markers {e.g., cytokine markers {(e.g., mterferon
gammas (FFNvy), twoor necrosis factor alpha (TNFog, 1L-22, 1L-17, 1L-4, 1L-13, 1L-10, 1L-2, etc)),
proliferation markers (e.g., Ki67, etc.), Foxp3, Helios, etc.) may be detected by a variety of means
mcluding  but not lhimited to e¢.g. detection of the expressed protein (c.g., through

30 mmunofluorcscence mucroscopy) or the mRNA encoding the protein (e.g., through in situ
hybridization, through guantitative PCR (gPCR), through guantitative sequencing, eic.}. In some
mstances, the presence and/or functionality of Treg cells may be deternined in vitro, e.g., through in
vifro reactivity with activated (i.c., antigen-specific) T cells, etc. In some instances, analysis of
mmune cells may be performed by flow cytometry essentially as described by Bowceutt et al. (2015)

35 T lmmunol Methods. 421; 27-35; the disclosure of which is incorporated herein by reference in iis

entirety. Asscssments may, i certain instances, nclude histological or cytological asscssments,
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cytokine assessments (including eg, an cnzyme-linked immunosorbent assay (ELISA) assay,
mehuding e.g., ELISA for a single cytokine or a cytokine ELISA pancl and the hke).
Assessments

In addition to the administration of Hh agonists, described in more detail below, the methods
of the instant disclosure also include, in certain instances, assessing Treg cells of the subject. Treg
cells may be measured before treatment with a Hh agonist is inmtiated, ¢.g., 1o identify a subject that
is in need of treatment to induce Treg cells. Treg cells may also be measured during treatment with a
Hh agonist, ¢.g., to momnitor therapy. Treg cells mav also be measured following treatment with a Hh
agonist, ¢.g., to evaluate the effectiveness of a completed course of treatment, to determine whether
treatment should be stopped, ctc. Treg cells may be assessed globally, ¢.g., by assessing Treg cells of
the blood. Treg cells may also be asscssed locally, e.g., by measuring Treg cells in a biological
sample obtamed from an affected area of the subject.

In certain instances, the cffectiveness of a therapy including the administration of a Hh
agonst as described herein may include monitoring the level of Treg cells during and following the
treatment where, ¢.g., a decrease in Treg cells towards the end of therapy or following the therapy
may be mdicative of a reduction in the severity of the condition. In other instances, monitoring the
effectiveness of a therapy including the administration of a Hh agonist as described herein may
mchude mounttoring the level of Treg cells near the begimning of therapy where a shori-term increase
i local Treg cells and/or local Foxp3 expression in Treg cells may be indicative of effective therapy.

Global and local Treg cell assessments of the instant disclosure may provide different
mformation for evaluating varicus aspects of treatment. For example, global and local Treg cell
assessments provide didferent information as to whether a subject should be wrested with a Hb
agonist, where global assessments may provide a readout of a subjoct’s overall level of immune
suppression and local asscssments may provide a readout of a subject’s level of immune suppression
in an affecied tissue. In some instances, although a subject has an abnormal local evel of immune
suppression {e.g., a level indicative of disease) within an affected tissue the subject may nonctheless
have a global level of nunune suppression that may be cssentially vormal or not indicative of
disease. In other instances, a subject with an abnormal local level of tmmune suppression within an
affected tissue may also have a global level of twmune supprcssion that is abnormal. Abnormal
ievels of immune suppression may be abnormally high (i.e., clevated) or may be abnormally low
{e.g.. lowered), e.g., as compared to an appropnate healthy control. In certain cases, a subject may
have an abnormally low level of inunupe soppression in an affected tissue including ¢.g., where the
subject has an abnormally low nwmber of Treg cells mn the affected tissue and/or abnormally low
Treg cell activity in the affected tissue. In certain cases, a subject may have an abnormally high level
of immune suppression in an affected tissue including ¢.g., where the subject has an abnormally high

number of Treg cells in the affected tissue and/or abnormally high Treg cell activity in the affected
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tissuc. In certain cases, a subject may have an abnormally high level of global immune suppression
mcluding ¢.g., where the subject has an abnormally high number of Treg cells in a peripheral blood
samaple obtained from the subject and/or abnormally high Treg cell activity in a peripheral blood
sample obtamed from the subject. In certain cases, a subject may have an abnormally low level of
global immune suppression including ¢.g., where the subject has an abonormally low number of Treg
cells in a peripheral blood sample obtained from the subject and/or abnormally low Treg cell activity
i a peripheral blood sample obtained from the subject. The level of immuse suppression, either
global or local, need not necessarily be abnormal and may, in some cases, be essentially normal. For
example, when a subject is being treated prophylactically a subject may have a level of immune
suppression {e.g., as measured by evaluating Treg cells of subject) that s essentially normal,
mcluding where the level of immune suppression is evaluated globally and/or locally.

In certain instances, a subject with epithelial damage may bave an elevated level of e
suppression in the affected tissue; however, the clevated level may not be sufficient o suppress local
inflammation in the affected tissue. For example. in some instances, a subject may have
wfiarematory bowel disease (IBD) characterized by an elevated level of local tnmune suppression
{e.g., as measured by the number or activity of Treg cells locally in the affected tissue) insufficient to
suppress inflarnmation in the affected area of the bowel, requiring further inducement of imnnune
suppression in the bowel to treat the subject’s IBD. In some instances, a subject mav have colitis
characterized by an clevated level of local immune suppression (¢.g., as measured by the number or
activity of Treg celis locally in the affected tissue) insufficient to suppress inflaramation i the
affected area, requuring further inducement of immune suppression to treat the subject’s colitis. In
some tostances, a subject may have Crobn’s disease characterized by an clevated level of local
mmune suppression (e.g., as measured by the mumber or activity of Treg cells locally in the affected
tissue) msufficient to suppress inflammation 10 the affecied area, requinng further inducement of
immune suppression 1o treat the subject’s Crohn’s disease.

In certain instances, a subject with epithehal damage may have a lowered level of immune
suppression in the affected tissue resulting in chronic inflammation of the tissue. For example, in
some instances, a subject may have psoriasis characterized by an increase in the conversion of Treg
cells to promflaramatory T cells, resulting in a redoced nuwnber of Treg cells 1 the affected tissue
(sec e.g.. Bovenschen et al. (2011) Invest Dermatol. 131(9):1833-60; the disclosure of which s
incorporated hercin by reference it its entirety). In some instances, a subject with cpithehal damage
may have lowered global levels of tramune suppression contributing to chronic inflammation of an
affected tissue, e.g., as observed 1n psoriasis (see ¢.g., Yan et al. (2010} Br J Dermatol. 163:48-56;
the disclosure of which 1s incorporated hercin by reference it its entirety).

Assessments of levels of immune suppression, whether global or local, may involve

measuring the absolute levels of Treg cells or may involve measuring relative levels of immume cells
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including but not linnited to e.g., the level of Treg cells relative to the total T cell population, the level
of Treg cells relative to the total CD4+ T cell population, the level of CD25+ Treg cells relative to
the fevel of CD25— Treg cells, the level of Foxp3+ Treg cells relative to the level of Foxp3— Treg
cells, and the bike In some mstances, a measurement of the relative levels of immunosuppressive
cells may isclude wmeasuremend of a phlurality of wune cell populations {¢.g., Treg cells, CD4+ T
cells, NK cells, CD8+ T cells, B cells, etc)) including but not limited to 2 or more immune cell
populations, 3 or more mmune cell populations, 4 or more wmmune cell populations, 5 or more
immune cell populations, 6 or more immune cell populations, ctc. Measurements of a phlaraliiy of
e cell populations of the instant disclosore will generally include measurement of at east one
Treg cell population including but not lunited to e.g., CD4+ Treg cells, UD4+CD23+ Treg cells,
CDA+-CD2S+FOXP3+ Treg cells, and the like. Relative levels of different populations of mmniune
cells may be assessed by any convenient method, including e.g., those described above, and may, in
certain instances, be asscssed by flow cytometry.

Agsessments of immuune suppression may be performed on any useful and relevant
biological sample obtained from the affected tissue or an organ/tissue neighboring the affected tissue.
For example, as described above, global assessments of immune cells, including assessments of
nmune suppression, may be performued on peripheral blood obtained from a subject.

In some instances, an assessment of local immune activity, including asscssmenis of local
immung suppression, may be performed using a biological sample obtained from an affected arca of
the subject. Useful biological samples include but are oot limited fo e.g.. biopsy specimens of
affected tissue but not limsted to e.g., a skin biopsy or an mtestinal biopsy (¢.g., a colon biopsy, a
small intestine biopsy, a rectal biopsy, efc.), etc. In certain instances, useful biological samples in 3
subject having IBD include bui are not limited to ¢.g., a lamina propria mucosal biopsy {c.g., as
described by Bowcutt ot al. (2010) J Imununol Methods. 421: 27-35; the disclosure of which i
meorporated herein by reference i Us entirety), a mesenderic Iviaph node biopsy (Eberhardson et al
{2008y Eur J Gastroenterol Hepatol. 20(10):985-8, the disclosure of which is incorporated herein by
reference in its entirety), and the like. In some 1nstances, a useful sample of affected tissue 10 IBD s
obtained during a colonoscopy. In other instances, ¢.g., where the subject has psoriasis useful
samples may inclade but are not limiuted (o a skin punch biopsy.

Subjects

Subjects of the mstant disclosure to which a Hh agomst may be administered, as described
herein, gencrally nclude subjects having, subjects suspected of having and subjects at risk of having
damaged epithelium. Such subjects include but are not limited o ¢.g., subjects having or suspected of
having or at risk of developing IBD (ncluding ¢ g, colitis and Crohn’s disease) or subjects having or

suspected of having or at risk of developing psoriasis.
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In instances where the subject 1s a subject having or suspected of having or at risk of
developing IBD the affected are will generally be a portion of the colon and/or small intestine
including but not linvted to ¢.2., the rectum, the sigmoid colon, the descending colon, the transverse
colon, the ascending colon, the cecum, the duodenum, the jejunmum, the ileum, or a combination
thereof In instances where the subject is a subject having or suspected of having or at dsk of
developing Crohn’s discase the affected are will generally include the ileocecal region, however
Crohn’s disease may in certain cases affect any region of the gastrointestinal (GI) tract. In mstances
where the subject i a subject having or suspected of having or at risk of developing colitis (e.g.,
ulcerative colitis) the affected are will generally include the rectum, the sigmoid colon, the
descending colon, the transverse colon, the ascending colon, and/or the deum.

Subjects suspected of having or at nisk of having a damaged epithchuom may mmchude e.g,
those subjects that are asymptomatic but have an elevated risk of any of the aforementioned
conditions. An elevated risk may be due to a variety of factors including but not limited to a genctic
predisposition 1o the condition, increased exposure to an agent known to mercase risk of developing
a condition, a previous diagnosis or treatment for the condition or a secondary condition associated
the primary condition, an associated medical event, and the like. In one example, an associated
medical event may include an impending or past transplant, ¢.g.. a bone marrow transplant. For
example, in some instances a subject having an clevated risk for an auto-inflammatory condition may
2 a subject having undergone a bone-marrow or stem cell transplant and may thus be at rigk of
developing graft versus host disease (GVHD).

Treatments of subjects at nsk of developing GVHD may include the prophylactc
administration of 3 Hh agonist to the subject before, during or after a bone marrow or stem cell
transplant. In some instances, the transplant donor may be adounistered a Hh agomist prior fo
collection of the donor tissue as a part of a treatment to prevent GVHD in a subject receiving the
donor tissue.

Subjects treated according to the methods of the instant disclosure may have altered levels of
basal Hh pathway activity in the affected tissue. For example, in some instances, a subject treated
with a Hh agonist, as described herein, is a subject having a decreased evel of Hh activity as
measured by one or more Hh pathway readouts including e.g., expression of Ghl, expression of
Ptchl, expression of Hhip, and the like. Basal Hh activity, as assessed by the expression of one or
more Hh pathway readouts, may be measured by any convenient method including but not limited to
¢.g., measuring the expression in a biological sample obtained from the subject, including where the
measuring 18 gualitatve {e.g., as measured by stmning including eg, in situ hybrndization,
mmunofluorescence, ¢ic.) or quantitative (e.g., as measured by gPCR, quantitative sequencing, etc.).

In some instances, subjects of the instant disclosure may mclude those subjects having had

their basal Hh pathway activity artificially lowered, e.g., through receiving systenuc treatment with
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one or more Hh antagonists. Subjects having received systemic treatment with one or more Hh
antagonsts and 1n need of local treatment with one or more Hh agonists according to the methods as
described hercin mav in some instances display one or more symptoms of epithchial damage
mclading but not imited to one or more symptoms of intestinal epithelial damage including but not

5  limied to e.g., diarrhea, weight-loss, ¢tc. In some instances, a subject receiving a Hh antagouist is a

subject having cancer and being treated with a Hh antagonist for the cancer. In some instances, a
sabject receiving a Hh antagonist may inclode but 18 not hmited to e.g., those subjects undergoing
treatment for basal cell carcinoma (BCC) that includes receiving a Hh antagonist.

Administration

10 Aspects of the instant disclosure mclude adnunisiering a Hh agonist to a subject having a
condition associated with epithelial damage to treat the subject for the condition. Hh agonists may
also be adminmistered to subjects at risk of developing a condition associated with damaged
epithelium and, as such, the administering may be pedormed to prevent development of the
condition or decrease the severity of the condition once developed.

15 Hb agonists nseful in methods of the mstant disclosure include agents that promoie the Hh
signaling pathway resulting m the signaling outcomes consistent with the presence of one or more Hh
signaling higands mclading but not hmited to Hh, sonic hedgehog (Shh), indian hedgehog (Thhy,
desert hedgehog (Dhh), and the ke, All Hh ligands are syunthesized as precursor proteins that
undergo avtocatalytic cleavage and concomitant cholesterol modification at the carboxy termings and

20 palmitoylation at the amino terminus, resulting in a secreted, dually-lipidated protein. Hh ligands are
released from the cell surface through the combined actions of Dispatched and Scube2, and
subsequently trafficked over multiple cells through nteractions with the cell surface proteins LRP2
and the Glypican family of heparan sulfate proteoglyeans (GPC1-6).

Hh proteins initiate signaling through binding to the canonical receptor Patched (PTCHY)

25 and to the co-receptors GAST, CDON and BOC. Hh binding to PTCHI results in derepression of the
GPCR-like protein Smoothened (SMO) that results i SMO accumulaton m cilia and
phosphorviation of s cytoplasmic tail. SMO mediates downstream signal transduction that inchudes
dissociation of GLI proteins (the transcrptional effectors of the Hbh pathway) from kinesin-family
protein, Kif7, and the key intracellular Hh pathway regulator SUFU.

30 GLI proteins also traffic through cilia and in the absence of Hh signaling are sequestered by
SUFU and Kif7, allowing for GLI phosphorylation by PKA, GSK3pB and CKI, and subscquent
processing into transcriptional repressors (through cleavage of the carboxy-terminus) or targeting for
degradation (mediated by the E3 ubiquitin ligase B-TrCP). In response to activation of Hh signaling,
LI proteins are differentially phopshorylated and processed into transcriptional activators that

35  induce expression of Hh target genes, many of which are components of the pathway (e.g. PTCH1

and GLI1). Feedback mechanisms imclude the induction of Hh pathway antagonists (PTCHI, PTCH2
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and Hhipl) that interfere with Hh ligand function, and GLI protein degradation mediated by the E3
ubigoitin ligase adaptor protein, SPOP. For review sec Beachy ot all (2010) Genes Dev.
24(18):2001-12; Eaton S (2008) Nat. Rev. Mol. Cell Biol. 9(6):437—45; Hui et al. (2011) Annu. Rev.
Cell Dev. Biol. 27: 513-37; Ingham et al. (2011) Nat. Rev. Genet. 12(6):393-406; Ng et al. (2011

5 Nat Rev. Cancer 11(73:493-301; Wilson et al. (2010) Development 137(13):2079-94; Teglund et al.
{2010y Biochim. Biophys. Acta 1805(2):181-208; Briscoe et al. (2013) Nat. Rev. Mol Cell Biol.
14(73:416-29; Goetz ot al. (2010) Nat. Rev. Genet. 11(53:331-44 and Falkenstein ot al. {2014)
Serun. Cell Dev, Biol. 33:73-80: the disclosures of which are incorporated herein by reference in
their entireties.

10 Accordingly, methods of the instant disclosure that include treating a condition assosiated
with damaged epithebum include treating the subject condition by activation of Hh signaling, eg.,
through ncreasing or activating or stabilizing a Hh, ¢.g., by promoting Hh raRNA expression or
promoting Hh protein expression, or by increasing or activating or stabilizing a gene or gene product
that promotes Hh signaling or by inhibiting or repressing a gene or gene product that mhubits Hh

15 signaling. Increasing Hh and/or activation of Hb signaling in a subject may be achieved by any
convenient method including but not hmited to, e.g., mcreasing of Hh expression (c.g., by altering
the Hh genomic locus, by altering the locus of Hh repressive genes, through the use of interfering
nucleic acids targeting Hh repressive componcents of the Hh pathway, etc.), activation of Hh pathway
component fonction (c.g., through the use of small molecule Hh agowmsts and/or Hh pathway

20 apousts, through the use of peptide or polvpeptide Hh agounists and/or Hh pathway agomisis, through
the use of Hh and/or Hh pathway agonistic antibodies, etc.), through direct supplementation of Hh
polypeptide or fragments thereof (c.g., including naturally occurring Hh peptide or synthetic Hh
peptide or fragments thereof, cic.), through indirect supplementation of Hh polvpeptide or fragments
thereof (¢.g.. by providing nucleic acids that encode for Hh polypeptides, Hh-hike polypeptides, or

25 fragments thereof, ete.) and the like.

In some instances, an agent that promotes Hh signaling includes small molecule Hh agonists.
Hb agonists usefirl as agents adouunisiered in the instantdy disclosed methods, as described herein,
mclude but are not limited to agents that directly affect Hh signaling through interaction with one or
more members of the Hh signaling pathway including, ¢.g., Hh agonists that target SMO. Exemplary

30 Hh agonists include but are not limited to, ¢.g., benrzothiophene smoothened agonists (a family of
biaryl substituted 1 4-diaminocyclohexanamides of 3-chlorobenzothiophene-2-carboxylic acids),
SAG (Hb-Agl3) agonists (e.g.. 3-chloro-N-[{1r4r-4-(methylamunc)cycichexylj-N-[3-(pyridin-4-
vhbenzyl]benzo{blthiophene-2-carboxamide, including SAG21k; see, e.g., Bragina ¢t al Neurosci.
Lett. 2010 482: 815, Heine et al, Sci Transl Med 2011 3 (105); Das et al Sci Transl Med 5 2013:

35 201ral20), oxysterols (see, e.g., Nachtergaele Nat Chem Biol 2012 Jan &8(2):211-20,
US20150118277 and US 20150140039) purmorphamine (Sinha Natore Chemical Biology 2, 29 - 30
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(2006) , those agents and methods of derivation described in, ¢.g.. Branton et al. (2009) Bioorg Med
Chem Lett. 19(153.4308-4311; Chen et al. (2002) PNAS. 99221 14071-14076; Frank-Kamenctsky,
ctal. (2002 J Biol 1(2):10; Paladini ¢t al. (2005} ./ Invest Dermatol. 125(4).638-46; Nakamura et al.
(2014) J Cell. Physiol. e¢Pub; U.S. Patent Nos: 8,832,937, 7479539, 7,115,633, 6,683,192,
5 6,683,108 6,639.051; 6,613,798, U.5. Patent Application Pub. Nos: 20130083096, 20120238500
20120148349,  20100183560; 20080207740, 20080171328; 20070110698, 200301121235,
20050070578, 20050054568, 20050014796, 20030139457, 20030022819, 20020198236, and the

fike; the disclosures of which are incorporated by reference herein in thewr entirety.
Smoothened agonists may be synthetic non-peptidyl small molecule smoothened agonists. In
10 some instances, a smoothened agonist may be a biaryi substituted 1.4~-diaminoccyclobexanarmdes of
3-chlorobenzothiophene-2-carboxylic acid or a derivative thereof. In some instances, a smoothened

agonist useful in the method as described herein 1s SAGZIKL

According fo the methods as described herein an effective amount of a Hh agonist may be
admimstered to a subject having a condition as described above in order to treat the subject for the
15 condition. In some instances, an effective dose may be the human equivalent dose (HED) of a twice
daily dose admimistered to a mouse ranging from less than 0.05 mg/kg to more than 5 mg/kg,
mclading but not Hmted to 0.05 mg/kg to 5 mg/kg, 0.1 mg/ikyg to 5 mgkg, 0.2 mg/ke to 5 me/ke, 0.3
mg/kg to 5 mg/kg, 0.4 mg/kg to S mgkg, 0.5 mgkg to 5 mgkg, 0.6 mg/kgto S mgkg, 0.7 mgkg to
5 mg/kg, 0.8 me/ke to 5 mg/kg, 0.9 mg/ke to 5 mg/kg, 1 mg/kg to 5 mg/kg, 1.1 mg/ke to 5 mg/kg,
20 12 mgkegto S mgkg 1.3 mg/kgto 3 mu/ke, 1.4 mg/kg o 5 mgkg, 1.3 mgke to 5 mg/ke, 1.6 mg/kg
to Smg/kg, 1.7 mg/kg to 5 mg/kg, 1. 8 mg/kg to 5 mgke, 1.9 mg/kg to 5 mg/ke, 2 mg/kg to 3 mg/kg,
21 mgkg to 5 mg/kg, 2.2 mg/ke to 5 mg/kg, 2.3 mg/kg to 5 meg/ke, 2.4 mg/kg to 5 mg/kg, 2.5 mg/ke
to 5 meg/ke, 2.6 mg/kg to 5 mg/kg, 2.7 rag/kg 1o 5 mg/kg, 2.8 mg/keg o 5 mgkg, 29 mgkgto 3
mg/ke, 3 me/ke to 5 mg/kyg, 0.05 me/kg to 3 mg/kg, 0.05 me/ke to 2.9 mg/kg, 0.05 mg/kg to 2.8
25 mg/kg, 0.05 mg/kg to 2.7 mg/kg, 0.05 mg/kg to 2.6 mg/kg, 0.053 mg/kg to 2.3 mg/kg, 0.05 mg/ke to
24 mg/keg, 0.05 mg/kg to 2.3 mg/kg, 0.05 mg/kg to 2.2 mg/ke, 0.05 mg/kg 10 2.1 mg/kg, 0.05 mgkg
w2 mg/kg 0.05 me/kg to 1.9 mg/kg, 0.05 mg/kgto 1 8 me/ke, G035 mg/kgto 1.7 mg/ke, 0.05 mg'kg
to 1.6 rag/kg, 0.05 mg/kg to 1.5 mg/kg, 0.05 mg/kg to 1.4 mgke, 0.05 mg/kg 10 1.3 mg/kg, 0.05
mg/kg to 1.2 mg/kg, 0.05 mg/kgto 1.1 mg/kg, 0.05 mg/ke to T mg/kg, 0.05 mg/ke to 0.9 mg/kg, 0.05
30 mg/ke to 0.8 mg/kg, 0.053 mg/kg to 0.7 mg/kg, 0.053 mg/kg to 0.6 mg/kg, 0.05 mg/kg to 0.5 mg/kg,
0.05 mg/kg to 0.4 mg/kg, 0.05 mgkg to 0.3 mgke, 0.053 mgke o 0.2 mgkg, 0.05 mg/kg to 0.1
mg/kg, 0.1 mg/ke to T mg/ke, 0.2 mgkg to 0.9 mg/ke, 0.3 mg/kg to 08 mgkg, 0.4 mg/kg toc 0.7
mg/kg, a dose of 8.1 mg/kg, a dose of 0.2 mg/kg, adose of 0.3 me/ke, a dose of 8.4 mg/kg, a dose of
0.5 mg/kg, a dose of 0.6 mg/kg, a dose of 0.7 mg/kg, a dose of 0.8 mg/ke, a dose of 0.9 mg/kg. a
35  dose of 1 mg/kg. etc. In some instances, the total amount contained in twice daily doses may be

administered once daily.
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Conversion of an animal dose to human equivalent doses (HED) may, in some nstances, be
performed using the conversion table and/ or algorithm provided by the U.S. Department of Health
and Human Services, Food and Drug Adminstration, Center for Drug Evaluation and Research
(CDER)Y m, e.g., Guidance for Industry: Estimoting the Moximum Safe Starting Dose in Inifial
Clinical Trials for Therapeutics in Adult Healthy Volunieers (20035) Food and Drug Administration,
5600 Fishers Lane, Rockville, MD 20857; (available at
wwwidot)fda(dot)gov/cder/guidance/mmdex{dotyhtm, the disclosure of which is ncorporated herein

by reference).

Tabie 1: Conversion of Animal Doses {0 Human Fquivalent Doses Based on Body Surface Area

) To Convert Animal Dose 1n mg/ke to
To Convert Animal Dose o ,
HED® in mg/kg, Either:
Species mmg/kg to Dose in
, ) Divide Multiply
mg/m? Muloply by ks )
Animal Dose By Ammal Dose By

Human 37 e s
Child (20 kg)° 23
Mouse 3 12.3 0.08
Hamster 5 7.4 .13
Rat 6 6.2 0.16
Ferret 7 53 0.19
(Guinga pig 8 4.6 0.22
Rabbit 12 3.1 0.32
Bog 20 1.8 (.54
Primates:

Maonkeys® 12 31 0.32

Marmoset 6 6.2 0.16

Squirre! monkey 7 53 0.19

Baboon 20 18 0.54
Micro-pig 27 L4 0.73
Mini-pig 35 1.1 0.95

* Assumes 60 kg hwman. For species not listed or for weights outside the standard ranges,
HED can be calculated from the following formula:

HED = animal dose in mg/kg x (anmimal weight i kg/human weight in kg)0.33.

® This km value is provided for reference only since healthy chifdren will rarely be volunteers
for phase 1 trials.

" For example, cynomolgus, rhesus, and stumptail.

In some instances, an effective amount of a Hh agonist administered to a human may be a
daily dose ranging from 0.008 mg/ke to 0.8 mg/kg including bat not tomited to ¢.g., 0.008 mg/kg (o
0.8 mg/kg, 0.01 mg/kg 1o 0.78 mg/kg, 0.012 mg/kg to 0.76 ag/kg, 0.014 mgky to 0.74 mgkg, 0.016
mg/kg to 0.72 mg/ke, 0.018 mg/kg to 0.7 mg/kg, 0.02 mg/ky to 0.68 mg/ky, 0.022 mg/kg to 0.66
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mg/kg, 0.024 mg/kg to 0.64 mg/kg, 0.026 mg/kg to 0.62 mgkg, 0.028 mg/kg to 0.6 mg/kg, 0.03
mg/kg to 0.38 mofkg, 0.032 mg/kg to 0.56 mg/kg, 0.034 mg/ke to 0.54 mg/kg, 0.036 mg/ke to 0.52
mg/kg, 0.038 mg/kg to 0.5 mgkg, 0.04 mg/kg 1o 0.48 mg/kg, 0.042 mg/ke 1o 0.46 mg/kg, 0.044
mg/kg to 0.44 mg/kg, 0.046 mg/kg to 0.42 mg/kg, 0.048 mg/kg to 0.4 mg/kg, 0.05 mgkg to 0.38
5 mgkg 0.032 mg/kg to 0.36 mg/kg, 0.054 mg/kg to 0.34 mag/kg, 0.056 my/ke o 0.32 mg/kg, 0.058
mg/kg to 0.3 mgkg, 0.06 mg/kg to 0.28 mg/kg, 0.062 mgkg to 0.26 mg/kg, 0.064 mg/kg to 0.24
mg/ke, 0.066 mg/kg to 0.22 mg/ke, 0.068 mg/kg to 0.2 mg/kg, 0.07 mg/kg to 0.18 me/ke, 0.072
mg/kg to 0.16 mg/kg, 0.074 mgkg to 0.14 mg/ke, 0.076 mg/kg to 0.12 mg/kg, 0.078 mg/kg to 0.1
mg/kg, 0.01 mg/ke, 0.02 mg/keg, 0.03 mg/kg, .04 mg/ke, 0.05 mg/kg, 0.06 mg/ke, 0.07 mg/kg, 0.08
10 mg/kg, 0.09 me/kg, 0.1 mg/ke, 0.11 magke 0.12 mgke, 0.13 me/ke, 014 mo/ke, 015 me/ke, 0.16
mg'kg, etc. An effective amount of a Hh agonist contained in a daily dose may be split and
administered in multiple daily doses including but not himited to e.g., twice daily doses, three times

per day, etc.

In some mstances, an cffective dose of a Hh agonist as described heremn may be co-

15 admuustered with one or more additional agents. Additional agents useful in such co-administration
mchude agents that mmprove the overall effectivencss of the effective dose of the Hh agonist or
decrease the dose of the Hh agonist necessary to achicve an effect essentially equal to administration
of an effective dose of the Hh agonist without the addifional agent. Non-limiting examples of
additional agents that may be co-admimstered with a Hh agonist according to the methods described

20 herein include but are not himited to ¢.g., those agents used in the treatment of subject conditions
mcluding but not limited o ¢.g., immunosuppressive agents, steroids, ete. and those additional agents
described herein

Treatments of subjects according to the instanily described methods may include
combination treatments, ¢.g., where a subject 1s administered a Hh agonist in combination with one

25  or more wununosuppressive therapies including but not limited to e.g., adminmistration of an
immunosuppressant, a steroid or a combination thereof.

In somwe instances, 3 subject with IBD is admunistered a Hh agonist as described bereim in
combination with one or more treatraents for 1BD nchuding but not Bnuted to e.g., one or more andi-
mflanvmatory reagents (¢.g., one or more amimosalicylates, one or more corticosteroids, etc.), one or

30 more immunc systom repressors (e.g., azathioprine (Azasan, Imuran), mercaptopurine (Purinethol,
Purixan), cvclosporine (Gengraf, Neoral, Sandimmune), [nfliximab (Remicade), adalimuwmab
(Humira), golumumab (Simpond), Methotrexate (Rbheumatrex), natshizumab (Tysabri), vedolizomab
{Entyvio}, ustekinumab (Stelara), etc.) combinations thereof and the like. Treatments for IBD may
further 1mclude additional agents such as but nol limited to ¢.g., antbiotics, anti-diarrheal

35 medications, pain rehievers, iron supplements, vitamin B-12 supplements, calcium supplements,
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vitamin D supplements, combinations thereof and the like. In some instances, therapies for IBD may
further include surgical treatments.

In some instances, a subject with psoriasis s adminisicred a Hh agonist as described herein
in combination with one or more treatments for psorasts including but not limited to e.g., salicvhic
acid, steroid-based creams, calcipoiriene, coal-tar omntments and shampoos, retinoids, methotrexate,
cyclospormme, oral retinoids, etanercept (EnbreD), adalimumab (Humira), ustekinumab (Stelara),
combinations thereof and the hke. In some mstances, treatments for psoriasis may further inchide
Iight/photo therapy.

The terms "co-adnunistration” and "in combination with" mclude the administration of two
or more therapeutic agents either simultaneousty, concurrently or sequentially within no specific time
hmits. In one embodiment, the agents are present in the ccll or in the subject’s body at the same time
or exert their biclogical or therapeutic effect at the same time. In one embodient, the therapeutic
agenis are in the same composition or unit dosage form. In other embodiments, the therapeutic agents
are i separate compositions or unit dosage forms. In certain embodiments, a first agent can be
administered prior to {¢.g., minutes, 15 minutes, 30 minutes, 45 minutes, 1 hour, 2 hours, 4 hours, 6
hours, 12 hours, 24 hours, 48 hours, 72 hours, 96 hours, | week, 2 weeks, 3 weeks, 4 weeks, 5 weeks,
6 weeks, B weeks, or 12 weeks before), concomtantly with, or subsequent to (e.g., 5 minutes, 15
minutes, 30 minutes, 45 minutes, | houvr, 2 hours, 4 hours, 6 hours, 12 hours, 24 hours, 48 hours, 72
hours, 96 hours, | week, 2 weeks, 3 weeks, 4 weeks, 5 weeks, 6 weeks, 8 weeks, or 12 weeks afler)
the adminstration of a second therapeutic agent.

The route of admimstration may be selected according to a vanety of factors including, but
not necessarily limited to, the condition to be treated, the formulation and/or device used, the patient
to be treated, and the hike. Routes of administration uscful in the disclosed methods include but are
not limited to oral and parenteral routes, such as intravenous (iv), intraperitoncal (ip), rectal, topical,
ophthalmic, nasal, and transdermal. Pharmaccutical compositions formulated for particular routes of
delivery are described m more detail elsewhere herein.

An effective amount of a subject compound will depend, at least, on the particular method of
use, the subject being treated, the severity of the affliction, and the manner of administration of the
therapeutic composition. A "therapeutically effective amount” of a composition 18 a quantity of a
specificd compound sufficient to achicve a desired effect in a subject being treated.

Therapeutically effective doses of a subject compound or pharmaceutical composition can be
determined by one of skill i the art, with a goal of achicving local (e.g., tissue) concentrations that
are at least as hugh as the 1C50 of an applicable compound disclosed herein.

The specific dose level and frequency of dosage for any particular subject may be varied and
will depend upon a variety of factors, including the activity of the subject compound, the metabolic

stability and length of action of that compound, the age, body weight, general health, sex and dict of
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the subject, mode and time of administration, rate of excretion, drug combination, and severity of the
condition of the host undergoing therapy.

Aspects of the instant disclosure include local administration of a Hh agonist to locally
mduce Treg cells in an affected tissue of the subject. Accordingly, in certain mstances, a composition
for use in the described methods may be specifically formulated according to the affected area of the
subject. For example, where the affected area of the subject 1s the skin (¢ g, as in a subiect having
psoriasis) a composition comprising a Hh agonist may be specifically formulated for topical delivery
to the skin of the subject. In other instances, ¢.g., where the affecied arca of the subject is the G tract
of the subject, mcluding but not limited to e.g, the colon or small intesting (c.g., as in IBD), a
composition comprising a Hh agonist may be specifically formulated for enieric delivery o the Gl
tract, including e.g., specifically formulated for enteric delivery to the small intestine, enteric
delivery to the colon of the subject, etc.

In some instances, a Hh agonist formulated for local delivery may be administered
prophylactically to prevent the occurance of one or more symptorns associated with treatment for a
condition that is not associated with epithelial damage and/or is not a condition described herein that
may be treated by administration of a Hh agonist. For example, in some mstances, a subject being
treated a Hh antagonists may be prophylactically and locally admimstered a Hh agonist to prevent
one or more side-cffects of the Hh antagonists treatment. For example, in some instances, a subject
recerving treatment with a systemic Hh anfagonists may be administered a Hh agonist formulated for
delivery to the Gl tract (c.g., enteric coated} 1o pravent one or more side-cifests of the Hb antagorast
mncluding but not mited to e.g., diarthea, weight-loss, etc. In some instances, a subject receiving a
bone marrow iransplant or other stern cell treatment may be prophyvlactically and locally
adunistered a Hb agonist to prevent one or more side-effects of the bone rarcow transplant or other
stem cell treatment, including but not lmited to ¢.g., GVHD.

Pharmacentical Compositions

Aspects of the nstant disclosure include pharmaceutical compositions for performing one or
more of the methods described herein where at a mintroura such a phamnaceutical composition will
mclude a Hh agonist appropriately formulated for admunisiration as described herein,

A pharmaceutical composition comprising a subject compound may be adnumstered to a
patient alone, or in combination with other supplementary active agents. The pharmaceutical
compositions may be manufactured using any of a variety of processes, including, without limitation,
conventional mixing, dissolving, granulating, dragee-making, levigating, emulsifying, encapsulating,
entrapping, and lyophilizing. The pharmaceutical composition can take any of a vanety of forms
ncluding, withowt limitation, a sterile solation, suspension, emulsion, lyophilisate, tablet, pidl, pellet,
capsule, powder, syrup, elixir or any other dosage form suitable for administration.

A subject compound may be administered to the host using any convenient means capable of
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resulting in the desired reduction in disease condition or symptom. Thus, a subject compound can be
meorporated tnto a varicly of formulations for therapeuotic administration. More particularly, a
subject compound can be formulated indo pharmaceutical compositions by combination with
appropriate pharmaceutically acceptable carriers or diluents, and may be formulated into preparations
i solid, semi-solid, hquid or gaseous forms, such as tablets, capsules, powders, granules, ointments,
solutions, suppositories, injections, etc.

Formulations for pharmaceutical compositions are well known in the art. For example,
Remington's Pharmaccutical Sciences, bv E. W. Martin, Mack Publishing Co., Easton, Pa., 19th
Editton, 1993, describes exemplary  formulations (and components thereof) sautable for
phammaceutical delivery of disclosed compounds. Pharmaceutical corpositions comprising at least
one of the subject compounds can be formulated for use 1n human or veterinary medicine. Particular
formulations of a disclosed pharmaceutical composition may depend, for example, on the mode of
administration and/or on the location of the infection to be treated. In some cmbodiments,
formudations inclade a pharmaceutically acceptable carmer in addiion to at least one active
mgredient, such as a sobject compound. 1o other embodiraents, other medicinal or pharmmaceutical
agents, for example, with sinutlar, related or complementary effects on the affliction being treated can
also be mcluded as active mgredients in a pharmaceatical composition.

Pharmaceutically acceptable carriers useful for the disclosed methods and compositions arc
conventional in the art. The natore of a phammaceotical carrier will depend on the particolar mode of
adminisiration being emploved. For example, parenteral formulations usually comprise mjectable
fluids that include pharmaceutically and physiclogically acceptable fluids such as  water,
physiological saline, balanced salt solutions, aqueous dextrose, glycerol or the like as a vehicle. For
solid compositions {¢.g., powder, pill, tablet, or capsule forms), conventional non-toxic solid carciers
can mclude, for example, pharmaceutical grades of mannitol, lactose, starch, or magnesium stearate.
In addition to biclogically newtral carriers, pharmaceutical compositions to be admumistered can
optionally contain minor amounts of non-toxic auxiliary substances (e.g., excipients), such as wetting
or emuisifying agents, preservatives, and pH buffering agents and the hke; for example, sodium
acetate or sorbitan monolaurate. Other non-limiting excipients include, nonionic solubilizers, such as
cremophor, or protetns, such as human serwr albumin or plasma preparations.

Some examples of materials which can serve as pharmaceutically-acceptable carriers
mnclude: (1) sugars, such as lactose, glucose and sucrose; (2) starches, such as corn starch and potato
starch; (3) celivlose, and 1its derivatives, such as sodium carboxymethy! celiulose, ethyl cellulose and
cellulose acetate; (4) powdered tragacanth; (5) malt; (6) gelatin; (7) tale; (8) excipients, such as cocoa
butter and suppository waxes; (9) oils, such as peanut oil, cottonseed oil, safftower oil, sesame oil,
olive oil, corn oil and soybean cil; (10) glycols, such as propylene glycel, (11) polyols, such as

glycerin, sorbitol, mannitol, and polyethylene glycol, (12} esters, such as ethyl oleate and cthyl
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laurate; (13) agar; (14) buffermg agents, such as magnesivm hydroxide and aluminum hydroxide;
{13y alginic acid: (16) pyrogen-free water; (17) wsotonic saline; (18) Ringer's solution; (19} cthyl
alcohol; (20) pH buffered solutions; (21) polyesters, polvcarbonates and/or polvanhydrides; and (22}
other non-toxic compatible substances employed in pharmaceutical formulations.

The disclosed pharmaceutical compositions mayv be formulated as a pharmaceutically
acceptable salt of a disclosed compound. Pharmaceutically acceptable salis are non-toxic salts of a
free base form of a compound that posscsses the desired pharmacological activity of the free base.
These salts may be derived from inorganic or organic acids. Non-limiting examples of suitable
wmorganic acids are hydrochloric acid, nitric acid, hydrobromic acid, sulfuric acid, hydroiodic acid,
and phosphoric zcid. Non-limiting examples of suitable organic acids are acetic acid, propionic acid,
glycolic acid, lactic acid, pyruvie acid, malonic acid, succinic acid, malic acid, maleic acid, fumarnc
acid, tartaric acid, citric acid, benzoic acid, cinnamic acid, mandelic acid, methanssulfonic acid,
cthanesulfonic acid, p-tolucncsulfonic acid, methyl sulfonmic acid, salicvlic acid, formic acid,
trichloroacetic acid, trifluoroacetic acid, gluconic acid, asparagic acid, aspartic acid, benzenesulfonic
zcid, p-tohuenesuiforic acid, naphthalescsulfonic acid, and the ke  Lists of other suuablke
pharmacentically acceptable salts are found in Remington's Pharmaceutical Sciences, 17th Edition,
Mack Publishing Company, Easton, Pa., 1985, A pharmaceutically acceptable salt may also serve to
adjust the osmotic pressure of the composition.

A subject compound can be used alone or 1n combination with appropriale additives to make
tablets, powders, granules or capsules, for example, with conveuntional additives, such as lactose,
mannitol, corm starch or potato starch; with binders, such as crystalbine cellvlose, celinlose
derivatives, acacia, corn starch or gelating, with disintegrators, such as corn starch, potato starch or
sodium carboxymethvicellulose; with lubricants, such as talc or magnesium stearate; and if desired,
with diluents, buffering agents, moistening agents, preservatives and flavoring agents.  Such
preparations can be used for oral adrainistration.

A subject compound can be formulated into preparations for imjection by dissolving,
suspending or eraulstfving thern in an agueous or nonaquecus soivent, such as vegeiable or other
sumilar otls, synthetic aliphatic acid glycerides, esters of higher aliphatic acids or propylenc glveol;
and if desired, with conventional additives such as solubilizers, 1sotonic agents, suspending agents,
cronlsifying agents, stabilizers and preservatives. The preparation may also be cmulsified or the
active mgredient cncapsulated in hiposome vehicles. Formulations suitable for injection can be
administered by an indravitreal, intraocular, intramuscular, subcutancous, subhingual, or other route of
administration, ¢.g., injection into the gwm fissue or other oral tissue. Such formulations are also
suitable {or topical administration.

In some embodiments, a subject compound can be delivered by a continuous delivery

L

system.  The term "continuous delivery system" is used interchangeably herein with "controlled



WO 2016/176501 PCT/US2016/029875

delivery system" and encompasses confinuous (e.g., controlled) delivery devices (e.g., pumps} in
combination with catheters, injection devices, and the hike, a wide variety of which are known in the
art.

Furthermore, a subject compound can be made into suppositories by mixing with a variety of

5 bases such as emulsifying bases or water-soluble bases. A subject compound can be administered

rectally via a supposttory. The suppository can include vehicles such as cocoa butter, carbowaxes
and polycthylene glycols, which melt at body temperature, vet are solidified at room temperature. In
some instances, a suppository formulation may be specifically configured for local administration to
the rectum epithehum of a subject. Formulations for local administration by suppository to a rectal

10 epithelivm may be configored to deliver an effective amount of the subject Hb agonist only to the
rectal epithelium of a subject. For example, a composition may be configured to deliver an effective
amound of the Hh agonist to a rectal epithelivm and, upon subsequent diffusion, the amount of the Hbh
agonist present in swrrounding and/or distant tissues essentially does not activate the Hh pathway
sufficiently to produce any measurcable or chimically significant effect.

13 The term "unit dosage form,” as used herein, refers o physically discrete units suitable as
unitary dosages for human and animal subjects, cach unit containing a predetermuned quantity of a
sabject compound calculated i an amount sufficient to produce the desired effect in association with
a pharmacentically acceptable diluent, carrier or velicle. The specifications for a subject compound
depend on the particular compound emploved and the effect to be achieved, and the

20 pharmacodynamics associated with each compound m the host.

The dosage form of a disclosed pharmaceutical composition will be deternuned by the mode
of admirdstration chosen.  For example, i addition 1o injectable fluids, topical or oral dosage forms
may be employed. Topical preparations may include eve drops, ointments, sprays and the like. In
somge instances, a topical preparation of a medicament useful 1n the methods described herein may

25  mclude, e.g., an ointment preparation that includes one or more excipients including, ¢.g., mineral
oil, paraffin, propylene carbonate, white petrolatum, white wax and the like, m addition to one or
more additional active agents.

Oral formulations may be hgumid (c.g., syrups, solutions or suspensions), or solid {(e.g.,
powders, pills, tablets, or capsules). Methods of preparing such dosage forms are kaown, or will be

30 apparent, to those skilled in the art.

In some instances, a formulation for local delivery within the Gl tract will be formulated for
oral delivery and iuchide an enteric coating. Such enteric coatings will inchude one or more specific
coatings that prevent release and absorption of the Hh agonist until the Hh agonist reaches the
intestine. Useful enteric coatings, depending on the site of local delivery, will vary and may inchide

35 e¢.g., those described in ¢.g., Hussan et al. (2012) 10SR Joumal of Pharmacy. 2(6):5-11; Caillard ¢t al.
{2016) Int J Pharm. 499(1-2):321-9; Macchi et al. (2013) Eur J Pharm Sci. 70:1-11; and U.3. Patent
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Nos.: 8846087, 7425342, 7217429, 64550352, 6420473, 6254889, 61398735, 3888550, 3882715,
5851379, 5837291, 5730104, 3723151, 4606771, 4547571, 4518433, 4462839, 4385078, 4377568,
4287221, the disclosures of which are incorporated herein by reference in thewr entirety.
In some instances, an enteric coated formulation may be specifically configured for local
5 administration to the small mtestine and/or colon epithelium of a subject. Formulations for local
administration by enterically coated oral admimsiration to a small intestine and/or colon epithehium
may be conligured to deliver an effective amount of the subject Hh agonist only to the small intestine
and/or colon epithelium of a subject. For example, a composition may be configured to deliver an
effective amount of the Hh agonist to a small intestine and/or colon epithelivm and. upon subsequent
10 diffusion, the amount of the Hh agonist present in surcrounding and/or distant tissues essentially does
not activate the Hh pathway sufficiently o produce any measureable or climcally sigmficant effect.
Certain embodiments of the pharmaceutical compositions comprising a subject compound
may be formulated in unit dosage form suitable for mdividual administration of precise dosages. The
amount of active mgredient administered will depend on the subject being treated, the severity of the
15 affliction, and the manner of administration, and is koown to those skilled in the art. Within these
bounds, the formulation to be admunistered will contain a guantity of the extracts or compounds
disclosed herein 1n an amount effective (o achieve the desired effect in the subject being treated.
Fach therapeutic compound can independenily be m any dosage form, such as those
described herein, and can also be admuimstered in vanious ways, as described herein. For example,
20 the compounds may be formulated together, in a stngle dosage onit (that is, corabined together in one
form such as capsule, tablet, powder, or liquid, ¢tc.) as a combination product.  Aliernatively, when
not formulated together in a single dosage vait, an individeal subject compound may be adminisiered

at the same time a8 another therapeutic compound or sequentially, i any order thereof

25 Kirs

Also provided are kits for use in the subject methods. The subject kits include any
combination of components and compositions for performing the subject methods. In some
embodiments, a kit can inclnde the following: a Hh agonist pharmaceutical composition with or
without any additional agent as described herein, a pharmaceuntical apphication device or delivery

30 device; and any combination thereof.

In addition fo the above components, the subject kits may further include (in certain
embodiments) istructions for practicing the subject methods. These instroctions may be present in
the subject kits in a variety of forms, one or more of which may be present in the kit. One form in
which these nstroctions may be present 1s as printed imformation on a suitable medium or substrate,

35  ¢.g., a piece or pieces of paper on which the information is printed, in the packaging of the kit, in a

package insert, and the like. Yet another form of these instructions is a computer readable medium,

bo
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e.g., diskette, compact disk (CD), flash drive, and the bke, on which the mformation has been
recorded. Yet another form of these mstructions that may be present is a website address which may

be used via the mtermnet 10 access the information at a removed site.

EXAMPLES

The following examples are put forth so as to provide those of ordinary skill in the art with a
complete disclosure and description of how to make and use the present imvention, and are not
intended to himit the scope of what the inventors regard as their invention nor are they intended to
represent that the experiments below are all or the only experiments performed. Efforts have been
made to ensure accuracy with respect to numbers used (e.g. amounts, temperature, ¢tc.) but some
experimental errors and deviations should be accounted for. Unless indicated otherwise, parts arc
parts by weight, molecular weight 15 weight average molecular weight, temperature is in degrees
Celsing, and pressure is at or near agmospheric. Standard abbreviations may be used, e.g., room
temperature (RT); base pairs (bp); kilobases (kb); picoliers (pl). seconds (s or sec); minuies (m or
min}; hours (h or hr); days (d); weeks (wk or wks); nanoliters (nl); microliters (ul); railliliters (ml});
liters (L); nanograms (ng); micrograms (ug); milligrams (mg); grams {(g), in the context of mass);
kilograms (kg); equivalents of the force of gravity ({g), in the context of centrifugation); nanomolar
(nM); nucromolar (M), millimolar (mM}); molar (M); amino acids (aa); kilobases (kb);, base pairs
(bp): nucleotides (nt); miramuscular (1.m.); intraperitoneal (1.p.); subcutancous (s.c.); and the like,

Example 1. Stromal Hedgeho athwav _activation  suppresses colitis and  colitis-associated

Materials and Methods

Mouse strains

FVB mice were obtained from Charles Rivers. The following strams were obtained from
Jackson Labs: Wild type C37BL/6 (stock # (00664), J1-J0" C3TBL/6 mice (stock # 002251),
Rogreentistrent (qack # 007906), R26VIC (qock # 07576), Smo™" (stock # 04526). Prck’”
mice were backerossed over 10 generations (o an FVB backgroand. Other mounse siains used were:

-1 LacZ/L

GIiJOEREEER and GHTYYE The mouse strains were intercrossed to produce the experimental
coborts. Mice were housed in a specified pathogen-frce barmer facility at the Stanford School of
Medicine. All expenments were conducted under Protocol 14586, approved by the Stanford
Institutional Animal Care and Use Commitice. For experiments in which tamoxifen-induced
recombination was performed, mice were given 4 milligrams of tamoxifen (Sigma) per 30 grams of
body weight on three consecutive davs by oral gavage. Tamoxifen was formulated as a 40 mg/mi

solution in com oil. Marking of Glii” cells was accomplished by tamoxifen treatment of
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177 1 CERA, 4 ZsGreend A : : - : - : :
Hi iYL R 26N mice to activate CreER and induce ZsGreenl expression, or by tamoxifen

treatment of Gl mice to activate CreER and induce a switch in expression of the

mTmG bi-fluorescent reporter from mTomato to mGFP.

5 DSS colitis studies
Solutions of DSS (MP Biomedicals; average molecular weight of 36,000 - 50,000) were
made in stenle deionized water at the percent weight/volume concentrations indicated. D55 solutions
were substituted for the regular drinking water at the indicated periods. All mice were between 9-16
weeks of age at the start of each DSS injury experiment.

10 SAGZ1k was formuplated as 3 fine sospension in PBS at a concentration of 0.05 mg/ml
SAG2 1k was administered to mice by t.p. injection at a dose of 0.5 mg/kg, given every 12 hours. For
vehicle controls, PBS was given on the same dosing schedule. Both SAGZ1ik and vehicle were
adunistered i a volume of 10 microliters per gram of mouse weight. The duration of the dosing is
described in each figure. XL-139 was formulated in sterile de-1omized water at a concentration of 10

15 mg/od and administered to mice by oral gavage every 72 howsrs at a dose of 100 mg/kg Dosing
volume for XL-139 or vehicle (sterile deionized water) was 10 microliters per gram of mouse weight.

Colitis severity scores were assessed in a blinded fashion by a single pathologist (E.S.S)

g., Geboes et al. (2000) Gut 47:404-409

£

according to a previously described scoring system (see e

(2000, the disclosure of which is incorporated herein by reference 1 ifs entirety ).

AOQM-DSS studies

Azoxymethane (AOM,; Sigma) was formulated in PBS at a concendration of 1 mg/ml. Mice
received a single 1.p. injection of AOM at a dose of 10 mg/kg at the start of cach tumor induction
study . as indicated.

25 Vismodegib was formulated in a 10 mg/md suspension in MCT (0.5% methylcellulose, 0.2%
Tween 80). Vismodegib was given by oral gavage every 12 howrs at a dose of 100 mg/kg, during the
tmeframe indicated in FIG. 4A. SAG21k was formulated and administerad as described i the
section above. The duration of freatment 18 indicated 10 FIG. 44, Vehicle treated amimals received
PBS myections twice daily as described above.

30 For tumor measurcments, whole colons were dissected from sacrificed animals. The colons
were flushed nternally with 10 mi PBS with a blunt 20 gauge needle to removes feces. The colons
were then cut open lopgitudinally and fixed in 4% paraformaldehyde/PBS (4% (wi/vol) PFA/PBS)
overnight at 4° Celsius. To calculate the volume of cach colon tumor focus, the maximal length,
width and height measorements were obtained using digital electronic cahipers. Volume was

35 calculated as an ellipsoid: 7/6 x (. x W x H). The volume of cach focus was sununed together for

the total tumor volume per colon per animal.

bJ
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bnmunohistochemisicy

Froshly dissected colons were flushed internally with PBS with a blunt 20 gange needle as
described above. The colons were then flushed with 4% PFA/PBS to promote accelerated fixation of
tissue adjacent to the lumen. Sections from the distal third of the colon were fixed overnght in 4%
PFA/PES at 4° Celsius. A portion of the fixed colon was submitted for paraffin embedding,
sectioning and H&TE staining (Histotec) for histologic colitis severity assessment. For frozen sections,
the fixed tissucs were placed i 30% sucrose/PBS for 12-24 hours overmight at 4° Celsius.
Afierwards the tissues were embedded into Optimal Cutting Temperature medium (OCT; Sakara
Finetek).

Immunofluorescence staining was performed on 7 micron thick fixed-frozen colon samples.
Permeabilization was performed with §53% Toton X-106/PBS for 15 minuies. Blocking was
performed in 109% normal goat serum (NGS)Y/PBS for 30 munutes. Primary antibody incubations were
performed in 5% NGS/PBS for cither 2 hours at room temperature or overmight at 4° Celsius.
Secondary antibody incubations were performed in 3% NGS/PBS. All washes were performed with
0.1% Tween 20/PBS (PBST). Shides were mounted with Prolong Gold with DAPI (Invitrogen).

Primary antibodies were as follows: clicken anti-beta galactosidase polyclonal (ab616,
1:1000, Abcam); rabbit anti-GFP polyclonal (1:1000; Novus); rat anti-mouse Epcam (clone G8.8,
Developmental Studics Hydridoma Bank, University of Towa; 1:400 of concentrated supernantant);
Alexa Fluor 647 anti-mouse CD45 (clone 30F-11; 1:.260; Biolegend); Alexa Fluor 647 anti-mouse
CDi1b (clone M1/70; 1:200; Biolegend);, Alexa Fluor 647 anti-mouse CDllc (clone N418; 1:200;
Biclegend), Alexa Fluor 647 auti-reouse F4/80 (close BMS, 1.200; Biclegend), Alexa Fluor 647
argi-mouse D206 (clone COG8C2; 1:200, Biolegend) and rabbit anti-mouse CD31 polyclonal
(ab28364; 1:100, Abcam). Secondary antibodies used for visualization were from Sigma or Jackson
Immunoresearch, Confocal microscopy was performed on Zeiss LSM 700, Tnages were processed
with Imagel) and Adobe Photoshop CS4 software.

K-gal staims on fresh frozen codon tissue sections (10 micron thickness) was performed as

described previously {see e.g., Shinet al. (2011) Nature.

FACS

Freshly dissected murine colons were gently flushed with cold calcium and magnestum-free
PBS (CMF-PBS) using a blunt 20 Gauge needie to remove fecal material, then cut longitudinally,
and then pulse vortexed several times in CMF-PBS to remove adherent debris. The tissue was then
transforred to a tissue culture dish and sliced into 1-2 mm’ pieces with a razor blade. Tissue
fragments were subsequently washed in a 25 or 30 mbL pipette by aspirating fragments in CMF-PBS

up mfo the pipette and allowing them to settle by gravity. Tissue {ragments were next digested in 10
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mb of digestion butfer per colon at 37° Celsius n 3% CO;, and 20% O,, for 3-4 hours, pipetting
every 15 minutes. Digestion buffer consisted of advanced Dulbecco's modified Eagle mediom/F12
(Invitrogen, Carlsbad, CA), I1x Glutamax (Invitrogen), 120 ug/mb peoicithin, 100 pg/ml
streptomycin, 0.25 pg/ml amphotericin-B, 10 mM Hepes, 10% heat-inactivated fetal calf serum,
5 with 400 U/ml Collagenase type Ul (Worthington, Lakewood, NJ), and 100 U/ml DNase |
{(Worthington). The digestion was monitored under a fluorescence dissection microscope to cnsure
that the tissue was adeguately dissociated 1nto a single-cell suspension and that fluorescent cells, if
present, were released. At this point, an cqual volume of PBS + 10 mM EDTA was added for 10
minotes (o help disaggregate remaining clusters of cells. The cell suspension was then filtered with a
10 40-um nylon mesh filter (BD Biosciences), counted i 3 hemocytometer, and resuspended at ~1 =
10° cells/mL in cold digestion media lacking collagenase and DNAse.

Cells 1 stamning buffer were stained in the dark on ice for 20 minutes with tiered
fluorcscently-conjugated antibodies. Fluorophores varied by experiment. Antibodies included the
following: Epcam-allophyvcocyamn-cyamine 7 or Alexa 647 or Alexa 488 (clone G88), CD45-

15 phycoerythrin (PE)-Cy3 or Pacific Blue (clone 30F-11), CD4-APC (clone RM4-35), Foxp3 (clone
FIK-168). Sainings were done with single~color controls, fluorescence-minus-one (FMQO) controls,
and fluorescently-labeled isotype controls stained at the same antibody concentration (o ensure
proper compensation and gating as well as specificity of antibody binding. Intracellular staining of
Foxp3 was performed using the Foxp3 Fix/Perm Buffer Set (Biolegend). After staining, cells were

20 washed in cold CMF-PBS, pelleted, and resuspended o cold digestion media lacking collagenase,
but including DNAse T at 100U/mL.

After staining, flow cviometry was immediately performed with 3 100 uM nozzle on a BD
FACSAma 1l using FACSDiva software. Debris and doublets were excluded by sequential gating on
forward scatter area vs side scatter arca, followed by forward scatter width vs forward scatier height,

25 followed by side scatter height vs side width arca. Live cells were identified by exclusion of 4',6-
diamidino-2-phenylindele  (Molecular Probes, Grand Island, NY) using FMO controls. The
conpensation raatrix was calculated with the FacsDiva software, aud was then checked manually and
adjusted as nccessary using single color controls. Subpopulations within the live cell fraction were
wdentified and gated using isotype controls. To ensure the highest possible sorting purity, cells of

30 inderest were sorted on “single-cell” purity mode into cold digestion media lacking collagenase and
DNAse, and purity was then checked to ensure >95% purity. For some experiments, cells were sorted
directly into Trizol-LS (Invitrogen) to maximize ENA quality. In those cases, a test sort info cold
digestion media without DNAse or collagenase was performed before and after the sort mto Trizol-
LS to ensurc that cells sorted into Trizol-L8 were of sufficiently high purity.

35

Micrparrays
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Microarray analysis was performed by the Stanford Protein and Nucleic Acid (PAN) Facility
using GeneChip Mouse Genome 430 2.0 amrays (Affymetrix). For microarray experniments, RNA was
reverse transcribed to ¢cDNA with random hexamers and oligo~dT primers and T7 linkers were then
added, followed by two rounds of (linear) T7-mediated amphification. RNA and ¢DNA quabity was

5 c¢hecked with a bicanalyzer. Microarray data were analyzed using R and Bioconductor. Raw data
were normalized with the MARSS algorithm using Custom Chip Definition Files that map to Entrez
gene wdentificrs (Brainarray 9. 19 at http(colon, blackslash backslash)
brainarray (doymbni{dotimed(dotiumich.cdu(backslash) Brainarray (backslash)Database(backslashyCu
stom{CDF(backslash)yCDF _download(dot)asp). Differentially expressed genes were identified vsing

10 the Student’s t-test.

Quantitative RT-PCR

To perform quantitative RT-PCR on whole colon samples, freshly dissected colons were first
flushed with PBS using a 20 gauge blunt needle. Material from the distal turd of the colon was

15  homogenized in TRIzol Reagent (Invitrogen) using a hand-held moiorized tissue homogenizer. RNA
was purified vsing the PurcLink Mini Kit (Invitrogen). The SuperScript Il First Strand Synthesis
Supermix (Invitrogen) was used to prepare ¢DNA using random hexamers. Quantitative pPCR was
performed with a Bio-Rad iCvcler using the 1@ SYBR Green Supermix (Bio-Rad).

To perform quantitative RT-PCR on cell populations isolated by FACS, the RNA was

20 purified from Trizol-L3 lysates using the PureLink Micro Kt {Invitrogen) and eloted in distilled
deionized DEPC-treated RNAse-free water. For experiments where more than 10,000 cells were
sorted per population, the RNA was reverse trasscribed with random hexamers and oligo-dT prugers
and then ¢cDNA was tested directly with quantitative PCR using Tagman assays (Invitrogen) on an
ABI7900HT Thermocveler (Applied Biosystems, Carlsbad, CA) or designed primer pairs and Sybr

25 green on a Bio-Rad iCycler. Samples were loaded in iriplicate on all theomal cycler runs.

For experiments where less than 10,000 cells were sorted, the RNA was reverse-transeribed
and preamplified (12-20 cycles) with gene-specific primers as described (see ¢.g., Rothenberg ot al.
(2012) Gastroenterology 142: 1195-1205, the disclosure of which is incorporated herein by reference
m its entirety) using the Cells-Direct kit (favitrogen). Briefly, 1.5 ul of RNA was added to a migtore

30 of 5 ul of CellsDirect 2x buffer, 0.1 uL. Superascin, 1 ul. of superscriptlll RT/platinum Tag enzyme
mix, and 2.5ul of a mixture of pooled primer pairs (Tagman assays) with each assay at 0.2x. Reverse
transcription was performed by iscubating at 30 degrees fiw 30 wuouies, followed by
preamplification with cycles of 95 degrees for 2 minutes followed by 60 degrees for 4 minutes. The
preamplified ¢DNA was then diduted 13 in water. Quantitative RT-PCR (40 cycles) was

35  subscquently conducted on diuted preamplified ¢cDNA using Tagman assays. [If there was no

detection of transcript, the result was verified by two additional RT-PCR experiments. Tagman

(98]
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assays used included:

Acth Mm00607939 s1.  Gapdh Mm99999915 ol Hpri! Mm0154539% mi; Gl
Mm00494645 mi and Mm00494654 ml, G2 Mm01293116_ml; Pich! Mm01306905 mi, Hhp
Mm00469580 mi; and I1L/0 Mm00439614 mi. Primers used with SYBR Green were:

5  mouse Giil (forward: CCAAGCCAACTTTATGTCAGGG (SEQ ID NO: 1), reverse
AGCCCGCTTCTTTGITAATTTGA  (SEQ  ID NO:  2);,  mouse HPRY!  (forward:
TCAGTCAACGGGGGACATAAA (SEQ ID NO: 3), reverse: GGGGCTGTACTGCTTAACCAG
(SEQ 1D NO: 4)); mouse Prehl (forward: GCTACGACTATGTCTCTCACATCAACT (SEQ 1D
NGO 5), reverse: GGCGACACTTTGATGAACCA (SEQ ID NO: 6)), mouse Hhip (forward:

10 TGAAGATGCTCTCGTTTAAGCTG (REQ ID NO: 7), reverse: CCACCACACAGGATCTCTCC
(SEQ 1D NO: 8)); Mouse /2-70: (forward: GCTCTTACTGACTGGCATGAG (SEQ D NG 9,
reverse: CGCAGUTCTAGGAGCATETG (SEQ ID NGO 16))y  Mouse fhi Jorward:
GTTCACTGGTACCCTCAGATGCTCTA (SEQ D NO: 113, Teverse:
GTTAGAGTCCCTTCAGCTTCCTGC (SEQ IR NO: 12)).

Luminex Assay

Freshly dissected colons (distal third of the colon) were flushed with PBS as described above
to remove feces. They were then homogenized in RIPA buffer (10 mM Tris [pH 8.0}, 140 mM NaCl,
1 mm EDTA, 0.5 mM EGTA, 1% Trton X-100, 0.1% sodium deoxycholate, 0.1% SDS) using a

20 hand-held motorized homogenizer. The volome of RIPA buffer wag >20-fold more than the volome
of the sample. The RIPA buffer contained I tablet of complete Mini protease inhibitor cocktaif
(Roche)y per 16 mi of buffer. The lysate was incubated at 4° Celsius for 30 minutes, followed by
centrifugation at 21,000xg for 15 minutes at 4° Celsius. The clarified supernatant was analyzed by
Luminex Assay at the Stanford Human Irnmune Monitoring Center.

25

Statistical anatyses

Graphing and statistical apalyses were performed with GraphPad Prism 6 software. Standard
grror measurements are presented for all quantified data umless otherwise specified. Group
comparisons were performed with a two-tailled Student’s t-test. Kaplan-Meier analyses were

30 performed with the log~rank test,

Results and Discussion
To mvestigate the role of Hh signaling in IBD, we first attempted to confirm that G/i/
nactivation increases the severity of acute DSS-induced colitis. We obtained less dramatic results,
35 quite distinct from those previously reported (FIG. 7A-7(C), possibly due to differences in housing,

the genetic background, or the microbiota of the mice used n the two studies. Glif is a well-
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established target of Hh signaling but s loss causes only a partial impairment of Hh response,
feaving open the possibility of a more striking effect with more severe imparment. To definitively

7CreER

ablate Hh signaling in the colon we combined Gii , which expresses the tamoxifen-dependent

sLacZ
i

CreER recombinase in a pattern that faithfully recapitulates stromal expression of GFi i the
5  colon (FIG. 1B, FiG. 10), with a conditional allele of the essential Hb transduction component
Smoothened (Sma™). As Glil expression occurs in cells undergoing Hh response. tamoxifen treatment
of GIIY ™. Smo™ mice should ablate the capability for farther response to Hh signals: this was
confirmed by a 4.5 fold reduction in G/l transcript levels by quantitative RT-PCR (gRT-PCR)
analysis of GI“™" Smo™ as compared to G IO Sma™™" control mice (FIG. 8A). We found in
1G  these Smo-ablated mice that a light regimen of DSS exposure (2.5% for five days, with scarcely any
effect on wild-type) sufficed o reliably induce weight logs (FEG. 1D) as well ag a significant increase
in the mean colitis severity score (from 0.9 to 2.7; FiG. 1K), as determined histologically by a
pathologist (E.5.5.) blinded to the genctic background and ircatment regimen of the mice (FIG. 1H;
see above). We found in addition that pharmacologic nhibition of Hh response using the small
15 molecule Hh pathway antagonist, X1.-139 (FIG. 8B) also significantly accelerated weight loss (FIG.
1¥F) and increased the sevenity of colitis (from a score of 0.3 to 2.3; FIG., 1G). In summary, both
genetic and pharmacologic manipulations that decisively ablate or block Hh response enhanced the
development of colitis at levels of D85S exposure that scarcely produced any effect in mice with

R moreover shows that

intact Hh response. The marked effect of selective Smo ablation by G#i/©

20 Glil-expressing strormal cells are the critical site for the colitis-enhancing effect of lost response o
the Hh signal.

As reduced Hh response exacerbates acute DSS colitis, we considered the possibility that
genetic or pharmacological interventions that increase the level of Hh pathway activity might
ameborate cobitis. To test thus possibility, we fiest examined colitis severity in muice with a shight

25 general clevation of Hh activity caused by heterozy gous mutation of Piehl (F1G. 2A), which was
backcrossed over 10 generations into an FVB background to permit comparison to FVB wild-type
mice. We found that these Prchl™" heterozygous mice developed significantly less severe DSS-
mduced colitis (severity score of 1.8 vs. 3.4; FIG. 2B) and showed decreased colitis-associated
mortality (91% vs. 35% survival; Fig. 2¢).

30 To further explore pathway activation, we tested the effect of a small molecule Smoothened
agomst, SAG21k (sec Lee et al. {2014) Proc Natl Acad ScitJ 5 A 111:E3091-3100 and Brunton ¢t al.
(2009 Biocorganic & medicinal chemistry letters 19:4308-4311, the disclosures of which are
meorporated herein by reference in their entireties), which gencrates a 2.8-fold maximal elevation of
Gl wranscript levels in the colon of vminjured FVB mice at a dose of 0.5 mg/kg twice per day (FIG.

35 8D). The relatively modest degree of G/l mduction by SAG21k in uninjured colon as compared to

vehicle hikely 1s due to constitutive expression of Hh ligands in the epithelium, which generates a
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fairty high basal level of stromal G/ expression (FIG. 1B, FIG. 1O). Interestingly, this basal level
of Hh pathway activity, as indicated by expression of Glil and additional Hh targets Ptchl and Hhip,
was significantly decreased by DSS-induced colitis (FIG., 9A: Vehicle-no injury vs. Vehicle-DSS).
This reduction in Hh response may be due in part to the slightly reduced expression of Thh, the major
Hh ligand 10 adolt colon, but could also be due to the colitis-induced disruption of tissue architecture,
which includes a fluid nfiltrate that might disrapt the nommal close contact between ligand-
expressing epithelial cells and Hheresponding stromal cells FYIG. 10 In this sctting of colitis-
mduced reduction of Hh pathway activity, SAG21K treatment induced a return of Hh pathway target
expression to levels hike those i uninjured mice treated with SAG21k (FIG, 9A: SAG21k-no injury
vs, SAGZ1k-DSS), thus resulting in a strong relative induction of Hh targets by SAG2ik {e.g., a 166
fold change i G, FI1G. 2D; FIG, 9A).

Having established that SAGZ1k freatment caunses a major and highly significant change in
the level of Hh pathway activity in the sctting of D8S-induced colitis, we examined the effects of
SAG21k treatment on colitis severity when applied either before or after the mitiation of DSS inpary.
First, either vehicle or SAGZ1k was given to mice beginning 5 days before exposure 10 3 severe
colitis-inducing regimen (5% DSS for {ive days; FIG. 2A). In this setung, colitis severity was greatly
reduced in the SAG21k group compared to the vehicle controls (severity score of 0.6 vs. 4.8; FIG,
2E, F1G. 2G). Sccond, mice were given either vehicle or SAG21k starting four davs after the start of
DS S-treatment with a milder colttis-indocing regimen (2% DSS for seven days, FIG. 24). SAG2 1k
treated mice showed less severe colitis at Day 7 compared to vehicle treated controls (severily score
of 1.9 vs. 3.1; FIG. 2F). Thus, increased BHh activity, achieved genetically or pharmacologically, hag
3 strong protective effect m DSS-induced colitts. Furthermore, pharmacologic intervendion fo
mcrease Hh activity can ameliorate colitis when apphlied cither before or after the start of DSS-injury.

Although colitis 1s viewed primarily as an mflammatory disease, we found no evidence by
immunofluorescence staining (FIG. 34) or by FACS analysis (Fi1G. 3B) of pathway activity in
hematopotetic cells of injured or uninjured colon, as indicated by absence of Gli/ co-expression with
the general hematopoietic marker, CD435; this non-overlap of GI7 expression with CD45 was
confirmed by non-overlap with markers of subpopulations of hematopoietic cells (CD11b, CDllic,
F4/80, or CD206, in FIG. 18C-18L). Given tlus absence of (/] expression in hematopoietic cells of
the colon, we focused directly on (/i /-expressing ((Glil") colon stromal cels to identify factors that
might mediate the protective effect of Hh response. To this end, we subjected FACS-isolated Gii/”
cells from the colons of SAGZ1k- and vehicle-treated mice (FEG. 4A, FIG. 48) to microarray
analysis, and noted the expected mduction by SAG2 1k of Hh pathway targets, including Hhip, Igfl,
Myocd, Glil and Ptchi (FIG. 40). Notably, we also observed a 3-{old induction in f7-70 expression
fevels, confirued as a 6.3-fold induction by qRT-PCR (FIG. 4B, In the setting of DSS-induced

colitis (FIG. 4A), SAG21k induction of /1.-/0 was even more dramatic in G#1" colon stromal cells

(98]
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(Fi&. 4K, and thus induction was not observed in FACS-isolated hematopoictic or epithelial cell
poprlations from the colons of DSS-exposed animals (FYG. 4F; FACS plots shown 1o bottom two
panels of FIG. 38).

Crr studics suggest that at least a portion of the protective effect of Hh pathway activation in
DSS colitis might be mediated throough induction of 77-70 expression. To determine whether 72-10
expression mdeed mediates the protective effect of Hh stromal response, we exposed f1-/0 mutant
mice (L-107) to DSS and treated with SAG21k. The JL-107 strain, on a CS7BL/6 background, is
known to develop spontancous colitis, which varies in severity depending on housing conditions: we
mdecd noted a low-grade colitis {average severity score, 1.0) without DSS exposure in our colony
(FIG. 4G). These J1-107 mice were subjected to a 5 day exposure to 3% DSS, which increased the
average colitis severity score fo the maximum level of 5.0 in vehicle-treated mice (FYG. 486, Thig
severity score was reduced to an average of 3.7 in the SAG21k treatment cohort (p = 0.01). The
comparison vchicle-treated wild-tvpe group, also C57BL/6, developed an average colitis severity
score of 4.2 with DSS exposure, with a dramatic reduction to 0.2 upon SAG21k treatment (p <
G.06001). We conclude from these data that, although some SAG2ik-induced reduction m colitis
severity occurs in the absence of f7-/0 function, a major portion of the SAG21k protective effect
requires wild-type [1-/0, congistent with transcriptional activation of f1-/0 expression by Hh
signaling as a protective mechanism.

IL-10 suppresses colitis by acting to maintain expression of the transcription factor Foxp3, a
hallmark of regulatory T cell (Treg) identity and function. This suggests that Hbh pathway activation
by SAGZ1k might stirmdate Foxp3 expression cells in the setting of colitis. However, ag colitis itself
causes an increase m colonic Tregs, we were concerned that the suppression of colitis by SAGZik
treatment might confound any treatment-induced augmentation of Foxp3 expression. To address this
issue we initially examined the effects of colitis and SAG21k on Foxp3' Treg levels independently.
We first examined the expression of Foxp3 during acute colitis and found that Foxp3 expression
indeed increased in a large proportion of CD4" T cells (FIG. SA-8C), with a corresponding increase
in the frequency of Foxp3' CD47' T cells within total cells of the colon (FIG. 3D). We also found that
Foxp3 expression in CD4' T celis increased within one day of SAG21k treatment, and continued
throughout our 10 day testing period (FEG. 85A, FIG. SE, FiG. 5F). However, when SAG21k
treatiment was combined with a 10 day DSS inpury protocol, the population of Tregs in the colon was
significantly reduced (FIG. 8G). The SAG21k weatment effect of reducing colitis severity and the

ccompanying reduction in Tregs thus prevails over the Treg-inducing effect of SAG2 1k treatment in
the absence of injury.

To determine if SAG21k could increase Treg cell Ievels in the setting of DSS mjury
independent of its effccts on colitis severity, we examined the effects of SAG21k during the carly

phase of DSS injury prior to the onset of severe colitis and after only one day of SAG21K treatment.
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After 3 davs of DSS exposure, mice were given either vehicle or SAG2 1k for one day {two doses),

and Treg populations were analvzed at Day 4 (FIG. 834, bottom schema). Mice given etther vehicle

or SAG21k did not display differences m histologic colitis severity from each other or from Day 3

control mice (FIG. 5H). However, Foxp3 expression increased in a significant proportion of CD4' T

5 cells (FIG. 5I), with a corresponding increase in the frequency of Foxp3' CD4' T cells within total

cells of the colon (Fig. 51). These results suggest that an carly and rapid increase in Treg cells in the
colon may be a mechanism by which SAG2 1k prevents onset or suppresses progression of colitis.

We have seen that Hh pathway manipulation affects colitis severity. We then explored the

possibility that Hh pathway mampulation might affect the extent of colitis-associated colon cancer.

10 For owr studies we utilized an established colitis-dependent murine cancer raodel (AOM-DES)

which systemic exposure to the carcinogen, azoxymethane 1s followed one week later by a week of

exposure to DSS (see Tanaka ot al. (2003) Cancer science 94; 965-973, the disclosure of which is

mcorporated hercin by reference in iis entirety). First, we observed that genectic elevation of Hh

" littermate

response in Prch™ mice resulted in a reduced overall tumor burden as compared to Pick!

15 controls (FIG. 6A-6D). We then confirmed and extended these initial findings by pharmacologic

manipulation of Hh response during the period of acute colitis in wild-type FVB mice (FIG. 6A).

Pathway suppression vsing the small molecule Hh antagonist vismodegib resulted in sigmficantly

greater tumor burden, whereas pathway clevation using SAG21k resulted in decreased tumor burden

(FIG, 6E, FIG, 6F). These resulis are consistent with our observations that Hh pathway activity

20 decreases colitis severity, and further suggest that decreased severity of colitis is protective against
formation of colon tumors in the AOM-DSS model.

Finally, we determined whether Hbh pathway masipulation outside of the period of acute

colitis can influence colon twmor growth. We found that reduction of Hh response by tamoxifen-

SCreERMA, ¢ /1
Ir,i,c R ;5I’ﬂ€?ﬂ/ﬂ

mdoced genetic ablation of Smo in G mice, with tamoxtfon administration witiated

25 two weeks after the end of DSS treatment and after the resolution of acute colitis, resulted in greater
overall tumor burden compared to GIiJ“ " Smo"™" controls (FIG. 6A, FIG. 6H-6J). These results
suggest that Hh pathway response also reduces colon tumor growth, tadependent of its effects on
colitis severity.

In semmary, we have demonstrated that Hh pathway activity dramatically affects the severity

30 of acute colitis in mice, with increased severity resulting from genctic or phanmacologic pathway
suppression and decreased sevenity from genetic or pharmacologic pathway activation. The colitis-
protective effect of pathway activation was disrupted by GiiJ " .directed ablation of Hh response,
thus indicating that G/i/" stromal cells, not epithelial or hematopoietic cells, are the direct cellular
target of Hh signaling in the colon for this protective effect. As a possible mechanism mediating this

35 cffect, we identified the induction of expression in these Hh-responsive stromal cells of /2-70. We

note that most of the protective effect of Hh pathway activity is lost upon mutation of IL-10,

~d
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confirming that most of the colitis-protective effect of Hh pathway activity is conveyed by
upregulation of [L-10. We also noted in our DSS model that Hh pathway activation by SAG2Z1k
treatment increased the relative number of Foxp3' CD4" Treg cefls in the colon, both in a non-injured
state as well as n the setting of early colitis.

5 Finally, we have demonsirated that genctic or pharmacoliogic Hh pathway manipulation can
affect tumor burden in the AOM-DSS colon cancer model In our experiments invelving
phamacologic manipulation, we ascertained this cancer-protective effect during the period of DSS-
induced acute colitis. However, we also noted that pathway inactivation by genctic ablation of
Smoothened after the resolution of colitis and during the period of tumor growth resulted in mncreased

1¢ tmor burden, suggesting that stromal Hh pathway activity may protect against tumor growth and

development independently of an effect on cohitis 1gelf.

From a clinical perspective, our studies clearly highlight a potential risk for individuals with
acute, chromic, or mtermutent IBD who are receiving 8 Hh antagounist like vismodegib for a
therapeutic purpose, such as treatment of locally advanced or metastatic basal cell carcinoma. In such

15 cases, the antagonist may increase risk of IBD relapse or cause exacerbation of pre-existing disease.

We note in particular in owr studies that mild DSS exposure regimens that alone caused hittle
pathology  were associated with moderate to severe colitis in conjunction with genetic or
pharmacologic Hb pathway blockade (FIG. 1A-1H). Bevond exacerbation of pre-existing disease, it
1s possible that treatment with Hh antagonists may actually mcrease the risk of contracting IBD, as

20 diarrhea and weight loss are consistent side effects in Hedgehog inhibiior trials.

The above example generally describes the applicability of Hh agomist for inducing Treg
cells for treating, countrofling and/or preventing dareaged epithelum, where colitis is but one example

of a condition associated damaged eptthelivie and SAG21K is but one example of a Hh agonist,

EMBODIMENTS

N2
-4

i In a first embodiment is provided a method of inducing Foxp3-cxpressing T regulatory
(Treg) cells, comprising:

administering o a subject having a condition characterized bv a damaged epithelium or at
risk thereof a Hedgehog (Hh) agonist in an amount effective to locally increase the mumber of

30 Foxp3-cxpressing Treg cells in the damaged epithelium.

2. The method according to embodiment 1, further comprising monitoring the induction in the
subject by guantifving the number of Foxp3-expressing Treg cells, the level of Foxp3 expression
Treg cells, IL~10 cxpression or a combination thereof in a sample obtained from the damaged

epithelinm.
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3. The method according to any of the preceding embodiments, further comprising identifying
the subject as having a damaged epithelium associated with msufficient Foxp3-expressing Treg cells
prior to the administering.

4. The method according to embodiment 3, wherein the identifying comprises guantifying the
number of Foxp3-expressing Treg cells, the level of Foxp3 expression in Treg cells, 1L-10
expression or a combination thereof n a sample obtammed the subiect.

5. The method according to any of the preceding embodiments, wherein the subject has an
clevated level of Foxp3-expressing Treg cells in the damaged epithelivin prior to the administering,
6. The method according any of the preceding embodiments, wherein the damaged epithelium
is selected from the group consisting of: the rectum, the sigmoid colon, the descendimg colon, the
trangverse colon, the ascending colon, the cecum, the duodenum, the jejunum, and the deum.

7. The method according to any of the preceding embodiments, wherein the amound of the Hh
agomnist is effective to induce 1L-10 expression in a Hh-responsive cell.

8. The method according to cmbodiment 7, wherein the Hh-responsive cell is a stromal cell.

9. The method according to any of the preceding embodiments, wherein the method further
comprises administering an immunosuppressant, a steroid or both.

10. The method according to any of the preceding embodiments, wherein the condition is
selected from the group consisting of: acute colitis, Crohn’s disease, ulcerative colitis, graft versus
host disease and psoriasis.

it The method according to any of the preceding embodiments, wherein the Hh agonist is
fornmulated: with an enteric coating, as a suppository, or for topical delivery.

i2. The method according to any of the preceding embodiments, wherein the Hh agonist s
adminisicred mtermitiently.

13 The method according to embodiment 12, wherein the mtermittent administration comprises
a dosing mterval ranging from two days to two weeks, a non-dosing mterval ranging from two days
to two weeks, or a combination thereof

14, The method according to any of the preceding embodirnents, wherein the subject is at visk of
a condiion characterized by a damaged epithehum and the admivistering s performed
prophylactically to prevent the occurrence or reoccurrence of the condition.

15. The method according to embodiment 14, wherein the condition is graft versus host discase
or colon cancer.

i6. The method according to any of the preceding embodiments, wherein the Hh agonist s
administered in a daily dose ranging from 0.008 mg/kg to 0.8 mg/kg.

17. The method according to any of the preceding embodiments, wherein the Hh agonist 1s a

small molecule smoothened agonist.



10

WO 2016/176501 PCT/US2016/029875

18. The method according to embodiment 16, wherein the small molecule smoothened agonist is
SAGZIK.
19, In another embodiment is provided a pharmaceutical composition comprising:

a Hedgehog (Hh) agonist formulated for local administration to a damaged epithelium.

20. The pharmaceuntical composition according to embodiment 19, wherein the Hb agonist s
formulated with an enteric coating, or as a suppository.

The preceding merely illustrates the principles of the mvention. It will be appreciated that
those skilled m the art will be able to devise various arrangements which, although not explicitly
described or shown herein, embody the principles of the invention and are included within its spirit
and scope. Furthermore, all cxamples asd conditional lssguage recited herein are principally
intended to aid the reader in understanding the principles of the mvention and the concepts
contributed by the inventors to furthering the art, and are (o be construed as being without fimitation
to such specifically recited examples and conditions. Morcover, all statements herein reciting
principles, aspects, and embodiments of the invention as well as specific examples thereof, are
intended to encompass both structoral and functional equivalents thereof. Additionally, 1t is intended
that such cquivalents include both currently known equivalents and cquivalents developed n the
future, 1o, any elements developed that perform the same function, regardless of structure. The
scope of the present invention, therefore, is not intended to be limited to the exemplary embodiments
shown and described herein. Rather, the scope and spirit of the present invention is embodied by the

appended claims.

40
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CLAIMS

That which 1s clatmed is:

1. A method of inducing Foxp3-expressing T regulatory (Treg) cells, comprising:
administering o a subject having a condition characterized by a damaged epithelium or at
risk thercof a Hedgebog (Hh) agonist tn an amount effective to locally increase the nomber of

Foxp3-expressing Treg cells in the damaged epithelinm,

2. The method according to Clatm 1, further comprising monitoring the nduction in the subject
by quantifying the number of Foxp3-expressing Treg cells, the level of Foxp3 expression in Treg

cells, 1L-10 expression or a combination thereof in a samaple obtained from the damaged epithelinm.

3. The method according to any of the preceding claims, further comprising identifying the
subject as having a damaged epithelivm associated with masufficient Foxp3-expressing Treg cells

prior to the administering.

4. The method according to Claim 3, wherein the identifying comprises quantifying the number
of Foxp3-expressing Treg cells, the level of Foxp3 expression in Treg cells, TL-10 expression or a

combination thereof in a sample obiained the subject.

5. The method according to any of the preceding claims, wherein the subject has an elevated

level of Foxp3-expressing Treg cells 1o the damaged epithelium prior to the administering.

6. The method according any of the preceding claims, wherein the damaged epithelium is
selected from the group consisting of: the rectum, the sigmoid colon, the descending colon, the
transverse colon, the ascending colon, the cecurn, the ducdenum, the jejunum, the leum, and a

combination thereof.

7. The method according to any one of the preceding claims, wherein the amount of the Hb

agomist 18 effective to mduce H.-10 expression in a Hh-responsive cell.

3. The method according to Claim 7, wherein the Hh-responsive cell is a stromal cell.

9. The method according to any onc of the preceding claims, wherein the method further

compriscs administering an immunosuppressant, a steroid or both.

41
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10. The method according to any one of the preceding claims, wherein the condition is selected
from the group counsisting oft acute colitis, Crohn’s disease, ulcerative colitis, graft versos host

discase and psoriasis.

il The method according to any one of the preceding claims, wherein the Hb agonist s

formulated: with an enteric coating, as a suppository, or for topical debivery.

12. The method according to any one of the preceding claims, wherein the Hh agomst is
o o

administered intermittently .

13, The method according to Claim 12, wherein the intermittent administration comprises a
dosing ieterval ranging from two days to two weeks, a non-dosing interval ranging from two days o

two weeks, or a combination thereof

i4. The method according to any one of the preceding claims, wherein the subject is at risk of a
condition characterizved by a damaged epithelivm and the administering 15 performed

prophylactically to prevent the occurrence or reoccurrence of the condition.

15 The method according to Claim 14, wherein the condition s graft versus host disease or

colon cancer.

i6. The method according to any of the preceding claims, wherein the Hh agonist s

admunistered in a daily dose ranging from 0.008 mg/kg o0 0.8 mg/kg.

17. The method according 1o any of the preceding claims, wherein the Hh agomist is a small

molecule smoothened agonist.

18, The method according to Claim 16, wherem the small molecule smoothened agonist is
SAGZIK.
19. A pharmaceutical composition comprising:

a Hedgehog (Hh) agonist formulated for local administration to a damaged epithelium.

20. The pharmaceutical composition according to Claim 19, wherein the Hh agonist is

formulated with an enteric coating, or as a supposiiory.
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