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Diagnostic and Therapeutic Methods Helated to Inflammatory Bowel
[riseases

CROSS-REFERENCE TORFELATED APPLICATION
This application clairas the priority of U.S, Provisional patent application serial
number 62/353,914, filed June 23, 2016, the disclosure of which is tncorporated by reference

herew in its entirety.

STATEMENT OF GOVERNMENT SUPPORT
This invention was made with government support under AI119728 gawarded by the

Mational Instituies of Health. The government has certain rights in the mvention.

BACKGROUND OF THE INVENTION

The mechanisms underlying chronic imestinal inflammmation in inflammatory bowel
disease (1BD) patients ave unkunown, and Bikely vary depending on individual patient genetics.
For example, different portions of the intestinal tract are atfected by the two common forms
of inflammatory bowel diseases, nleerative colitis (UC; the colon) and Crohn’s disease {CD;
the ileuny). Unlike bong fide autoimmune diseases (e.g., type ldiabetes, multiple sclerosis),
IBDs are not driven by conspicuous auto-antigens. As a result, treatments for inflammatory
diseases (IBDs) sach as uleerative colitis and Crohn’s disease remain non-specific and
ineffective. In large part, this is because the mechanisms undertying chronic intestinal
inflammation in IBD patients are unkuows, and likely vary depending on individual patient
geneties.

Therefore, it has become increasingly evident that future advances in IBD therapy
will reguire a more personalized approach, where therapies are aligned with individual

patient genetics. The present invention is directed to this and other unmet needs in the art,

SUMMARY OF THE INVENTION
In one aspect, the wvention provides methods {or quantifying MDRI activity in T
cells of a human subject. The methods entail {a) assaving MDR1 function in at least one

MDR1-expressing effector T cell subsets in a biological samiple obtained from the subject,
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and (b} comparing the assayved MDR1 function to a background MIDR 1 funcfion determined
with af least one control T cell subset that does not express MDR1. This allows a quantitative
measurement of MDR1 activity in T eells of the human subject. In these methods, the
MDR 1 -expressing effector T cell subset is elocted from the group consisting of (1) CD4”
effector/memory T cells (CD4" Teff, CD4CDRS CD4ASROTCCRT®); (11} CD8™ naive T cells
(CBECR25CD4SROCCRTY); (i) CDR" effector/memory T cells (CD&F Teff, CD4ACD2S
CD45ROCCRTYY: and (iv) CD8” short-lived effector/memory T cells ({CD8' Temra, CD4
CD2S CD4SROTCRTY).

in some of the methods, the biological sample contains peripheral blood mononuclear
cells from the subject. Inn some msthods, MDR1 function is assayed via deterraining the
frequency of MDR 1" cells in each T cell subset. In some of these methods, the assayed
MDR] function is the combined MDR1™ ¢ell frequenicy from the at least one MDR1-
expressing effector T cell subsets. In some of these methods, the assaved MDRI function is
the combined MDR1™ cell frequency from effector T cell subsets (i} to (iv). In some methods
nf the invention, the employed control T cell subset is (i) CD4" naive T cells (Tuaive,
CD4YCD25°CDASROCCR Y or (i) regulatory T cells {Treg, CD4"CD25™) that are present
in the same biological sample from the subject. In some methods, the effector T cell subsets
from the biological sample are separated via fluorescence-activated cell sorting (FACS). In
some of these methods, MDR1" cells are determined via labeling cells in the biological
sample with rhodamine 123 (Rhi123) and flow cytometry analysis of Rh123 efflux from cells
of the effector T cell subsets.

Some methods of the invention further involve determining MDR1T activity in cells
of the MDR L-expressing effector T cell subsets that are treated with a MDRI inhibitor.
Some methods of the invention utilize a biological sample that contain eryopreserved
peripheral blood mononuclear cells. In some of these methods, the determined MDR17 cell
frequency is the combined MDR1 cell frequency from all four effector T cell subsets (i) to (iv)
noted above, and MDR1I™ cell is determined via labeling cells in the biological sample with
rhodamine 123 (Rh123) and flow cytomeiry analysis of R 123 efflux from cells tn cach of
the effector T cell subsets. Some methods of the invention are directed to guantifying or
monitoring MDR 1" activity in a sebject that is afflicted with an inflamratory bowel disease
{(IBD}. Insome of these methods, the IBD is Croln's disease or ulcerative colitis,
In another aspect, the invention provides methods for identifying a human patient with an
mflammatory bowel discase (1BD) for treatment with bile acid sequestration therapies. These

methods tnvolve {8) obtaining a biclogical sample containing CD3Y T cells from a candidate
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1B patient and from at least one healthy control subject, (b} determining the combined
MDRI1" cell frequency in two or more effector T cell subsets in the biological sample
counsisting of (I} CD47 effector/memory T cells {CD47 Teff, CD4'CD25CD4SROYCCRT™);
(i) CDB" naive T cells (CD4TDZSCDASROCCRTY); (1) CDB” effector/memory T cells
(CDR™ Tefl, CD4CD2S CD4SROTCCRTY), and (iv) CDR' short-lived effector/memory T
cells (CDS" Tera, COACD25CD4SROCCRTY), and (¢} comparing the combined MDR1*
cell frequency of the candidate IBD patient to the combined MDR1" cell frequency of the
control subject. 1f there is a substantive decrease of the combined MDR1™ cell frequency of
the candidate IBD patient from the combined MDR17 cell frequency of the control subject,
the candidate IBD patient is identified as one suitable for treatment with bile acid
sequestration therapies.

In some methods, the candidate 1IBD subject is a Crohn’s disease patient. In some of
these methods, the combined MDR1™ cell frequency is combined MDR1' cell frequency of
all effector T cell subsets (1) to (1v).  In some methods, determining the combined MDR1+
cell frequency additionally inclodes quantifying a bascline MDRTT cell frequency in at least
one control T cell subset that does not express MPDR1. For example, the control T cell subsst
can be (1) CD4” naive T cells (Tnaive, CD4*CD25CDASROCCRT™) or (i) regulatory T cells
(Treg, CD4'CD25Y) present in the same biological sample. In some methods, the employed
biological sample containg peripheral blood mononuclear cells from the patient. In some
methods, the effector T cell subsets from the biolopical sample are separated via
fluorescence-activated cell sorting (FACS). In some of these methods, MDR 1" cell i3
determined via labeling cells in the binlogical sample with rhodamine 123 (Rh123) and flow
eytometry analysis of Rh123 efffux from cells of the effector T cell subsets.

tn another aspect, the invention provides methods for treating an inflammatory bowel
disease {IBD) in a homan patient. The methods entail (3) detecting MDR1 loss-of-function in
a candidate IBIY patient, and (b} administering to the patient a pharmaceutieal composition
comprising a therapeutically effective amount of 2 bile acid sequestrant. This allows
treatment of the inflammatory bowel disease in the patient, In some of these methods, MR 1
loss-of-function is detected by {8} obtaining a biological sample containing CD37 T cells
from the candidate patient, (b) determining the combined MDR1™ cell frequency intwo or
more effector T cell subsets in the biological sample consisting of (1) CD4” effector/memory
(CD4" Teff, CD4CD2S CD4SROTCCR T, (i) CDS” naive (CD4CDRSCD4ASRO CCRTMY,
(i) CDR" effector/memory (COR™ Teft, CDACDRSCDASROCCR 7Y and (iv) CDE short-
fived effector/memory (CD8T Temra, CR4CHRTCDESROCCRTY), and (¢) comparing the

s
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combined MDR1" cell freguency of the candidate IBD patient to combined MDR1Y cell
freguency in the same biological sample from one or more healthy control subjects. Some of
the therapeutic methods of the Invention are directed to treating patients suffering from
Crohn’e-disease.

A turther understanding of the nature and advantages of the present invention may be

realized by reference to the remaining portions of the specification and claims.

DESCRIPTION OF THE DRAWINGS

Figure 1 shows Rh123 efflux as a method for visualizing expression/function of the
xenobiotic membrane transporter, MDRI. Cells are labeled with the fluorescent MDRI
substrate, rhodamine 123 (Rh123) at 4°C, where MDR1 is inactive. Rh123 is a membrane
permeant vital dve that labels mitochondria. Labeled cells are washed to remove excess dye,
and moved to a 37°C incubator to aetive the MDRI pumnp. Cells that express MDR1 efftux
RE123, and thus lose fluorescence as determined by FACS analysis,

Figure 2 shows discrimination of T cell subsets by flow cytometry. Frozen PBMC
from a representative bealthy adult donor was thawed and stained with FACS antibodies to
discriminate T cell subsets-after (1) gating on lymphoocytes; (2) exchuding doublets; and (3)
gating on viable CD3+ T cells {exclusion of & membrane iropermeant viability dve). 6 T cell
subsets are identified: (1) CD4™ nafve (Thaive, CD4TCD2Z5 CD4SROCCR T, (2) regulatory
T eells (Treg, CDECD25M); (3) CR4T effector/memory (CD4E Teff, CD4'CDNS
CD45SROTCORTY); (4) CDE” paive (CDACD2STD4SROTTCRTY); (5) CD]?
effector/memory (CD8* Teff, CD4CD25 CD45SROYCCRT™Y,; and (6) CD& short-lived
effector/memory (CD8Y Temra, CD4CD25CD4SROCCRTY). Representative of more than
100 FACS staining experiments performed on healthy control and IBD patient samples.

Figure 3 shows MDR-dependent Rh123 efffux in human CD3" T cell subsets, Rhi23
efflux in the 6 T cell subsets as identified as in Figure 2 from a pooted stock of healthy adult
PBMC was determined by FACS analysis. Percentage of MDR 1-expressing cells are shown
based on background staining in elacridar-treated cells {shaded peaks). The combined
frequency of RIi1 23" (MR 17} cells in the latter four subsets (CD4Y Teff, CD8' naive, CD8'
Teff, and CD8" Temra), calculated as the “cumulative MDR1 score,” was used to indicate
MDRI tunction (expression and aolivity) in a given PMBC sample.

Figare 4 demonstrates assay stability, Curnulative MIDR1I score (blue) and percentage
of MIIR1™ (Rh123%) CD4* Teff cells (red) from 11 independent staining experiments on the

same stock PBMC as in Figure 3. Coefficient of variation (CV) 1s indicated.
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Figure 5 shows MDR] function in human subjects. (A) MDR 1 function in male {Jeff)
and female (righs) human adult controls and 1BD patients. {(8) Correlation between MDR]
fanction and age within healthy human adults {{eff), UC patients (midldie), and CD patients
{(right). Pearson correlation {r) values are shown for each plot,

Figure 6 shows Rh123 efflux in mice Teff cells and MDRT function in human
peripheral blood T cell subsets, (A} MDR1-dependent Rhi123 efflux in Teft cells {gated as in
Fig. 2 from tissues of SAMPY itFe, or MHC-matched wild type (W', AKR) mice.
Background RE123 efflux shown in elacridar-treated cells (shaded peaks). Representative of
3 experiments. (B) MDRI function {caleulated as in Fig. 5B) in peripheral blood T cell
subsets from healthy adult donors (1 = 49}, ulcerative colitis (UC) patients (n = 53), and
Crohn's disease (CD) patiends (s = 36), Solid red lines indicate means of each group; hatched
red line indicates mean MDR1 function of healthy donors. 3 standard deviations below the
healthy donor mean: {-3x 82} s indicated by hatched grey line. Three €13 patients display
MDRI function less than the -3x SD value of all healthy donors (blue highlighis).

Figure 7 shows MDR1-dependent Rh123 offlux in T cell subsets from healthy donor
PBMC or the indicated MDR 1P CTy patients identified in Figure 6B analyzed on the same
day. Background Rh123 efflux in healthy control T cell subsets treated with elacridar is
shown {shaded peaks),

Figure 8 shows age and medication history information of human subjects examined
for MDR1 function. (A) medication history (medications} of UC and CD patients in this
cohort. (B} Age of disease onset of UC and €D patients 1 this cobort. (C) MDRI function in
healthy adults, UC patients, and CD patients with or without ileitis that have or have not
required surgery. (0-F) MDR1I® CD patients identified in (B) are highlighted blue. * P < 03,
FEED < 0O, #REE P < 0001, one-way ANOVA.

DETAILED DESCRIPTION OF THE INVENTION

L Qverview

Current approaches to characterize Inflarmmatory Bowel Disease (IBD) patients involve
whole-genome/whole-exome DNA sequencing. However, information obtained from the analysis
cannot be used to dictate clinical decisions in IBD therapy. The present invention 1s predicated in
part on the discovery by the present inventors of a fundamentally new mechanism that
regulates T cell-mediated inflanmation n the tlewm, a specialized portion of the distal small
intestine that is overwhelmingly targeted in IBIY patients, esp. Crohn’s disease. It was found

that pro-inflammatory subsets of CD4+ T cells, namely IL-17A-producing Th17 eells and
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IFNy-secreting Thl cells, upregulate expression of a germline-encoded xenobiotic
transporter, MDR1 (ABCB1; P-glycoprotein). Once expressed, MDR interacts with
conjugated bile acids (CBAs) to enforce Th17 and Thi cell persistence, limit inflammatory
evitokine expression (TNFe, IFNy), and suppress ileitis. CBAs are cytotoxic digestive
metabolites produced in the liver that recycle through the ileal lamina propria during
enterohepatic circulation; this involves active reabsorption of huminal CBAs by tleocytes, and
is blocked by bile acid sequestrants, such as cholestyramine. Accordingly, bile acid
sequestration restores MDR 1 -deficient T cell homeostasis in the small intestine and
attenuates Heitis, Further, it was found that spontaneous MDRI loss-of-funchion is associated
with Crohn's disease-like ileitis in SAMPU/YitFe mice, which is also reduced by bile acid
sequestration. Thus, immune homeostasis in the Hleuny involves coordinated, drugsable, and
tissuc-specific interactions between mucosal T celis and circulating bile acids.

The inventors further developed a cell-based soreen to dentify IBD patients that are
suitable for bile acid sequestration therapies, Specifically, the cell-based screen enables
identification of subsets of IBD patients displayving loss of MDRI expression/function. As
noted above, IBD patients displaying MDR1 loss-of-function are predicted to be effectively
treatable with bile acid sequestrants, ¢.g., chelestyramine {CME} or other similar therapeutic
modalities that interfere with intestinal bile acid reabsorption. The invention accordingly
provides diagnostic methods that allow stratification of IBD patients based on MDR1
function as defined n this cell-based assay. The invention addittionally provides therapeutic
methods that integrate bile acid sequestration therapies with the patient profiling strategy
disclosed herein. A more detailed guidance for practicing methods of the invention 18

provided helow.

iL Definitions

Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understond by those of ordinary skill in the art to which this invention
pertains. The following references provide one of skall with 4 general definition of many of
the terms used in this tnvention: Academic Press Dictionary of Science and Technolagy,
Morris (Ed.}, Academic Press (1% ed., 1992); ford Dictionary of Biochemistry and
Molecular Bivlogy, Smith et.al. (Eds.), Oxford University Press (revised ed., 2000}
Encyclopaedic Dicrionary of Chewistry, Kumar (Ed.), Aruol Publications Pvt. Lid. (2002);

Dictionary of Microbiology and Molecular Biology, Singleton et al. (Eds.), John Wiley &

6
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Sons (3% ed., 2002); Dictionary of Chemistry, Hunt (Ed.), Routiedge (1% ed., 1999);
Bictionary of Pharmaceutical Medicine, Nahler (Ed.}, Springer-Verlag Telos (1994);
Dictionary of Organic Chemistry, Kumar and Anandand (Eds.), Anmiol Publications Pet. Ltd.
(2002); and 4 Dicrionary of Biology (Oxford Paperback Reference), Martin and Hine {Eds.},
Oxford University Press (4% ed., 2000). In addition, the following definitions are provided to
assist the reader 1o the practice of the invention.

Bile acid sequestrants ave a group of resins used to bind certain components of bile in
the gastrointestinal tract, They bind to the major bile acids to form an insoluble complex that
prevents reabsorption and leads to fecal excretion. Moreover, the depletion of bile acid stores
promotes increased bile acid synthesis which reduces the pool of intracellular cholesterol,
thereby helping to maintain a lower cholesterol level. Appreciation for the effects of bile acid
sequestrants has led to the use of these agents for several other clinical applications,
particularty diarrhea of various etiologies.

Bile acid sequestration or bile acid sequestration therapy refers to therapeutic use of
bile acid sequestrants in patients to bind bile acids in the intestine and increase the excretion
of bile acids in the stool. True to the fact that bile acid sequestrants exert their phanmacologic
effect almost exclusively 1u the GI traet with very hittle systemic absorption, these agents are
generally well tolerated. The therapies were initially developed for the treatment of
hypercholesterofemia. The most important role of bile acid sequestrants in the control ot Gi-
related disorders has stemmed fom its value in the control of diarthes related to bile acid
malabsorption. This condition has munerous etiologies, including Crohn's disease,
cholecystectomy, ileal resection, vagotomy, and celiac disease.

The term “contacting” has Hs normal meaning and refers 1o combining two or more
agents {£.g., polypeptides or small molecule compounds) or combining agents and cells.
Contacting can oceur in vitro, £.2., combinng two or more agents or combining an agent and
acell or a cell Tysate in atest tube or other container. Contacting can also cccur in a cell or in
sitiy, €.8., contacting two polypeptides in g cell by coexpression in the cell of recombinant
polynucieotides encoding the two polypeptides, or ina cell lysate.  Contacting can also occur
inside the body of a subject, e.g., by administering to the subject an agent which then
interacts with the intended target {e.g., a fissue or a cell).

“Inflammation” or “inflammatory response” refers to an innate immune response that
oceurs when tissues are injured by bacterta, trauma, foxins, heal, or any other cause. The
damaged tissue releases compounds including histamine, bradykinin, and serotonin.

Inflammation refors to both acute respounses {i.e., responses in which the inflammatory
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processes are active) and chronie responses {(i.¢., responses marked by slow progression and
formation of new connective tissue). Acute and chrouie inflammation can be distinguished
by the cell types involved. Acute inflammation often involves polymorphonuciear
neutrophils; whereas chronic inflammation is normally characterized by a lymphohistiocytic
and/or grannlomatous response. Inflammation includes reactions of hoth the specific and
non-specific defense systems. A specific defense system reaction 18 a specific immune system
reaction response fo an astigen (possibly including an autoantigen). A non-specific defense
system reaction is an inflammatory response mediated by leukocytes incapable of
mmmunoclogical memory. Such cells include granulocytes, macrophages, neutrophils and
eosiophils.

Inflanumatory bowel disease (IBD) refersto a group of inflamamatory conditions of the
colon and small intestine, including Crohn's disease, uleerative colitis, Beheet's disease,
coHtlagenous colitis, diversion colitis, ischemic colitis, and lymphooytic colitis. Crohn's
disease {CD)} and ulcerative colitis {UC) are the principal types of inflammatory bowel
discase. The first clug in the diagnosis of IBD s the symptom such as unrelenting diarrhea,
blood or mucus in the stool (more common with wlcerative colitis than Crohnt’s disease),
fever and abdowinal pain. However, some of these symptoms may also be present with a
parasitic wnfection, diverticulitis, celiac disease, colon cancer, or other less common
conditions. Therefore, often IBDs are diagnosed only after ruling out other possible causes
for the symptoms, inchuding ischemic colitis, infection, irritable bowel syndrome {{BS),
diverticulitis and colon cancer. To belp confinn a diagnosis of 1BD, a combination of tests
and procedures can be used. These include blood tests for anemia or infection, fecal occult
blood test, endoscopic procedures {such as colonoscopy, flexible sigmoidoscopy, upper
endoscopy, capsule endoscopy, and double-balloon endoscopy) |, and imaging procedures
{such as M-ray, CT scan, roagunetic resonance imaging {(MRI} and stmoall bowel imaging.

Crobn disease (CD) is idiopathic chronic enteritis of unknown origin, and is a disease
with non-specific inflammatory symptoms extended from the small intestine to the large
intestine. Signs and symptoms often nclode abdormnal pain, diarrhea (which may be bloody
if inflammation is severe), fover, and weight loss. Other complications may occur outside the
gastrointestingl fract and include anemia, skin rashes, arthritis, inflammmation of the eve, and
feeling Ured. The skin rashes may be dus to infections as well as pyoderma gangrenosum or
eryvthema nodosum. Bowel obstruction alse commonly occurs and those with the disease are
at greatey visk of bowel cancer. Dhagnosis is based on a number of findings including hiopsy

and appearance of the bowel wall, medical imaging and description of the disease. There are
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no medications or sargical procedures that can cure Crobin's disease. Treatment options can
only help with symptoms, maintain remisston, and prevent relapse. For example, high calorie
fluid or enteral nutrition therapy has been used as a long-term treatment in improving
nufritional status, For treatment based on medications, salazosulfapyridine, metrontdazole,
adrenocortical steroids, immunosuppressants, S-aminosalicylic acid {5-ASA) and the like are
typically used.

Uleerative colitis is a diffuse non-specific inflammatory disease that mainly invades
the mucosa or submucosa of large intestine, frequently forming erosion or ulcer therein. The
main symptom of active disease is diarrhea mixed with blood, UHeerative colitis has much in
common with Crohn's disease, but what sets i apart from Crohn's disease is that uleerative
colitis only affects the colon and rectum, rather than the whole Gl tract. Ulcerative colitis is
an intermittent disease, with periods of cxacerbated symptoms, and periods that are relatively
symptom-free. Although the symptoms of ulcerative colitis can sometimes diminish on their
own, the disease usually requires freatment 10 go into remission. Although UC has po known
cause, there is a presumed genetie risk. The disease may be tnggerved in a susceptible person
by environmental factors. Dietary modification may reduce the discomfort of a person with
the discase. Treatment of UC is with anti-inflanunatory drugs, imwaunosuppression, and
biological therapy targeting specific components of the immune response. Examples include
salazosulfapyriding, adrenocortical steroids, imunosuppressants, and 5-aminosalicyclic acid
{5-A8A). Colectomy {partial or total removal of the farge bowel through surgery)is
occasionally necessary if the disease is severe, does not respond to treatment, or if significant
complications develop. A total proctocolectomy {removal of the entirety of the large bowel
and rectum) can cure ulcerative colitis as the discase only affects the large bowel and rectum
and does not recur after removal of the latter.

Multidrug resistance protein 1 {(MDR1), aka P-glycoprotein (permeability
glycoprotein 1; P-gp), ATP-hinding cassette sub-family B member 1 (ABCBI1) or cluster of
ditferentiation 243 {CD243}, is an important protein of the cell membrane that pumps many
foreign substances out of cells. More formally, itis an ATP-dependent efftux pump with
broad substrate specificity. It exists iv animals, fungi and bacteria and hkely evolved as a
defense mechanism against harmful substances. MDR1 is extensively distributed and
expressed in the intestinal epithelium where it pamps xenobiotics {such as toxins or drugs)
hack into the intestinal humen, in Hver cells where it pumps them imto bile ducts, in the cells
of the proximal tubale of the Kidney where it pumps them into urine-conducting ducts, and in

the capillary endothelial cells composing the blood-brain barvier and blood-testis barrier,
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where it pumps them back into the capillaries. MDR1 is a glycoprotein that in homans is
encoded by the ABCR] gene.

T lymphocytes recognize antigens as peptides bound to major histocompatibility
complex (MHC) molecules. The fine specificity of the T cell is defined by the T-cell receptor
{TCR). MostT Iymphoeytes express the TCR &f and either CD4 or CD8 molecules. These
molecules stabilize the TCR-peptide/MHC interaction, are essential for intrathyiuic selection,
and condribute to transmembrane signaling, with important roles i the development and
activation of helper and oytotoxie T eells. AU T cells originate from haematopoietic stem
cells in the bone marrow. Haematopoietic progenitors derived from haematopoietic stem cells
populate the thymus and expand by cell division to generate a large population of immature
thymocytes, The earliest thymocytes express neither CD4 noy CD8,  As they progress
through their development they become double-postiive thymoceytes (CD4°CDE"), and finally
mature to single-positive ({CD4°CDE or CO4CDR™) thymoeytes that are then released from
the thymus to peripheral tissues. These precursor cells then differentiate mto various type of
mature or effector T cells which can be CD4% T cells, CD8™ T cells, or CD4CDE double
negative (DN} T cells.

T helper (Th) cells assist other white blood cells in immunoclogic processes, including
maturation of B cells into plasma cells and activation of eytotoxic T cells and macrophages,
among other functions. These cells are also known as CD47 T cells because they express the
CD4 protein on their surface. Helper T cells become activated when they are presented with
peptide antigens by MHC class 1l molecules that are expressed on the surface of Antigen
Presenting Cells (APCs). Once activated, they divide rapidly and secrete small proteing called
cytokines that regulate or assist in the active inmune response. These cells can differentiate
into one of several subtypes, including TH, TH2Z, TH3, TH17, or TFH, which secrete
diffevent cytokines to facilitate & different type of uroune response. The mechanism by
which T cells are directed into a particular subtype is poorly understood, though signaling
patterns from the APC are thought to play an important role.

Cytotoxie T cells (TC cells, or CTLs) destroy vivally infected cells and tumor cells,
and are also implicated in transplant rejection. These cells are also known as CD8™ T cells
since they express the CID8 glycoprotein at their surface. These cells recognize thelr tavgets
by binding to antigen associated with MHC class I, which is present on the surface of nearly
every cell of the body. Through I1.-10, adenosine and other molecules seereted by repulatory
T cells, the CDE cells can be inactivated 1o an anergic state, which prevent astoimmnune

discases such as experimental autoimmune encephalomyelitis,
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Memory T cells are a subset of antigen-specifie T cells that persist long-term after an
infection has resolved. They quickly expand o large numbers of effector T cells upon re-
exposure to their cognate antigen, thus providing the immune system with "memory” against
pagt infections. Memory T cells comprise two subtypes: central memory T cells {TCM cells)
and effector memory T cells (TEM cells). Memory cells may be either CD4Y or CDS"
Memovy T cells typically express the cell surface protein CD43RO,

The term “subject” for purposes of diagnosis or treatment refers (o apy aninmal
classified as a mammal, e.g., buman and non-hurman mammals. Examples of non-human
animals include dogs, cats, cattle, horses, sheep, pigs, goats, rabbits, and etc. Unless
otherwise poted, the terms “patient” or “subject” are used herein interchangeably, Preferably,
the subject 18 human. Unless otherwise noted, human patient and human subject are used
interchangeably herein.

The term “treating” or “alleviating” includes the administration of compounds or
agents to a subject to prevent or delay the onset of the symptoms, complications, or
biocheniical indicta of a disease (e.g., an inflammatory disorder such as IBD), alleviating the
symptoms orarresting or inhibiting further development of the disease, condition, or
disorder. Subjeets in need of treatment mclude those already suffering from the disease or
disorder as well as those being at risk of developing the disorder. Treatment muay be
prophylactic (to prevent or delay the onset of the disease, or 1o prevent the manifestation of
clindeal or subclinical svimptoms thereof) or therapeutic suppression or alleviation of
symptoms after the mantfestation of the disease. In the treatment of a discase oy disorder
assuciated with or mediated by systamic awtoimmunity or neuroinflanmimation, a therapeutic
agent may dircctly decrease the pathology of the disease, or render the disease mwore

susceptible to treatment by other therapeutic agents,

HI Assavs for morgionne MDR 1 activity

The invention provides methods for monitoring or quantifying MDBR1 activity {or
MDR1 expression/function) in human subjects. In some embodiments, the metheds can be
used to monitor MDR] activity in human IBD patients such as nleerative colitis (UC) patients
and Crohn’s disease {CD) patients. Unless otherwise noted, the MR 1 activity to be
monitored in the methods of the Invention refers to the net efflux pump activity of the MDR1
protein in a target cell or a population of cells {e.g., a popalation of an effector T cell subset).
Thus, a modified MDR1 activity can be the result of altered expression or cellular level of the

protein and/or the biochemical fonction of the protein. As detanled below, guantifying MDRI1
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activity in IBD patients can allow the clinician to identify patients with MDR1 loss-of-
function that are suitable for bile acid directed therapies. In some embodiments, monitoring
MR activity in IBD pafionts undergoing freatment can enable assessment of efficacy of the
treatment.

IBI} patients can be chnically diagnosed with standard procedures described herein
which are routinely employed in the art, ¢.g., endoscopy and histology examination. To
assess or monitor the MDRI setivity (i.e., net outcome from MBR 1 expression and pump
function} 1 an IBD patient, the freguency of MDR 1+ cells in one or more MIJR 1-expressing
effector T cell subsets is determined. MDR1+ cells are determined via contacting or labeling
the cells with a probe or MDR1 substrate which can pumped out of the cell by a functional
MDR1 protein. The effector T cells are typically isolated from a biological sample obtained
from the patierd. For example, the hiological sarmople can be mononuclear cells from a
peripheral blood sample from the patient as exemplified herein. The MDR | -expressing
gffector T cell subsels for assessing frequency of MDR 1+ cells include (1) CD4+
effector/memory T cells (Teft, CD4+CD25-CD45RO+CCR7I0), (2} CDB+ naive T cells
(CD8+CDIS-CD4SRO-CORThi), (3 CD8+ effector/memory T cells {Teff, CDEHCD25-
CD45RO+CCR7lo), and {4) CD8+ short-lived effector T cells (Temra, CD&+CIDI25-
CD4SRO-CCR 7o) As exemplified herewn, the different T cell subsets can be readily
separated with appropriate antibodies against the various surface markers and flow
cytometric analysis. In some embodiments, the frequency of MDR 1Y cells in at least 2 of
these MDR 1-expressing effector T cell subsets is determined. In some other embodiments,
the frequoncy of MDR1™ cells in at least 3 of the MDR L-cxpressing effector T cell subsets is
determined. In some preferred embodiments, the frequency of MDR17 cells in all 4 of the
MER T-expressing effector T cell subsets is determined. In various embodiments, the
determined MDR1 activity in the biclogieal sample (e.g,, PMBC sample) is based on the
combined MDR 1 cell frequency (or “cumulative MDR1 score™) in the examined effector T
cell subsets.

MDR1 1s an ATP-dependent efflux purap with broad substrate specificity. Any
xenobiotic compounds or agents that are transported by MDR1 across the cell membrane may
be used in the methods of the invention for detecting MDR1" cells, Typically, the substrate
used for monttoring MDR1 activity i3 a labeled probe or detectable agent. For example, the
cells can be labeled with fluorescent dyes such as Rhodaminel23 {(RE123) or MitoTracker
under conditions {e.g., low tevaperature such as 4°C) that MDR1 i inactive. After washing

the cells to remove excess dye, MDR1 activity can then be determined by quantifying
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MDR1T cells under conditions {e.g., high temperature such as 37°C) that MDR1 is active.
Using Rh123 as an example, MDRI™ cells will display little or significantly dirsinished
fluorescence signal (Rh123" or Rh123%) as the substrate is pumped out by active MDR1
protein. Similar to the sorting of the different T cell subsets from the bislogical sample
obtained from the IBD patients, MDRI™ (Rhi123) ceils in the T cell subsets can also be
readily determined and guantified via fluorescence-activated cell sorting (FAUS) as
exemplified berein,

To control for background signal, the methods can alse include one or more T cell
subsets that do not express MDRI. For example, in addition to the 4 MDR I -expressing
effector T cell subsets noted above, the methods of the invention can also inchude
determination of MDR1™ cell frequency in CD4+ naive T cells (CD4+CD2S5-CD4SRO-
CCR7hiy and/or CD4+ regulatory T cells (Treg, CD4-CD25h1). Typically, these control T
cell subsets are obtained from the same subject. In some preforred embodiments, the control
cells are isolated from the same biclogical sample {e.g., PMBC sample) from which the
MDR1-expressing etfector T cell subsets are isnlated. In some other embodiments, baseling
or background MDR1 activity may be additionally controlied with the same MDRI-
expressing effector T cells in the presence of a MDR 1 inhibitor. For example, as exemplified
herein, background efftux of a fluoreseent MDRI substrate can be quantified using MDR1-

expressing cells treated with MDR1T antagonist elacridar.

V. Dnagpostic and therapeutic applications

Some methods of the invention are intended for use in identifying human subjects
with MDRI loss-of-function in the MR L-expressing T cells. Some of these methods are
directed to screening IBD patients for bile acid sequestration therapies. To determine
whether there is MDRY loss-of-function in a subject {e.g., an IBD patient), MDR1 activity
{eumulative MDR1 score) determined with MBR1-expressing cells front the subject is
compared to that of a positive contrel value. Typically, the positive control value is the
determined value with the samaple bislogical sample {e.g., PMBC cells) from one or more
healthy subjects via the same assay. In some enbodiments, the mean MDR1 activity
determined from a group of healthy subjects is used as the positive control value, As noted
above, one or more MDR U T cell subsets from the candidate 1B patient and the healthy
control can be incladed in the assay to determine baseline MDRI activity, As a further
control for background signal, the methods can forther include assaying MDR1 activity in the

same MD R -expressing T cell subsets that are treated with a MDR Y antagonist,
38 5 5
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Onee the cunmlative MDR1 score of the MDPR-expressing T cell subsets from the
candidate patient is determined, it s compared to the control cumulative MDR1 score
determined with the MDR -expressing T cell subsets from the healthy coutrol subjects. If
the MDRI activity of the candidate subject (e.g., an IBD patient) substantially departs, or
deviates with statistical significance, from the control value, the candidate subject is
identified as one who has MDR1 loss-of-function. Thus, some methods of the invention also
inchude determination of the wean value and standard deviation (“s.d.”} of the comulative
MR scores of the healthy control subjects. A substantial departare or statistically
significant deviation means at least 1.5 x 5.d. below the mean value of the healthy control
subjects, In some embodiments, a substantial departure means at least 2 x s.d. or 2.5 x s.d.
below the mean control value. In some embodiments, a substantial departure means at least 3
xs.d. or 3.5 x s.d. below the mean control value. In some other embodiments, a substantial
departure means at least 4 x s.d. or more below the control value, ¥ the MDRI activity
{cumulative MDRI score} in an IBI patient {e.g., a CD patient) substantially departs from
that of the control subjects, the patient 1s identified as having MDR1 loss-of-function relative
to that of the healthy control subjects.

In some embodiments, the invention provides therapeutic yaethods for treating a
subset of IBD patients that have impaired or diminished MDR 1 activity {or MDR1 loss-of-
function). Thess therapeutic applications combine the diagnostic methods described herein
and bile acid sequestration therapies. Thus, IBD patients can be first screened for MDR1
activity i effector T cell subsets as described herein. Patients whe are determined to have
MDRI loss-of-function are then subject to treatment with a bile acid sequestration therapy.
The patients are typically admimstered with a pharmaceutical composition that contains a
therapeutically effective amount of a hile acid sequestrant. Several well-known bile acid
sequestrants can be readily employed in the therapeutic regimen for the subject. Examples of
suitable bile acid sequestrants include cholestyramine (CME) (Questran, Prevalite), colestipol
{Colestid, Flavored Colestid), and colesevelam (Welchol). Clinical protocols for using bile
actd sequestrants have been developed in the treatment of 8 number of gastromntestinal
diseases or disorders. See, e.g., Tavler et al, L Infect. Dis 198G;141:92.7, 1980; Fromm and
Malavolii, Clin. Gastroenterol, 15:567-82, 1986; Pusl et al,, Clin, Rev. Allergy Immunol.
2R:147-57, 2005; Puleston et al,, Gut, 54:441-2, 2005; Westergaard et al., Curr. Treat.
Options Gastroenterol, 10:28-33, 2007; Wedlake et al,, Gut S8:AL1T-A117, 2009, Odunsi-

Shiyanbade et al,, Clin. Gastroenterol, Hepatol. 8:1559-65, 2010, and Reiner et al,, Fundam.
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Clin, Pharmgeol, 24:19-28, 2010, These protocols can be readied modified in the therapeutic
methods of the invention for treating [BID patients.

Subjects with various clinical subtypes of IBD may be suitable for the methods of the
invention. Some methods of the invention are directed to patients with Crohn's disease {CD),
Crohn's disease is a disease of chronic inflammation that can invelve any part of the
gastrointestinal tract. Commounly, the distal portion of the small intestine, 1.e., the feuny, and
the cecum are affected. In other cases, the disease iz confined to the small intestine, colon, or
anovectal region. CD oceasionally involves the duoderum and stomach, and more rarely the
esophagus and oral cavity, Several features ave characteristic of the pathology of CD. The
inflammation associated with CD, known as transmursl inflammation, involves all layers of
the bowel wall. Thickening and edema, for exawple, typically also appear throughout the
bowel wall, with fibrosis present in long-standing forms of the disease. The inflammation
characteristic of CI) 1s discontinuous in that segments of inflamed tissue, known as "skip
lesions,” are separated by apparently normal intestine. Furthermore, linear ulcerations,
ederna, and inflammation of the intervening tissue lead to a "cobblestone” appearance of the
intestinal mucosa, which is distinctive of CD.

A hallmark of CD is the presence of discrete aggregations of inflammatory cells,
known as granulomas, which are generally found in the submucosa. Some CD cases display
typical discrete granulomas, while others show g diffuse granulomatous reaction or a
nonspectfic ransmural inflanupation. As a result, the presence of discrete granulomas s
indicative of CD, although the absence of granulomas is also consistent with the disease,
Thus, transnural or discontinuous inflammation, rather than the presence of granulomas, is a
preferred diagnostic indicator of CD. Quantifying MR activity or function in CD patients
would help the clinician to devise appropriate treatment and/or to monitor progresses of an
ongoing treatment,

in some embodiments, the diagnostic and/or therapeutic methods of the invention are
directed o patients with ulcerative colitis {(UC). Ulcerative colitis 18 a disease of the large

intestine characterized by chronic diarrhea with cramping, abdominal pain, rectal bleeding,

i
loose discharges of blood, pus, and mucus. The manifestations of UC vary widely. A pattemn
of exacerbations and renissions typifies the clinical co or about 70% of UC patients,
although continuous symptoms without remission are present in some patients with UC,
Local and systemic complications of UC include arthritis, eve inflammation sach as uveitis,
skin uloers, and Hiver disease. In addition, UC, and cspecially the long-standing, extensive

form of the disease iz associated with an increased risk of colon carcinoma.
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UC is g diftuse discase that usually extends from the most distal part of the rectum for
a variable distance proximally. The term “lefi-sided colitis" deseribes an inflammation that
involves the distal portion of the colon, extending as far as the splenic flexure. Sparing of the
rectum or involvement of the right side (proximal portion) of the colon alone is unusual in
UL, The inflammatory process of UC is himited to the colon and does not involve, for
example, the small intestine, stomach, or esophagus. In addition, UC is distinguished by a
superficial inflammmation of the mucosa that generally spares the deeper layers of the bowel
wall. Crypt abscesses, in which degenerated intestinal crypts are filled with neutrophils, are
also typical of U,

In comparison with CD, which is a patchy disease with frequent sparing of the
rectum, UC is characterized by a continuous inflamumation of the colon that usually is more
severe distally than proximally. The inflammation 1n UC is superficial in that #t is usually
fimited to the mucosal layer and is characterized by an acute inflammatory infiltrate with
neutrophils and crypt abscesses. Monitoring and guantifying MDR 1 function in UC patients
can also provide valoable information that can be helpful to determnining a suitable course of
therapeutic intervention,

Indeterminate colitis (IC) is another clinical subtype of IBIY that includes both
features of CD and UC, Such an overlap in the svmptoms of both discases can occur
temporarily (e.g., in the early stages of the disease) or persistently {e.g., throughout the
progression of the disease} in patients with 1C. Clindeally, IC is characterized by abdonminal
pain and diarrhea with or without rectal bleeding. For example, colitis with intermittent
multiple vlcerations separated by normal mucosa is found 1o patients with the disease.
Histologically, there is a pattern of severe ulceration with transmural inflammation. The
rectum is typically free of the disease and the Iymphoid inflammatory cells do not show
aggregation. Although deep slit-like fissures are observed with foci of myocytolysis, the
intervening mucosa is typically miximally congested with the preservation of goblet cells in
patients with IC, Like CD and U patients, subjects with I can also be examined for MDR1
finction via the methods of the invention.

In addition to the diagnostic and therapeutic methods, the wovention further provides
kits or pharmaceutical combinations for carrying out the methods desoribed herein, The kits
can be readily used in profiling IBD patients for those that are suitable for bile acid
seguestration therapies. The kits of the invention typically contain reagents for determaining
MDR1 activity in a biological sample, e.g., via Rh123 efflux assay as described hercin, In

various embodiments, the kits can include reagents for collecting a biological sample (e.g.,
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PMBC cells) from patients, an agent for labeling the cells in the biological sample for
determining MDR1 function via a suitable assay (e.g., fluorescent label Rh123 for Rh123
efflux assay), and monoclonal antibodies for gating the different T cell subsets 1o flow
cytometry analysis. Insowe embodiments, the kits can optionally include contral biological
samples {e.g., PMBC cells) that are obtained from healthy subjects. The diagoostic kits can
further include packaging material for packaping the reagents and a notification in or on the
packaging roaterial. The kits can additionally include appropriate instructions for use and
labels indicating the mtended use of the contents of the kits. The instructions can be present
on any written material or recorded material supplied on or with the kit or which otherwise

accompanies the kit

Mdri-dependent dye efflux and a novel CRISPR-generated reporter mouse shosw that Mdrl is
also expressed in monse ThIT and Thi cells invivo, where it is increased in the small
intestine lamina propria, highest in the ilewm, and induced by CDI1037 dendritic cells (DCs)

Immune competency requires naive U4 Ty cell differentiation into functionally
distinet subsets of cytokine-secreting effector (Teff) cells {(Nakayamada et al., 2012). These
subsets, which inchude TFNy-producing Thi cells and IL-17-secreting Thi7 cells, also down-
regulate Iymphoid homing receptora and up-regulate issue homing chemokine receptors and
mtegrins, which drives egress out of secondary lymphoid organs and migration into inflamed
peripheral tissues. Unlike most non-lymphoid tissues, mucosal tissues such as the intesting
are continoously exposed to potentially pathogenic stimuli, As such, Teff cells circulate 1n
and out of the intestinal lamina propria at steady state (Morton et al., 2014}

Presence of pro-inflammatory Teft cells in the intestinal mucosa is potentially
deleterious, and exaggerated cytokine expression by Thi7 and Thi celis is associated with
pathogenesis of inflammatory bowel diseases (IBDs) (Kaser st al., 2010}, Accordingly,
numerous mechanisms are deployed to actively suppress Teff cell function in the gut, the vast
majority of which involve symbiotic interactions with commensal baeteria (Huttenhower et
al,, 2014; Longman et al., 2013}, In addition to restricting colondzation by intestinal
pathogens {Lee ef al., 2013), commensal microbes restrict trafficking of intestinal C3GCRYY
phagoeytes to mesenteric lymph nodes to prevent Ty cell priming against enteric antigens

{Diehl et al., 2013}. In addition, several comumensal species produce short-chain fatty acids

@

{e.g., butyrate} or polysaccharide A to stimulate peripheral development of Foxp3©™ T
regulatory {(pTreg) cells and IL-{0-expression (Arpaia ef al., 2013; Mazmanian et al,, 2008;

Round and Mazmaman, 2010). Microbiota also direct conversion of jutestinal pTregs int
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CD4CD8un” intraepithelial lymphoeytes (Chdip) for additional control over mucosal
immune homeostasis {(Sujino et al., 2016}, Still other enteric bacteria have pro-inflammatory
functions. Segmented Rlamentous bacteria (SFB), for example, promote Th17 cell
development and induce 1L-17 expression by these cells in the teumn (Atarashi et gl., 2015;
tvanov et al., 2009; Sano et al., 2013). Accordingly, SFB colonization in mice is associated
with pathogenesis of both intestinal and systemic intlammatory diseases (Kriegel et al,, 2011;
Stepankova et al., 2007; Teng et al,, 2016; Wang et al,, 2015). Based on these and many other
findings, major translational inttiatives are now underway to characterize the human
microbiome in both healthy individuals and patient cohorts, and to test the efficacy of
microbiota-directed therapies {o.g, fecal transplantation) 1n human inflammatory discases

Far less is known about how the mucosal immune system interacts with non-
microbial intostinal products. For exanple, bile acids (BAs) are a fundamental class of
amphipathic intestinal detergents synthesized from chelestero! in the hiver (Hofmann and
Hagey, 2014). BAs are stored i the gall bladder and deposited into the duodenum in
response to food tntake, where they aid in digestion by emulsifying cholesterol and other
insoluble dictary lipids (Hofmann and Hagey, 2014}, Intriguingly, BAs, and in particudar
those conjugated fo the amino acid glycine or tauring, are actively reabsorbed in the terminal
ileum by specialized enterocytes expressing the apical bile acid transporter, Asbt (gene
symbol Sici0aly (Dawson et al,, 2003; Dawson et al,, 2009}, Actively recyeled BAs
accomolate in the ileal mucosa and ultimately transit into portal veins for re-circulation back
to the liver. This enterchepatic circulation of BAs — first described in the 1960°s — gstablishes
that the leal mucosa is the only mammalian Hissue exposed to high extracellular
concentrations of conjugated BAs (Hofiwann and Hagey, 2014). Yet still, the immunologic
conseguences of mucosa-associated BAs in the ileum remain unknown,

We previously identified the ATP-binding vassette (ABC }-containing xenobiotic
transporter, MDR 1T (ABCRI, coprotein) as preferentially gsaed 1y intestmal vs.
civculating human Th17 and Thi celis (Ramesh et al, 2014}, MR is a plasma membrane-
associated ATP-dependent eftfhux purop best known for expression in drug-resistant tumor
cells, where it effluxes stracturally unrelated chemotherapeutic compounds {(Gottesman et al,,
2002), Intriguingly, mice lacking Mdrla (4bch/a) are prone to spontaneous colitis {Panwala
et al,, 1998), which has been ascribed to defects in both epithelial and hematopoietic
compartments (Maxwell et al., 2015; Staley et al,, 201 1), Further, polymorphisms in the gene

encoding human MDRI (ABCE ) have been sporadically associated with IBDs (Annese et

al., 2006). Yet despite these data suggesting important physiologic functions, MDRI remains
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widely regarded gs a dedicated “drug handler™ (Borst and Schinkel, 2013; Schinkel, 1997).
However, orthologs of MDR]T are present wn bacteria, suggesting that this transporter has
broader and more fundamental functions in cell biclogy beyond interfacing with 20" century
pharmaceuticals.

Here we use both Mdrl-dependent dye efflux and a novel CRISPR-generated
reporter mouse to show that Mdrl s also expressed in mouse Th17 and Thi cells in vivo,
where it is increased in the small intestine lamina propeia, highest in the lewm, and indaced
by CD103™ dendritic cells (DCs). Counsistent with this pattern of expression, Mdrl regulates
Th17 and Thi cell funetion selectively in the fleam; Th cells lacking Mdrl — due to germbine
ablation (4hckla/IF") or shRNAmir-mediated knockdown — transfer Crohn's disease-like
ileitis in Ragl™" hosts and overexpress several pro-inflammatory eytokines in the iflenm, most
notably TNFuw and {FNy, Importantly, both increased expression and selective function of
Mdr1 o the dewn is indepeudent of microbiota, as judged by experiments in germ free wild
type mice and antibiotie-treated Ragl™™ mice. Mdrl acts specifically in the presence of
conjugated BAs to suppress Thi7 and Thi cell cytokine expression and enforce survival.
Accordingly, mucosal homeostasis of Mdri-deficient Th17 and Thi cells in vive is rescued
by either genetic ablation of the ileal BA transporter, Asbt, or dietary administration of the
BA sequestrant, cholestryvramine, both of which prevent active reabsorption of luminal BAs
into the tleal mucosa. Finally, we show overt MDR1 loss-of-function in both ileitis-prone
(SAMPU/YitFe) mice and a subset of patients with ileal Crohn’s disease. Thus, in addition to
interacting with lfocal microflora, lymphocytes employ specialized functions in the tleuns to
prevent potentially pathogenic interaction with mucosa-associated BAs,

Mdrl is preferentially expressed by Thi7 and Thi cells in the ileum

Appreciating that MOR1 fonction /n vive involves complex interaction with
unknown metabolites, we sought to interrogate the immanologic function of this transporter
using in vive mouse models rather than human cell colture systems, However, Mdrl
gxpression in mouse tymphocyte s both poorly characterized and important to understand
when considering function. Using effiux of the Huorescent Mdrl substrate thodamine 123
{Rh123) (Ludescher of al, 1992) a5 a survogate for expression, we found that — as in humans
{Ramesh et al., 2014} — Mdr1 15 expressed in a portion of endogenous mouse Tett cells at
steady state. Rh123 offlux in Teff cells s due to Mdrl, and not rélated transporters, as: (i)
Rh123 efftux is abolished by treatment with the Mdrl antagonist, elacridar (Hyafil et al,,
1993, {i7) Rhi23 efflux is absent in Teff cells from Mdrl-deficient (FVB.4bebla/lH7) mice
{Schinkel et al., 1997}, and (i7i) wild type Teff cells FACS-sorted based on Rh123 efflux are
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enviched for expression of dbchla — the mouse ortholog of human A BCBT ~ but not other
multidrug transporter mRMAs {e.g., Abcel, 4beed, Abeg?y. Also as in humans, Mdrl 1
absent in moase naive Ty cells, higher in Teff cells ve. Tregs, and expressed in both Th17 and
non-Th17 (mostly Thl) Teff cells, the latter judged by Rhi23 efflux experiments in cells
from Th17 fate-mapping reporter mice.

However useful, Rh123 efflux is still an indirect measure of Mdrl expression.
Moreover, commercial antibodies are neither suitable for flow eytometry nor specific for
mouse Mdrl over related transporters, Therefore, to enable direct and specific tracking of
Mdrl expression in mouse lymphocytes, we employved CRISPR/Cas9 genome editing 1n wild
type C57B/6 {B6) zygotes {Wang et al,, 2013; Yang ot al,, 2013} to generate an Mdrl
fluorescent reporter mouse. We replaced the stop codon of 4beh/a with a reporter cassetie
containing a self-cleaving P2ZA peptide and the fluorescent reporter, ametrine {, 1o facilitate
stoichlometric translation of independent Mdr! and ametrine proteins from a single bi-
cistronic mRNA. Although our founder reporter mouse carried a small (9-nucleotide) in-
frame deletion near the 3" terminal end of Abch /e in the reporter allele, this has no bearing on
Mdrl transport function. Further, ametrine expression in splenic Ty cells from reporter mice
is largely restricted to CD44Y Teff cells, and faithfully discriminates those with high-level
Mdrl trapsport (Rh123 efflux) activity and Abcbla gene expression.

Whether judged by Ru123 efffux in wild type Tu cells or amnetrine expression in
Mdrl-reporter Ty cells, we found that Mdrl iy increased markedly in Tetf cells from small
intestine lamina propria (51LP) compared with counterparts from colon lamina propria (cL.F)
orother tissues, including spleen and mesenterie lvinph nedes (MLNY}, or bone marrow, hung,
tiver, and skin (data not shown). Increased Mdrl expression in small intestinal Teff cells is
evident in wild type mice of several genetic backgrounds {e.g., Bo, FVB, BALB/c) (data not
shown), and in Rag/™ mice injected with wild type or Mdrl-reporter naive Ty cells. Within
sibP, Teff celi expression of Mdrl increases in a gradient fashion from proximal to distal,
with highest expression observed in the leum.

increased Mdrl expression in small intestinal Teff cells could be due to selective
survival or loeal upregulation. In support of the latter, we found that Mdrl expression in Teff
cells is transient, and induced locally by intestinal dendritic cells (DCs). First, Teff cells {e.g
Thi, Th2, Th17}) generated in vitre from naive Ty cells do not express Mdrl. Second, ex vive-
sorted Mdri™ Teff cells Jose Mdrl expression rapidly upon in vitro culture. Third, ex vivo-
sovted Mdrl™ Teff cells acquire Mdrl expression upon transfer into Ragl™ mice, and Mdrl

expression here again 1s highest in siLP, Fourth, Mdrl expression in ey vive-sorted Mdrl™

X
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Teff cells is induced in virro vpon co-culture with small intestingl CID 11" DCs, but not small
intestinal CB116"CD ¢ macrophages or CD 11" DCs from spleen. Intestinal DCs that
induce Mdr! expression in Teff cells in vitre are heterogeneous for expression of C3103 and
CXaCRI. However, only purified CD103" DCs, and not CX3CR1 phagoeytes, induce Mdrl
in co-cultured Teff cells. Finally, Mdrl expression in Teff celis in vive is independent of
microbiota; high-level Teff coll expression of Mdrl is evident in sil.P frow germ free (GF)

fany

mice, as well as mice lacking toll-like receptor (Myd88™) or inflammasome (4s¢™) signaling
components. Accordingly, mntestinal BCs from both specitic pathogen-free (SPF) and GF
wice induce Mdrl expression in co-cultured Tell cells. Thus, Mdrl expression is a locally
acquired and prominent trait of Th17 and Thi cells infiltrating the tleum.
Mdrl selectively regulates T cell function and inflammation in the fleum

Naive Tn cells lacking Mdrt (FVB Abehla/l B induce more aggressive weight
loss upon transfer into Rag) ™ mice than wild type counterparts. Inflammation in this transfer
model is generally restricted 1o the colon (Ostanin et al,, 2009}, and indeed, both wild type
and Mdri-deficient Ty cells induce severe colitis. However, Mdri-deficient Ty cells also
induce marked ileitis, whereas wild type Ty cells do not. Like Mdri expression, ileltogenic
tunction of Mdrl-deficient Tu cells is independent of microbiota; depletion of enterie bacteria

4

with broad-spectrum antibjotics has Hitle impact on weight Joss in Regl™ mice transplanted
with Mdri-deficient Ty cells, and these mice still digplay ileitis. Accordingly, leitis
transferred by Mdrl-deficient Ty cells in antreated Ragl™ mice is not transmissible by co-

housing, and is not associated with dysbiosis, as judged by 168 rDNA sequencing. By

&

F

contrast, antibiotics strongly aftenuate weight loss and colitis in Rag7™ mice injected with
wild type Ty cells. buportantly, shRNAmir-mediated knockdown (Fellmann et al,, 2013y of
Mdrl in wild type Tu cells also leads to increased weight loss and tlettis in transferred Ragl™
mice.

Consistent with small bowel pathology, Mdrl-deficient RORyt" (Th17) and RORyt
(mostly Th1) Teff cells recovered from siLP of transferred Ragl™™ mive display pronounced
over-expression of TNFg and IFNy vs. wild type counterparts. Mdrl-deficient Th17 cells in
sil.P also display incressed 1L-17A production compared with wild tvpe Th17 cells.
importantly, elevated cytokine expression in Mdri-deficient vs. wild type Th17 and Thi celis
is specific to the small intestine and ogcurs irvespective of antibiotic treatment. As with Mdrl
expression, 1NFg over-expression in Mdri-deficient vy, wald type Thi7 and Thi cells 1s most
conspicuous in the distal small intesting (i.¢,, ileum), shRNAnur-mediated Mdrl knockdown

v wild type Telf cells also riggers TNEw and IFNy over-expression in siLP of transferred
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Ragl™” mice, compared with those expressing a control shRNAmir against Cd8a (shCD8).
Further, Mdrl intrinsically regulates Teff cell homeostasis in siLP, as judged by congenic
transfer experiments where Bagl™ mice are transplanted with mixtures of untransduced,
shCDE-expressing, and shMdr!-expressing cells discriminated by different retroviral
reporters {e.g., GFP, ametring), Compared with bystander control cells, Mdrl knockdown
drives incveased Teff cell expression of TNFg and IFNy, but ondviin giLF. OGther Ty cell
functional parameters are not impacted by Mdri-deficiency in vivo, including development of
RORyt" Th17 cells and Foxp3' pTregs, expression of tissue-homing chemokine receptors
(CCRG, CXCR3, CCRYY, and inteprins (pdP7), and expression of IL-10 and 11.-22, cytokines
involved in suppressing intestinal inflammation and enforcing epithelial barvier function,
respectively (Davidson et al., 1996; Dudakov et al., 2015). Thas, locally acquired Mdrl
expression enforees mucosal Thl7 and Thi cell homeostasis wn the tleum and suppresses
inflammation.
Mdri interacts with confugated hile acids

Preferential expression and selective function of Mdrl inthe Heum sugpests local
interaction with tissue-restricted metabolites, Indeed, soluble small intestine faminal content
(s1LC}, but not colon lominal content (¢L.C), interacts with Mdrl, as judged by competitive,
dose-dependent inhibition of Rh123 efffux in wild type Tetf cells. Small intestinal
metabolites that interact with Mdrl could be of host or bacterial origin. However, given high-
level expression of Mdrl in Teff cells from GF mice and mucosal dvsfunction of Mdrl-
deficient Teff cells in antibiotic-treated Rag /™ mice, we hvpothesized that Mdr1 interacts
principally with host metabolites. As detatled above, bile acids (BAs; a.k«., bile salts) are an
abundant class of lipophilic detergents synthesized by hepatocytes in the Hver and restricted
fo the small tntestine due to active reabsorption in the lewrn (Dawson et al, 2009). Because
of their detergent-like propertics, BAs are also cytotoxic to cells at high extracelludar
concentrations, as in the case of cholestatic liver diseases where BA accumulation in the liver
feads to hepatocellular necrosis, inflammation, and liver failure {Poupon et gl., 2000). Indeed,
siLC from wild type mice — but not eLC —1s eytotoxic to cultared Ty cells. Two results
confirm that BAs arve the principal Mdrl-interacting metabolites within siL.C, First, BA levels
are equivalent in siL.C from GF and SFPF mice, and both GF and SPF siLC inferact with
Mdrl, Second, depleting BAsg from erther GF or SPF s1l.C with the BA seguestering resin,
cholestyranine {Amold et al., 2014), abolishes both cytotoxicity and Mdrl interaction. BA

tevels in siLC from Ty celltransferred Ragl™ mice are also unaffected by antibiotic
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treatment, and siLC from both control and antibiotic-treated Ragld™ mice is cviotoxic to
cultured Ta cells and 1nteracts with Mdrl.

Five major BA species are found in mammals: cholic acid {CA), chenodeoxycholic
acid (CDCA), and B-muricholic acid are primary BAs synthesized in the Hver by hepatocytes;
deoxycholic acid {DCA) and lithocholic acid (LCA) are secondary BAs generated by enterie
bacteria {(Hofnann and Hagey, 2014), Each BA species can exist in & free/unconjugated form,
or as conjugated to the amino acids faurine or (Jess frequently) glyeine (Hofmann and Hagey,
2014). BA comjugation decreases cytotoxieity and membrane permieability, whilst enabling
Asbt-dependent reabsorption in the eum (Dawson et al., 2003; Dawson ¢t al., 2009;
Hothuann and Hagey, 2014), Whereas LCA 15 largelv insoluble o squeons solution, CA,
DCA, CDCA, and B-muricholic acid are all readily soluble; all are cytotoxic to cultured wild
type Ty cells at high concentrations (2.5-10 mM), and all modulate Mdr1 transport activity in
a dose-dependent manner at fower concentrations {0.5-2 mM). For each BA species,
however, only glycine- or taurine-conjugated BAs (CBAs) interact with Mdrl. As only CBAs
are actively recycled through the iles! mucosa, specific interaction between Mdrt and CBAs
thus prediets — as observed above - that Mdri -dependent phenotypes are amplified in the
tleum.

CBAs modulate Mdrl function reversibly, without affecting mRNA (dhcbia,
Abcblb) or protein expression {data not shown}. In addition, both mouse siLC and synthetic
CBAs interact with human MDRI — whether ectopically expressed in Mdrl mouse
embryonic fibroblasts, or endogenousty expressed in primary human CD4" Teff cells.
Finally, CBAs interact with Mdrl indirectly; they are neither direct transport substrates nor
inhibitors. CBAs do not compete for Mds? binding with established chemotherapeutic
substrates {e.g., vinblastine, verapamil}, and do nof stimulate Mdr! ATPase activity in vifro
{Swartz et al, 2013}, At the same time, Mdr] transport activity is requived for Teff cell
homeostasis in the presence of CBAs (see below), indicating that CBAs are not Mdrl
aniagonists,

Mdrl regulates T cell homeostasis in the presence of conjugated bile acids

Given the interaction between Mdrl and CBAs, and the fact that loss or knockdown
of Mdrl prompts increased cytokine expression in mucosal Teff cells, we hypothesized that
CBAs suppress pro-inflammatory cytokine expression in Teff cells via Mdr1, Indeed, both
glyveine- and famine-conjugated CBAs {e.g., CDUA) acutely inhibit TNFy expression in ex

vivo-stimulated Teff cells in dose- and Mdrl-dependent manners. By contrast, unconjugated

b
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BAs suppress TNFa expression in both wild type and Mdrl-deficient Teff cells consistent
with the fact that only UBAs interact with Mdrl.

Several results indicate that Mdr! fransport function is imyportant for TNF L
regolation o Teff cells exposed to CBAs, First, inhibiting Mdrl trangport activity with
clactidar in wild type Teff cells increases TNFo expression in the presence — but not absence
~ of CBAs, Second, CBA-mediated inhibition of TNFu expression in the Mdrl mouse T cell
lymphoma Hoe EL4 requires ectopic expression of transport-competent human MDR1
{(hMDR1); CBAs do not repress TNFo expression in parental EL4 cells, L4 cells expressing
an empty retrovirus, or EL4 cells expressing a transport-deficient hiwrnan MDR1 mutant
(AMDRY; Y401 A/Y 1044A) (Kim etal, 2000). EL4 cells were used for these experiments
because ectopic expression of mouse or human MDR1 is not tolerated in primary Ty cells.
Finally, Tetf cells do not express the known cell surface CBA receptor, Tgr5 (Pols et al.,
2011), and unlike Mdrl, Teff cell expression of TNFa in the presence of CBAs in vitro orin
the small intestine & vive is not influenced by TgrS-deficiency.

To confirm that actively recycled CBAs are respongible for the over-expression of
pro-inflammatory cytokines by mucosal Mdrl-deficient Teff cells én vive, we transferred

congenic mixtures of untransduced, shCD8-expressing, and shMdel-expressing cells into co-

I3

it

housed Rag ! mice that have or lack the ileal bile acid transporter, Asbt. Indeed, whereas
shMdrl-expressing Teff cells display marked over-expression of TNFu relative to bystander
controls in silP from Asht-sufficient Ragl™ mice, there is no difference in TNFu expression
between control and shMdrl-cxpressing Teff cells in sil¥ from Rag!™ mive lacking Asbt.
MDRI transport activity also enforces Teft cell survival in the face of more chronic
CBA exposure. In our Ragl™ transfer experiments, we obscrved that absolute numbers of
Medri-deficient Ty cells recovered from tissaes of transferred Ragl ™ mice were modestly, but
consistently, reduced vs. wild type T cells, both in the presence and sbsence of antibiotics.
To more carefully assess the role of Mdrl 1n Teff cell persistence im vive, we again
transferred congenic mixtures of untransduced, shCD&-expressing and shMdri-expressing Ty
cells into Ragl™ hosts. Compared to hystander controls expressing shCD8, Teff cells
expressing shMdrl show reduced persistence 1o all tissues. Given extensive Teff cell
circulation through the intestinal lamina propria {Morton et al., 2014}, this phenotype might
also reflect local dyvsfonction of Mdrl-deficient Teff cells in the presence of ileal CBAs.
Tndeed, tCDCA lalls 80-90% of splenic wild type Tu cells after 18-24 hours, and those that
survive are uniformly Mdrl™ Teff cells, as judged by either RE123 efflax in wild tvpe cells,

or ametrine expression in Mdrireporter cells. Accordingly, neither elacridar-treated wild
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type Teff cells nor Teff cells lacking Mdrl (dbchia/1b7) survive long-term 1ICDCA
exposure. In addition, survival of Mdrl™ EL4 cells treated overnight with (CDCA also
requires gctopic expression of transport-competent hMDR1. Together, these resulta
demonstrate that Mdr1 1s required for Teff cell homeostasis in the presence of locally

recyeled CUBAs in the ilennm.

EXAMPLES
The following exaraples are provided to further illustrate the invention but not to Hmit
its scope. Other vaniants of the tovention will be readily apparent to one of ordinary skill in

the art and are encompassed by the appended claims,

Example 1 Cell-based screening of MBDR I loss-of-function via Rh123 efflux assay

The basic Rh123 effiux assay is schematically depicted in Figure 1. To identify (BD
patients displaying MDRI loss-of-function, a robust and quantitative cell-based screening
platforny was developed. Specifically, the screen nses eryopresesved (frozen) peripheral
blood mononuclear cells (PBMCs) fron healthy donors or IBD patients. 1t was found that
the process of freezing and thawing PBMC does not affect the assay {data not shown)., In
addition, the screen measures the combined frequency of MDR1Y cells within all MDR1-
expressing human CD47 and CDE' T cell subsets to better reflect germline-encoded function.
To this end, a panel of FACS antibodies were used in the assay to allow for visualization of
MDR I-dependent Rh123 efflux 1o 6 diffevent viable CD3+ T cell subsets: (1) CD4+ nalve T
cells (CD4+CD25-CD45RO-CCRThi); (2) CD4+ vegulatory T cells (Treg, CD4+CD25hi);
(3) CD4+ eftectov/memory T cells (Teft, CD4+CD25-CD45RO+CCR 7o), (4) CD8+ naive T
cells (CDEHCD25-CD4SRO-CCR7hiy; (5) CDE& effector/memory T cells (Teff, CDR+CD25-
CD4SRO+CCR 7o) and (6) CD8&+ short-lived effector T cells (Temra, CDB+CD2S-
CR45RG-CCR 7o) (Figure 23, Whereas the first 2 subsets do not express MDR1, subsets 3-6
display MDR1 expression/function, the combined percentage of Rh1231o (MDRI+) cells in
these 4 subsets enables calculation of 8 “eomulative MDRI score” (Figure 3). This
measurement s used to identity IBD patients displaving statistical MDR1 loss-of-function
{see below).

The ability to simupltaneously visnalize MDR I-dependent RR123 efffux in multiple
subsets is important for monitoring assay specificity, and for increasing the likelihood that
significantly reduced MDRI function 1o multiple MDR bexpressing T eell Hneages is due to
genetic perturbation (as oppesed to environmental effects). To enable quantitative analysis,

each healthy control or IBD patient sample 15 split into 2 equal parts after Rh123 labeling and
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prior o Rh123 efflux at 37°C. The first half of cells bave nothing added (i.e., media alone),
whereas the second half of cells are treated with the selective MDR1 antagonist, elacridar
{Hyafil et al., Cancer Res. 1993 Oct 1;53(19):4595-602). Inclusion of ¢lacridar enables us o
guantily the percentage of Rh1231o (MDR1+) cells within each subset taking indo account
background Rh123 fluorescence in inhibitor (elacridary-treated cells (Figure 3).

Finally, to ensure that fluctuation in MDR1 activity between bealthy control and IBD patient
samples is due to biological but not technical vaniation, we thaw and analyze a control stock
of frozen healthy adult donor PBMC along with up to 10 mdividual healthy control/IBD
patient samples. Analyses of this control stock PBMUC over 11 independent RR123 efflux
experiments shows an excellent coefficient of variation (CV) of 8.3%% {or the cumulative
MBDR] score in gur stock PBMC (Figure 4); current best practice for cell-based screens
vecommends OV's < 10%, and tolerates CV s < 20%.

Example 2 Exanvning MUDR L activity in deitis-proue muiee and human 1BD patients

SAMPI/Y tFe (SAMP) mice are one of the only pre-clinical models of spontansous
Crohn's disease-like leitis. We first assaved MDR1-dependent Rh123 efflax from tissues of
SAMP Y itbe, or MHCanatched wild type (WT, AKR} mice. [t was found that SAMP Teff
cells are MPR Lnull {(Fig. 6A). By quantifying the camulative MDR 1 scores, we then
analyzed MDRI activities 1o CId-+ and CDE+ effector T cells Hrom PMBC samples from
healthy human adults, as well as human UC patients and CD patients with tleitis. As
determiined by the D" Agostino-Pearson omnibus normality test, normal distribution of MDR]
function scores were observed with all healthy adults (n =49}, uleerative colitis {UC) patients
{n=53), and Crohn’s disease {CD) patients {n = 56). The data indicate that MDR1 function
1s reduced in both male and female CD patients (Fig. SA), and decresses with age in CD and
UC patients, but not in healthy adults {(Fig, 5B). Notably, MDRI function is not influenced by
1B D-related surgeries {e.g., bowel resections), or medication history.

Importantly, we found that three CD patients (1 male, 2 fomales) display statistical
MDR1 loss-of-function {(i.¢., cumulative MDR | function scores less than 3 standard
deviations below the heaithy donor mean) (Fig. 6B). Each of these MDRI™ CD patients
display marked impairment tn MDR1 transport activity inall T cell subsets analyzed (Fig. 7).
They also show atypically low MBDR1 function for their age (Fig. 5B}, and have unique
medication histories (Fig. $A). Clinically, all three MDR1® CD patients were diagnosed at
an earlier than average age (Fig. 8B}, and have a history of aggressive small bowel disease.
Indeed, MDRI function is lowest among CD patients with treatment-refractory ileitis (1.e.,

have required surgical interventiony (Fig. 8C), including two of the three MDRI®CD
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patients; the third was only recently diagnosed, Together, these data suggest that MDR1
function influences CD susceptibility and disgase severity.

Example 3 MDR1I resulates T cell homeostasis in the presence of conjugated bile acids

Given that MDR interacts with small intestinal CBAs, and lass or knockdown of |
MDRT in Teff cells leads o increased TNFo and IFNy expression in the small infestine, we
hypothesized that CBAs suppress pro-tuflammatory cytokine expression via MDR L. Indeed,
it was found that both glycine- and taurine-conjugated CDCA scutely intubit TNFg
expression i ex vivo-stimulated Teff cells in dose- and MDR1-dependent manners. By
contrast, unconjugated CDCA suppresses TNFo expression in both wild type and MDR1-
deficient Tetf cells, consistent with the fact that only CBAs interact with MDRI. Elevated
TNFa expression in CBA-ireated MDR1-deficient Teft cells is not recapitulated in the
presence of other detergents {e.g., tween 20, NP-40, etc.), indicating that MDR1 does net
generically regulate Tett cell functionn the face of membrane dammage. Further, unlike
MDRI, TNFa regulation by CBAs does notinvolve the cell surface BA receptor, TgrS
{Gpbarl}. Indeed, Telf cells do not express TgrS in vive, and neither germline ablation nor
shRNA-mediated knockdown of Tgr§ affects Teff cell TNFa expression in the presenge of
CBAs in vitro or in the small intestine in vivo.

MDRT fransport activity is important for CBA-dependent TNFu suppression, First,
we observed that inhibition of MDR1 function m wild type Teff cells via elacridar increases
TiWFa expression in the presence, but not absence, of tauro-chenodeoxycholic acid (tCDCA).
As expected, elacridar has no impact on TNFu expression in MDR I -deficient Teff cells,
Second, {CDC A-mediated inhibition of TNFa expression in the MDR T mouse Tcell
tymphoma line BEL4 requives ectopic expression of transport-competent human MDR1
{(hMDR1); tCDCA does not repress TNFa expression in parental EL4 cells, BILA4 cells
expressing an empty retrovirus, or EL4 cells expressing a transport-deficient MDR I mutant.
EL4 cells were used for these experiments because constitutive MDRT expression is not
tolerated 1n primary Ty cells, Finally, tCDCA down-regulates Tnf mRNA expression in an
MDRI -dependent manner, indicating regulation of gene expression.

MDRT transport activity also enforces T cell survival in the face of more chronic
CBA exposure, consistent with the fact that loss or knockdown of MDRI results in inipaired
Teff cell persistence in vivo. First, we observed that tCDCA kills 83-80% of ex vive-isolated
wild type Ty cells after 18-24 hours, Second, the surviving 10-20% of tCDC A -treated Ty
cells are uniformly MDR1™ Teff cells, judged either by Rh123 efflux in wild type cells, or

ametring expression in MIDR T-reporter cells. Third, inhibition of MDRI transport activity by
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elacridar abolishes wild type Teff cell swrvival in the presence of long-term tCDCA
treatment; but has no effect on swrvival in the absence of tCDCA. Fourth, MDR 1-deficient
Ta cells do not survive chronie tUICA exposure, even in the absence of elacridar. Prolonged
survival of EL4 cells in the presence of tCDCA also requires ectopic expression of transport-
competent BMDRI. In conclusion, these data indicate that MDR1 directly and specifically
regulates Toft cell homeostasis m the presence of CBAs,

Example 4 Bile acid seguestrationremedies MDR I-deficient Tu cell dysfunction in vive
i

Onr studies revealed that MDRI directly and specifically regulates Teff cell
homeostasis n the presence of conjugated bile acids {TBAs). We thercefore hypothesized that
BA sequestrants such as cholestyramine (CME), which bind CBAs in the lomen of the small
intestine and prevent reabsorption through the ileal lamina propria, will correct MDR1-
deficient Ty cell dysfunction in vive. After confirming OCME treatment increases fecal bite
acid excretion in Ragl™ ™ mice transplanted with MDR t-deficient Ty cells, indicative of
reduced infestinal reabsorption, we found that CME treatment: ((} suppresses ileitis; (i)
increases MDR L-deficient Teff cell persistence in small intestine; and (i) reduces TNFg and
IFENy expression by MDR-deficient Thl and Th17 cells 1 the small intestine.

Bile acid sequestration can have systemic effects on metabolism, confounding
analysis of weight loss; reduced BA recirculation to the liver stimulates de nove BA
biosynthesis by hepatocvies, reduces cholesterol, and shows metabolic benefit in animal
models of obesity and diabetes. However, we observed that CME does not impact Ty cell-
mduoced colitie, and has no effect on Teff cell function outside of the small intestine,
Thercfore, these data spggest that locally reeyeled CBAS interact with mucosal Teff cells in
the fteum fm vive, where they promote pro-inflappmatory Th17 and Thi cell dysfunction in
the absence of MDR 1.

If Teff cells infiltrating the ileum upregnlate Mdrl expression to prevent potentially
pathogenic interaction with locally reeyeled CBAs, then bile acid sequestrants such as
cholestyramine {CME) {Arnold st 8l 2014) — that hind CBAs in the intestinal lumen and
prevent their reabsorption into-the ileal lamina propria - could be pharmacologically vseful to
Hmit mucosal dysfunction of Mdrl-deficient Teff cells and reduce associated ileitis without
inducing systemic immune suppression. To test this, we treated Ragl™ mice transplanted
with wild type or Mdrl-deficient Ty cclls with or without CME upcn onset of weight loss to
assess therapeutic effects. We confirmed that CME-treated Ragl ™ recipients display
increased fecal BA excretion, indicative of reduced ileal BA reabsorption (Bhat et al., 2003;

Dawson et al,, 2003), and we found that CME seleetively attenuates Mdrl-defcient Ty cell-
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induced ileitts; CME has no impact on normal small bowel histology in Ragl™ mice
receiving wild type Ty cells, and does not affect colitis induced by either wild type or Mdri-
deficient Ty cells. In line with the fact that CME does not attenuate colitis in this model,
CME has only modest effects on weight loss, albeit more so in Rag1™ mice transplanted with
Mdrl-deficient Ty cells where Heitis is reduced, CME also normalizes TNFu and [FNy
expression between wild type and Mdrl-deficient Thi7 and Thi cells in sil.P without
influencing Teff cell cytokine expression outside of the small intestine. Although BA
sequestration can have broader effects on host metabolism in the liver (Bhat et al,, 2003; Fan
et al., 2014; Hofinann and Hapey, 2014), these results are consistent with the notion that BA
sequestration also acts locally in the ileum to prevent pathogenic interactions belween
mucosa~-associated CBAs and Mdrl-deficient Teff cells.

Given these results, we hypothesized that MDR1 loss-of-tunction might be evident
w0 other clinical or pre-clinical instances of teitis. The SAMPL/YitFe (SAMP) mouse is one
of the only pre-clinical models of spontaneous Crohn’s disease-like ileitis (Pizarro et al.,
2003). SAMP deilis ocours with 100% penelrance by 30 weeks of age, and displays
histologic similarity to CD {(Redripuez-Palacios et al., 20135} Like Mdri-deficient cells,

S AMP Teff cells display increased ThiFo and IENy expression in siLP, and transfer ileitis 1o
ST recipients (Kosiewicz et al,, 2001; Marint et al., 2003). SAMP ileitis also develops
under germ free conditions, indicating discase pathogenesis does not require enteric bacteria
(Bamnes et al., 2007). Using Rh123 efflux as a measure of Mdr! function, we found that
SAMP Teff cells are indeed Mdrl-null. Mdrl loss-of-function in SAMP mice parallels
expression of an altered Abchly transeript that is present at reduced levels compared to
MHC-matched wild type {AKR) mice and that lacks exon 23 by sequence alignment (Figure
7B}. Exclusion of exon 23 from SAMP Abebla mRNA 1s not due to a genomic deletion
{Rodriguez-Falacios et al., 2014), which is cousistent with a previously reported retroviral
insertion found near the 5° boundary of Abebla exon 23 in other SAMP-related sirains
{Zhang et al., 2008).

MDR1 function is also reduced in circulating T cells from Crohn’s disease (CD)
patients compared to either healthy adults or vleerative colitis (UC) patients. This measure of
MDIK1 function incorporates the combined frequency of Ru123" (MDR17) cells within all
MDR {-expressing human CD4" and CDS” T cell subsets to better reflect germbine-encoded
function {CD4” Teff cells, CDB™ naive T cells, CD45SROT and CD4SRO CPR™ Teff cells),
We ensured assay reliability over time by analyzing MDR1 function in a control stock of

healthy douor PBMC in pavallel with sach independent batch of patient samples, and we
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confirmed that all data are normally distributed. MDR1 function is reduced in both male and
female CD patients, and decreases with age in CD and UC patients, but not in healthy adults.
Notably, MDRI function in IBD patient PBMC 15 not generically insfluenced by the number

of bowel surgeries or medication history,

Three CD patients in particular (I male, 2 females) display marked MDR1 loss-of-
hunction (1.e., cumidative MDR function scoves < 3 standard deviations below the healthy
donor mean). Each of these MDR1® CD patients show impaired transport activity in all
MDR-expressing T oell Hineages; they also show atypically low MR function relative to
other patients of similar age, and have unigue medication ldstories. Clinically, all three
MDR1"™ CD patients were disgnosed at an earlier than average age, and two of these patients
Have a history of aggressive small bowel disease requiring surgical intervention; the third
MDR1% patient was only recently diagnosed upon presenting with ileitis. That deficiencies in
MIIR1 function are observed in humans and enriched for within tleal CD patients 18 both
predicted by our animal studies, and supportive of the notion that MDR] has unigue
functions that safegeard immune homeostasis in the ileum.

Here we show that Th17 and Thi cells “adapt” upon migration inte the lamina
prapria of the ileum. Heal adaptation Involves upregulation of the xenobiotic mmembrane
transporter, Mdrl, and permits homeostasis in the presence of locally recycled bile acids.
CD47 effector/memory {Teff) lineages, particularly Th17 cells, are recognized for displaying
functional plasticity following initial differentiation; plasticity referring to instances where
Teff cells of one Hneage {e.g., IL-17A" Thi7 cells) modify effector cytokine expression to
take on characteristics of another lineage {e.g., IFNg expression) (Nakayamada et al., 2012},

By conirast, adaptation ocours when Tetf lineages acquire novel functions within
discrete tissae microenvironments. Adaptation of Thi7 and Thi cells shown here in the jleam
is consistent with previous reports showing tissne-speeitic fanctions in Foxp3™ Tregs. In
visceral adipose tissue, for example, Tregs upregulate expression of the nuclear receptor,
PPARg, to suppress diabetogenic inflammation (Cipolletta et al, 2012). Tregs in skeletal
muscle and long upregulate sraphiregulin (Areg) to facilitate tissue-repair following injury
{Arpaia et al., 2015; Burzyn et al., 2013}, And 0 colon lamina propria, Tregs upregulate
expression of ST2, a component of the IL-33 receptor, to suppress colitogenic Teff cell
{function (Schuering et al, 2014). Most recently, Mucida and collesgues showed that Tregs
adapt to the intestinal epithelium by converting to CD47CD8as” intraepithelial lymphocytes
{Bujino et al,, 2016). Our results sugpest that adaptation within non-dymphoid tissues is a

common feature of cireudating lymphocoytes, which highlights the tmapact of the tissue
& 3 P g
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microenvironment on lymphocyte function, ratses important new concepts in the
pathogenesis of tissue-specific inflammatory diseases, and prediets that tissue-specific
immune modulation is possible in patients.

Our results also show that steady-state civeulation of conjugated bile acids (CBAs)
through the ileal mucosa has divect and important consequences on mucosal Teff cell
function; Teff cells lacking Mdrl display marked and speeific mucosal dysfunction in the
leum that is rescued by either genetic ablation of the ileal bile acid transporter, Asht, or
dietary administration of the bile acid sequestrant, cholestyramine. Enterchepatic CBA
circulation allows for maintenance of the intestinal CBA pool in vivo without the need for
continual replenishment through biosynthesis. A defining featore of enterohepatic TBA
circulation 15 active reabsorption m the tlewm by specialized entevocytes expressing the CBA
transporters Asbt — that mediates transport of lominal CBAs across the apical membrane of
enterocytes — and O8Ta'b, which drives basolateral CBA transport from the enterocyte
cytoplasnt into the lamina propriz {Dawson et al,, 2009). Because of their fandamental
activities in digestion and nutrient absorption, CBAs have evolved to be synthesized in the
liver and reabsorbed in the ileum independent of microbiota (Hofmann and Hagey, 2014).
Indeed, we show thal Mdrl is both highly expressed in small intestinal Teff cells from germ
free mice, and required for mucosal Teff cell homeostasis in antibiotic-treated Rugl” mice.
Thus, in addition to interacting with microbiota, mecosal Tefl cells have evolved mechanisms
to interface directly with host-derived intestinal metabolites.

Surprisingly little is known sbout the concentration and composition of the mucosa~
associated CBA pool in the deam, thoogh it is reasonable 10 expect that mucosa-associated
CBAs are present in the tleum at micro-molar concentrations; between the well established
concenfrations of CBAs in the tleal lumen (1-10 mM) and those observed in the portal vein {~
50 mM} (Dawson et al., 2009; Hofimann and Hagey, 2014). This estimate also assumes that
CBA concentrations within the ileal lamina propria fluctuate throughout the day, increasing
i response to food intake and decreasing during penody of fasting: In Hae with these
estimated concentrations, we find that individual CBAs {e.g., taurine- or glycine-conjugated
chenodeoxycholic acidy, modalate Mdrl fonction, TNFa expression, and survival in cultured
Tett cells starting at ~ 300 mM. Endogenous bile acids present in the small intestine lumen —
whether from wild type, germ free, or antibiotic-treated mice — inferact with Mdr? at even
lower concentrations {25-100 mM). We used taurine-conjugated chenodeoxyeholic acid
{tCDLCA) in ot in vitre experitnents because it 1 both 3 hydrophobic primary BA

synthesized by hepatocytes independent of microbiota and a high-affinity Asbt transport
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substrate {Craddock ¢t al,, 1998, Indeed, treating splenic wild type and Mdrl -deficient Toff
cells with tUDCA recapitulates several aspects of Mdrl-deficient Teff cell mucosal
dysfunction observed in small intestines of transferred Ragl™™ mice, namely increased TNFa
expression and decreased persistence; these effects of tCDCA on cultured Teff cells are both
time- and dose-dependent. Thus, a full appreciation of the complex fnterplay between
mucosal Teff cells and mucosa-gssociated CBAs in vivo requires further insight into the size
and composition of the intestinal CBA pool invive, the duration of Teff cell persistence in
the ileum, and how these parameters change in the context of disease.

Muach rematns to be learned abowt how TBAs interact with Mdri, and how these
interactions in turn dictate Teff cell survival and function. We show that CBAs acutely
modulate Mdrl function without acting as either direct transport subsirates or inhibitors.
Rather, several lines of evidence suggest a model wherein Mdr1 transports endogenous lipids
upon UBA exposure to maintain plasma membrane integrity. First, CBAs are membrane
impermeant detergents that influence cell physiology primarity by disrupting plasma
membrane architecture (Jean-Louis et al., 2000; Zhou et al., 2009; Zhou et al,, 2013). Second,
Madr1 s a broad-specificity “lipid flippase”, capabie of transporting diverse phospholipid
species from the inner to outer membrane leaflet (Sharom et al,, 2003}, Third, the closest
homelogue of human MBR! is ABCB4, a dedicated phosphatidyvicholine (PC) transporter
that secretes PC into bile in a manner that is tndirectly stimulated by CBAs (Morita and
Terada, 2014; Vasihiou et al., 2009). This CBA-stimulated lipid transport model 1s consistent
with our findings that CBA exposure leads to competitive inhibition Mdrl-dependent Rhi23
efflux without binding directly to Mdrl {Figure 561}, while at the same time modulating
Teff cell survival and function in a manner that requires Mdrl transport activity, Membrane
disorganization induced by CBAs in the absence of Mdrl could result in overt membrane
damage, which we have not observed {data not shown}, or lead to altered signaling due to
disruption of spatially-organized plasma membrane microdomains, such as cholesierol-tich
tipid rafts (Jean-Lows et al., 2006; Zhou et al, 2013). Indeed, our study opens new avenues
for interrogating the endogencus substrates and functions of Mdrl, which our resulis suggest
are critical for woucosal immune homeostasis in the fleum,

Char results also have important implications for the understanding and treatment of
nflammatory diseases targeting the ileum, in patticular Crohur’s disease (C13). Heitis is the
most cornmon and distinctive feature of CI, yet specific pathophysiologies underlying ileitis
remain unclear and likely vary from patient-to-patient as a result of both individual genetic

and environmental risk factors (Kaser et al,, 2010). Indeed, we show that ileitis-prone

(R
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{(SAMP1/¥Y1tFe) mice harbor & null muntation in the mouse ortholog of human MDR |
{4bchbla). In addition, we show overt MDR1 loss-of-function in a small group (~ 5%; 3 of
36} of {leal CD patients. Whether MDRI loss-of-function in these patients is due to genetic
mutations is not yet clear, though the fact that MDRI function is markedly reduced in all
major MDR [-expressing T cell lineages is consistent with impaired germline-encoded
funchion. Thus, whereas overt MR joss-of-fanction s not a feature of all or even mostileal
CD patients, these data suggest that impaired MDR1 function could confribute to ileitis in a
subset of CD patients in a manner that involves interaction with additional susceptibility loci.

That Mdrl regulates ileitis in a manner that depends on genetic context is also
evident in mice. In our experiments, for example, Mdel-deficiency (in Ty cells) interacts with
Ragt-deficiency to promote flettis on the FVB background. By contrast, spontancous ileitis
has not been reported in FVB.Abchla mice that instead are prone to colitis (Panwala et al.,
1998; Staley et al., 2011} Further, whereas the Abebie pull mutation in SAMPU/YitFe mice
deseribed here i associated with spontancous ileitls, similar 4bch @ mutations in other
senescence-accelerated mounse (SAM) strains are only sporadically associated with ilettis
(Zhang et al., 2008}, Of course, Mdrl is widely expressed in vive, and deficiency in Mdrl is
thos likely to tmpact many cell types and tissues, most prominently intestinal epithelial cells
{Maxweli et al,, 2015} By contrast, our Rag!™ transfer data demonstrate direct, cell-intrinsic
regulation of mucosal Tefl cell function by Mdrl, which is evident by both genetic ablation
and shRNAmir-mediated knockdown on multiple genetic backgrounds (e g, FVB, B6). Thus,
we postulate that bile acid-driven dysfunction of Mdrl-deficient Teff cells in the ileum lays a
pathogenic foundation for progression to overt ileitis following additional genetic lesions.

Whether rare or more common, our findings suggest that pharmacologic strategies
targeting ileal bile acid reabsorption may be therapeutic in clinical settings where teal CD is
associated with overt MDR1 loss-of-function. Although BA sequestrants, such gs
cholestyramine, colestipol, and colesevelam, have yet to be formnally tested for efficacy in
CD, arecent study found that cholestyramine induced marked endoscopic improvement and
mucosal healing in g sinall eohort of IBD patients with associated primary sclerosing
cholangitis (PSC) {Paviidis et al., 2015). Our data suggest a mechanistic basis for this clinical
result, and encourage expanded clinical efforts to test BA sequestrants in Crohn's disease,
Example S Methods and materials

Mice: Wild tvpe CS7BY6 (B6: stock no. 800664), B Rag /™ (stock no. 002216},

HI745 {stock no. 016879), SAMP1/YitFe (stock no. 009355), and AKR/I (stock no.

000648) mice were purchased from The Jackson Laboratory, ROSA26"P? tranggenic mice
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were generously provided by Dr. Klaws Rajewsky {(Max Delbruck Center for Molecular
Medicine, Berlin, Germany). 147" mice were crossed with ROSA 26" ransgenie
animals to produce #1777 ROSA 2672 Th17 fate-mapping reporter mice. Wild type
FVB/N (FVB; model no, FVB) and FVB.4bebia/ib™ (model no. 1487) mice were purchased
from Taconic. FVB.Ragl™ mice were provided by Dr. Allan Bieber (Mayo Clinic, Rochester,
MN). BALB/c mice were from CLEA (Japan) and mamtained under specific pathogen-free
(SPF) or germ-free (GF) conditions at Osaka University, MydS88™, dsc”, and Cx3ops 7FEFP
knock~in (heterozygous) rice were generated as described in Takeuchi et al., ITmmunity 11,
443-451, 1999; and Yoshida et al,, Immunity 15, 569-578, 2001. The mice were maintained
at Osaka University, Ter5 knockout (Gpbar! ) maice were generously provided by Dr.
Kristina Schoonjans (EPFL, Lausanne, Switzerland). MDR Lreporter (AhehIa®™ ) mice
were generated at Rodent Genetie Engineening Core {(RGEC) at New York University (NYU)
{see below), All mice were housed, bred, used in expenments, and sacrificed o accordance
with protocols approved by the Institutional Animal Care and Use Committees of Scripps
Florida, Osaka Unmversity, or NYU Medical Center.

CRISPR/Cas9-mediated generation of Abch1a™ "™ reporter mice: Mdr -reporter
(Abebla™ ™) mice were generated using the Casb-cleavase system in wild type C57BU6
zygotes. Briefly, two guide RNAs {gRNAS) were identified using a publically available

CRISPR design tool {httpy/erispramit.eda). These gRNAs are predicted to introduce single~

stranded nicks on opposite DNA strands 22 bp upstream and 10 by downstream of the
Abebia stop codon; synthetic gRNAs were purchased (PINA Bio) and Caa%-dependent
cleavage at the Abcehia locus was confirmed in vifro prior © zygote microinjection as
previously described (Kim ot al., 2014}, gRNA sequences are shown below:

3" gRNA (upstream of Abcbla stop codon, pretospacer in bold itafics):

57,
GCUUCUCAAUGGUCAGUGUGUUGUUUUAGAGCUAGAAAUAGCAAGUUAAAALT
AAGGCUAGUC

CGUUAUCAACUUGAAAAAGUGGCACCGAGUOGGUGCUUULLS?

37 pRNA (upstream of 4bchla stop codon, protespacer in bold itakics):

g1
GAAAAUACUUAACATCUTHACAUGUUTUUAGAGCUAGAAAUAGCAAGUUAAAAUA
AGGCUAGUC

COUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCULULR
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To fucilitate reporter transgene insertion, we constructed a homology-directed DINA
the 57 ADH contains sequences corresponding to all of Akchla exon 28 (204 bp) ~ minus the
stop codon - plus 204 bp of intron 27-28; the 3° AOH contains the first 500 bp of the 3
untranslated region (UTR) downstream of the stop codon. Synonymous point mutations were
mtroduced mto both 5 and 37 AOH at the protospacer-adjacent motifs (PAMs) to remove
Cas9-cleavase activity towards the HDR template. AOHs were then: assembled info an
ampicillin-resistant cloning vector (pSTBlue-1, Novagen) together with bicistronic reporter
elements in the following order: 5° AOH (no Abchla stop codon) — glyeine-serine-glycine
(GSG) linker {indrame, 57~ GCATCCCGA-3") - P2A peptide (in-frame, 57-
GUCACGAACTTCTCTUCTOTTAAGCAAGCAGGAGACGTGGAAGAAAACCCCGATC
CT-37} — ametrine open reading frame Gu-frame, with stop codon} — 3” AOH. Correct
assembly was confirmed by sequencing, and the lnear HDR template was excised from
pSTBhe-1 (Pmel and Notl), and gel purified for zygote injections.

Approximately 150 C37BY6 zygotes were generated by in virre fertilization (IVF),
and micro-injected with gRNAs (10 pg each), tnearized HDR template (310 Tg), and Cas9-
cleavase mRNA (10 pg). 76 zygotes were gown to the 400-cell blastocyst stage and
implanted inte 8~week old female surrogate mothers; live pups were analyzed for transgene
insertion using 5" (3"~ AGTTTAACGTGTCTGCAGLTGG-3 Y and 37 (5°-
AGCCTGCAGGATCTOTOTG-3") genotyping primers that anneal outside of the targeted
region. 19 live pups were recovered from the targeting; one female founder pup showed
targeted transgene insertion by genotyping.

Human blood: All experiments using hurmagn blood were conductad i accordance
with an IRB protocol {IRB-14-6374) approved by the Scripps institutionsl review board.
Bufty coats frow healthy adult volunteers were purchased from OneBlood (Fort Lauderdale,
FL}, and peripheral blood mononuctear cells (PBMUC) were isolated by Ficoll density gradient
centrifugation. For profiling MDR function in healthy adult donors and IBD patients, frozen
PBMC samples collected, prepared and stored at the UCLA Center for Inflammatory Bowel
Diseases. Frozen PBMC vials, along with de-identified demographic and medical history
information were sent to Scripps Florida for FACS analysis. 11 additional healthy donor
frozen PBMC samples were gragiously provided by Dr. Derva Unutmaz {The Jackson
Laboratory, Farmington, CT)

Cell 1solation: Mouse single mononuciear cell suspensions were prepared from

spleen, peripheral lymph nodes, or mesenteric lymph nodes (MLN} as deseribed in Uhlig ot

el
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al. I Immunol. 177, 5852-5860, 2006, For some experiments, CD47CD25 T cells were
magnetically isolated total splenocyies using an EasvSep T cell negative isolation kit {Stem
Cell Technologies, Inc.). For T cell transfer experiments into Ragl ™ mice (see below),
CD4'CD25 T cells from spleens of donor mice were magnetically enriched ss above, and
then FACS-sorted to obtain pure naive T cells (CD3'CD4'CD25 CT362L.PC D440y, For
isolation of mononuclear cells from intestinal tissues, whole small intestines (duodenum to
terminal Hewn ) or colons (Cecum to anus) were removed, Bushed with PBS to remove the
fecal contents, and opened longitudinally to expose the epithelium. Peyers patches were
excised from small intestines. Tissues were cut into small segments {~ 3 cm) and incubated
for 30 min at roon: temperature in DMEM media (without phenol red; Life Technologies)
phus 6.15% DTT {Sigma-Aldrich) {o remove mucus. After washing with uedia, intestines
were incubated for 30 min at room temperatare in 'media coutaining 1 mM EDTA (Amresco)
to remove the epithelium. After washing again with media, lamina propria was digested in
media contatning 8.25 mg/mL liberase TL and 10 U/mL RNase-tree DNasel (both from
Roche), with shaking in a bacterial incubator (Environ Shaker; Labline) for 15-25 min at
37°C. Single cell suspensions were passed through 70 pm nylon flters (BD) and
mononuelear cells were isolated by 70/30% percoll gradient centrifugation (Sigma-Aldrich).
Mononuclear cells were washed twice in complete T coll medium {see cell culture below),
counted, and resuspended for FACS analysis or sorting. Fou isolation and analysis of antigen-
presenting cells, mononuclear eells from spleen or small intestinal lamina propria were

>

1 incubated with blocking antibodies (anti-CD16/32) for

recovered as previously deseribed
5 yin gt 4°C, stained with antibodies against CD45, CD 1, and CD11g, and sorted based on
differential CDHINWCD! e expression with the CD45" gate. Splenie dendritic cells were
sorted as CD45'CD11e'CD11h™ Rh123M (MDR1 Y or Rh123% (MDR ) Teff cells
(CD45'CDI'CD4'CD2S CDE2LMCD44) from mesenteric lymph nodes or small intestinal
{amina propria as described in Ramesh et al. (J. Exp. Med. 211: 89-104, 2014), following ex
vivo Rh123 efflux assays. Backpground RB123 efftux in cells treated with elacridar (0.1 uM)
was used to set sm'ting_ gates:

Faa

T cell transfer cohtis: For T cell transfer experiments using wild type FVB or
FVB.4bebla/Ib™ mice, 0.5-1 x 10% naive CD4™ T cells (FACS-sorted as above) were
injected (i.p.} into syngeneic FYB.Ragl™ mice. For transfers of shCD8- or shMdrl-
expressing T cells, magnetically isolated FVB wild type CD4"CD25 T cells were trausduced
ix vitro (soe below), FACS-sorted as live (viability dye’) ametrine” cells on day 5 post-

getivation, and 0.5-1 x 10° cells were injected (1.p.) into syngeneic FVB.Bag!™ mice. For
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shRNA mixture experiments, fransduced T cells were PACS-sorted on day 5 as Hve (viability
dye’y ametrine GFP cells (for untransduced cells), or ametrine” or GFP” cells (for transduced
cells}. Sorted cells were counted, mixed at 1:1:1 ratios (untransduced :GFP ametring™), and
checked by FACS to confirm equimolar ratios. 0,3-0.6 x 10 total mixed cells were injected
(i.p.} into syngeneic FVB.Ragl™ mice. For all experhments, Ragl™ mice were weighed
immediately prior to T cell transfer to determine baseline weight; mice were weighed twice
weekly for the daration of the experiments, and evthanized if 2 20% baseline weight loss was.
reached. Morbidity indexes, shown throughout, are calculated by dividing the maximum
percentage of body weight loss by the number of days weight loss occwrred in (eg, 20%
body weight loss/4S days). Rag!™ mice injected with different donoy T cells (e, wild type
ve, Mdrl-deficient T cells; shCD8- ve shMdrel-expressing T celis) were co-housed. For
antibiotic eatment experiments, mice were separated 1nto groups receiving water alone, or
water containing antibiotics: ampicitlin {1 M), vancomycin (0.5 M), meironidazole {1 M),
neomyein {1 M), streptomycin {2 M) (all from Sigma-Aldrich). Antibiotic treatment began ~
3-4 weeks post-transfer (upon onset of weight loss); water (+/-antibiotics) was replaced twice
weekly durning assessment of weights, For cholestyramine (CME) treatment experiments,
mice were separated into groups receiving standard chow, or chow supplemented with 2%
CME (Sigma-Aldrich), agam ~ 3-4 weeks post-transfer. Standard chow pellets were ground
to a fine powder using a Vitamix Professional Series 200 food processor (VitaMix), and
separated, weighed, and supplemented with 2% CME resin {w:w) as necessary. During
treatysent, solid food was removed and replaced with covered feeding containers (Ancare
Corporation) containing powdet food {+/- CME), which were placed 1nside the cages and
exchanged for cleaning at least weekly.

Histology: Colon (proximal, distal} or small intestine {proximal, mid, distal/ileum)
sections {~ 1 om) were cut from euthanized Ragl™ mice ~ 6-§ weeks post-T cell transfer, In
some experiments, larger, ~ 10 om segments of distal small intestine and whele colon were
dissected from mice and fixed intact. All tissues were fixed in 10% neutral buffered formalin,
embedded into paraffin blocks, cat for shides, aud stained with hematoxylin and cosin (H&E),
H&E-stained sections were analyzed and scored blindly; colons as in (Wirtz et al,, 2007), and
small intestines/ilea as in (Kosiewicz et al,, 2001}

Flow Cytometry: With the following exceptions {seg below) surface and mtracelivlar
FACS staining was performed as described 1o Ramesh et al, 1, Exp. Med, 211: 89104, 2014;
and Adarashi et al,, MNature 455; BOS-812, 2008. FAUS analysis of RR123 efflux was

performed as o Ramesh et al,, J, Exp. Med, 211 89-104, 2014,
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intraceltulay FACS analyses: For intracellular stains including transeription factors
{e.g., RORyt, Foxp3), cells were fixed and permeabilized using a Foxp3 ntracellular staining
kit {eBioscience). For all intracellular stains, cells were stimulated for 3-4 br with phorbol 12-
myristate 13-acetate (PMA) aud topomyein n the presence of brefeldin A (all from Sigma-
Aldrich) prior to antibody staining. Simmltaneous intracellular staining of TNFa protein and
Taf mRNA in PMA/ionomycin-stimulated cells was achieved using a mouse PrimeFlow™
RNA Assay kit (Affymetrix, Cat.#: 88-18001). The 96-well PrimeFlow™ RNA Assay
protocol was followed per manulacturer’s instructions without deviation; following
fixation/permeabilization, cells were stained with alexa fluor 647-conjugated (type 1) and
alexa fluor 488-conjugated {type 4) targel probes agamst mouse Tnf (NM 013693} and beta
actin {Actb, NM_Q07393), respectively. Following target probe signal amplification and
detection, cells were stained with a PE-Cy7-conjugated andi-TNFo antibody (Biolegend), a
fixable viability dye {506, eBloscience), and a cocktail of antibodies against cell-surface
antigens allowing for discrimination of effector/memory Ty cells (see below for full listof
antthodies).

FACS analyses of Rh123 efflux: To determine background RE123 efffux, the MDR 1
antagouist, elacridar (0.1 pM), was added to Rh123-Iabelled cells immuediately prior to efflux
at 37°C, Forexpertments using intestinal content — small indestine haminal content (SILO),
colon luminal content {CLC) — or synthetic bile acids, Rh123-1abelled cells were treated with
additives prior to efflux in place of elacridar.

FACS antibodies: Anti-mouse antibodies used for FACS analysis include: Alexa700-
CD4S, BV6S0-CID3, BV711-CD4, BVS05-CD2S, Perep-Cy5.5-CD44, BV6Q5-CD62L, APC-
1PNy, APC-F4/80, APC-CDM, FITC-IL-1TA, Perep-Cy5.5-1L-174, PE-Cy7-TNFa, PE-1L-4,
PE-CD4S, PE-CD63, PE-CXCRY, Pacific Blue-CD11b (all from Biolegend); mouse Fe
Block (purified anti-CD16/32), PE-CFS94-CH25 and PE-CFS94-RORy1, PE-Siglec-F, FE-
Ly-6G, FITC-Ly-6C, FITC-CD103, APC-CDle, APC.CD4S (from BDY); and £450-Foxp3,
FITC-L-A(b), and FITC-CDSO (from eBioscicnee).

Anti-human antibodies used for FACS analysis were: BV60S-CD3, BV421-CD4, PE-
Cy7-CDA5RQ, Percp-Cy3.5-CCRT (from Biolegend}; and PE-CF594-CD25 (from BD). Vital
dyes mnclude: fixable viability dyes eFluor® 450, eFluor® 306, and eFluor® 660
{eBioscience} and 7-AAD (Biolegendd). Rh123 and clacridar were purchased from Sigma-
Aldrich.

FACS instruments and analyses: All FACS data was acquired on LSRRI or

FACSCantoll mstruments (BD, and analyzed using Flowlo software (TreeStar, Inc.). For
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cell sorting, cells were filtered after staining, resuspended in DMEM media (see below)
without serum, and sorted on a FACS Ariall machine (BD), For quantifying percentages of
MDRIT T cells, gates were set based on background Rh123 efflux in elacridar-treated cells,
In some experiments, MDR I transport activity is quantified as the change (A} in Rh123 mean
fluorescence intengity (MFI) in clacridar- vs. mediume-, SILC-, or synthetic bile acid-treated
samples, Cytokine expression in T cells isolated from tissues of transferred Rag/™ mice was
analyzed between 5-8 weeks post-T cell transfer, depending on animal morbidity.

Cell culture: Mononuclear cells or purified CD4' T cells were cultured in complete T
gell media deseribed in Carlson et al., 1. lmmunol. 192, 2167-2176, 2014, For invitre T cell
activation/polarization, magnetically isolated CD4™CD25 T cells from spleen were activated
by anti-CD¥anti-CD2R antibodies {(non-polarizing conditions; ThINY or polarized to Thi,
Th2, iTreg, or non-pathogenic Th17 cells ac deseribed in Sundrud et al., Sclence 324, 1334-
1338, 2009, Pathogenic Th17 cells were polanized as in Lee et al., Nat. Inumunel 13, 991.999,
2012. For in vitro induction of MDRI expression in C24™ T cells by antigen-presenting cells
(APCs), FACS-sorted RB123" (MDR 1) Teff cells from small intestinal lamina propria (sce
above) were co-cultured in U-bottom 96-well plates with APC subsets from small intestine or
spleen at a 112 ratio and stimulated with 1 pg/ml soluble anti-CB3 (BioLegend). MDR]
expression was analyzed on day 4 post-stimulation by staining cultures with 7-AAD and anti-
CD4 antibodies following Rh123 efflux assay.

Retroviral plasmids and transductions: shRNAs against mouse CD¥ (Cd8a), Mdrl
{Abchlia, Abcblb), and Ter5 (Gpbarl) were purchased from TransOMIC Technologies.
shRNAs were PCR amplified and cloned into GFP- or ametrine-expressing murine retroviral
vectors {L.MPd} containing a nndified/enhanced miR-30 expression cassette. HA-tagged
houman MDR 1 (ABCB1) was purchased from Addgene (plasmid 10957, Full-length ABCBI
was PCR-amplified without the HA~tag, and cloned into an ametrine-expressing LMPd
vector without the miR-30 expression cassette. An empty LMPd.ametrine vector was
generated by cutting out ABCR1 from the modified vector, blunfing the restriction sites, and
re-ligating. Transport-defective mutant MDR1 (AMDR; Y401 A/Y 1044A) was generated
using a QuickChange stte-divected mutagenesis kit (Agilent Technologies), All retroviral
constructs were confirmed by segquencing prior to use in cell culture experiments. Retroviral
particles were produced in Platinum E cells (Platl cells; gt of Dr. Matthew Pipkin, Scripps
Florida), and supematants were used to transduce anti-CD3/anti-CIx2&-stinrualted
CDA'CDES T cells (st 24 hr post-activation) (Sundrud et al,, 2009}, or NIH/3T3 fibroblasts.

ey

Transduced T cells were removed from anti-CD3/anti-CD28-coated wells at 48 hr post-
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activation, expanded in T cell media contaming recombinant human 1L-2, and analyzed or
sorted via flow cytometry on day 5.

Mouse intestinal contents: For isplation of sterile, soluble intestinal contents — small
intestine luminal content (S1L.C), colon luminal content (CLC) ~ fecal contents from colon or
small intestine of mice were collected into 15 mL conical tubes, weighed, and diluted in T
cell media {2 parts media:l part fecal content). Contents were mixed theroughly by vortexing
for 2 min, and solid fecal matter was pelleted by centrifugation {1,000 x g; 10 min; room
temperature). Supernatants transferred to fresh eppindorftubes were further cleared of debris
by another round of high-speed centrifugation (13,000 x g; 20 min; room temperature). The
resulting supernatants were collected, sterile-filtered through 0.2 yro syringe flters (VWR),
aliguoted, and stored at -80°C. SILL or CLC was added to Rh123-1abelled splenocytes or
purified CD4CD25 T cells at dilutions ranging from 1-16% (2-fold dilutions) of total
culture volume {viv)., Unless otherwise stated, results show T cells treated with 4% or 8%
SILC or CLC, In some expenments, SILC was depleted of bile acids by prestrestment with
cholestyraming {CME; from Sigma-Aldrich). Briefly, 81LC was treated for 1 by with PBS, or
a slurry of PBS containing 50 pg/mL cholestyvramine {CME). Following incubation, CME-
bound material was pelicted by centrifugation {1 min; 13,000 x g; room temperature), and
unbound SILC supernatant was collected and used in Rh123 efffax experiments as above.

Bile acids: Synthetic bile acids: cholic acid {CA), glyco-cholic acid (gCA), tauro-
cholic acid ({CA), deoxychohie acid {DCA), glyvco-deoxycholic acid {gDCA), tauro-
deoxycholic acid {tDCA), chenodeoxyeholic acid {CDCA), glyco-chenodeoxycholic acid
{gCDCA), or tawro-chenodeoxychohie acid (CDCA) (all from Sigma-Aldrich) were
reconstituted in PBS, aliquoted, and stored at 4°C. Bile acid concentrations used in cell
culture experiments are indicated throughout. To test acute effects of bile acids on MDR
transport (Rh123 efflux) activity, titrating concentrations of bile acids were added to Rh123-
labelled mouse CD4™ T cells, human CD4" T cells, or MDR {-expressing NIH/3T3 fibroblasts
ivimediately prior to Rh123 effiox. For determining the effect of synthetic bile acids on
cytokine expression, wild type or MDR L-deficient splenocytes, or mouse EL4 cells were pre-
treated +/- glyco-CDCA or tavro-CDCA ((CDCA) for 4 hr prior to FMA/lonomycin
stimulation, without washing. In some experiments, tCDCA was added to wild type
splenocytes alone, or together with elacridar (0.1 pM) for 4 hr prior to stimulation and
staining. For long-term survival assays, wild type or MBR1-deficient splenocytes, or L4
cells, were treated +/- fitrating concentrations of tCDUA in the presences or absence of

elacridar (0.1 uM} for 20-24 hr, prior to viability dye and anti-CD4 staining. To analyze
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survival of MDRT" Teff cells after tCDCA treatment, wild type splenocytes were freated +/-
{CDCA {1.2 mM) for 20-24 hr as sbove, and then washed twice with media to remove
{CDCA. After washung, splenocevies were cultured in T cell media alone for another 6 hr, and
then subjected to FACS-staining and Rh123 efflux. Bile acid levels in feces (for CME
treatment experiments) or small intestine funinal content (S1ILC) were quantified using a
Total Bile Acids Assay Kit (Diazyme Labovatories). For fecal bile acid analysis, hile scids
were extracted from feces with t-Butanol (Amresco) as described in Bhat et al., J. Lipid Res.
4, 1614-1621, 2003,

Mdria binding assays: Recombinant C-terminal hexa-histidine (his)-tagged mouse
Mdrla used for in vitro binding experiments was expressed in and purified from P. pastoris as
previousiy described (Aller ef al., 2009}, Briefly, 10 ug of purified His-tagged Mdria in
binding buffer (20 mM Hepes pH 8.0, 100 mM NaCl, 0.065% DDM and 0.2 mM TCEP) was
incubated with 20-fold molar excess of BODIPY-FL vinblastine (BFV, Thermo Fisher) for 1
hrat 4 "C in presence or absence of 10-fold molar excess of verapamil (Sigma-Aldrich) or
ICDCA. After binding, his-tagged Mdrla was inmobilized to 25 pl of Ni-NTA resin at 4 °C
for 30 min with gentle end-over-end mixing followed by washing three times with binding
buffer to remove unbound or loosely bound Huorescent inhibitor, Bound Mdrla was then
elnted with 200 pl of binding butfer containing 250 mM imidazole, and Mdrla-bound BEV
was measured, All fluorescence measurements were carried out at least in duplicates, each
representing 4 independent measurements, on an Infinite M200pro (Tecan), reading emission
at 520 nm after excitation at 480 nm.

RNA-seguencing: Next-generation RNA-sequencing (RNA--seq.) was performed on
FACS-sorted Rh123% (Mdr1) and RRI123% (Mdr1™) effector/memory T cells (Teff celis:
viability dye' CD4S CD3ICD4"CD25 CD44%) from mesenteric lymph nodes of FVB.Ragl™
mice injected 6-8 weeks prior with wild type naive T cells as above. Total RNA was isolated
from triplicate Mdri+/- Teff samples — in 3 independent transfer experiments ~ using RNecasy
columns ((iagen), with on-colamn DNase treatment. 500 ng of total RNA was used for
analysis. Library preparation was performed using TrueSeq total RNA-Segq (Whumina),
according to manufacturer’s instructions. Resulting hbravies were guantified using
Bioanalyzer {Agilent) and gPCR (Kappa Biosystems). Barcoded libravies from each sample
were combined at equimelar amounts and the mixture was loaded and sequenced on a
NextSeqS00 instrament (Hlumina). The sequeneing reads (fastq files) were mapped to the
mm¥ genome using TopHat (Trapaell et al., 2009} The namber of reads falling into sach

gene defined by RefSeq gene annotations were quantified using HTSeqg-count. DESgg
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software (Anders and Huber, 2010} was used to detect differentially expressed genes between

samples. Normalized gene expression was analyzed using the GenePatiern software suite

{hittp://gencpattermn broadinstitute . org), and visualized using MultiPlot; only annotated genes

displaying normalized expression (RPKM) values > 0.5 1o all replicate samples were
analyzed {n = 10,018

Manostring: Cell pellets (10-30k cells/condition) were lysed in 5 L RUT buffer
containing fresh Z-mercaptoethanol {Qlagen). Frozen lysates weve sent to Nanostring
Technologies, Ine, {Seattle, WA) for analysis on the nCounter platform using a custom
codeset. Raw data were normalized using nSolver software (Nanostring Technologies} and
exported as raw transeript counts {(normalized to housekeeper control genes) for presentation.

gPUR: RNA was isolated from cultured or ex vivo-isolated cells using RNeasy
colimins with on-column DNase treatment (Qlagen); this was used to synthesize cDNA via a
high capacity cDNA reverse transeription kit {Life Technologies/Applied Biosystems).
Tagman gPCR was performed on a StepOnePlusreal time PCR instrument (Life
Technologies/Applied Biosystems) as previously described {Ramesh et al., 2014). The
following tagiman primer/probe sets (all from Life Tec‘hnolggies//xppiied Biosystems} were
used: Abebla (assay 1D Mm00607939 s} Abeblb (assay 1D: MmOQ440736 m1); Gapdh
{assay 1D mm99969915 gl).

168 rDNA metagenomics (microbiome analyses): Genomic DNA from mouse
{cecal) stoo] was purified by QlAamp DNA Steol Mini Kit Stool (Qiagen) according to
manufacturer’s protocol. Bacterial species were identified by 168 ribosomal DNA
sequencing using the lon 165 Metagenomies kit (Life Technologies). Briefly, DNA was
amplified utilizing two primer sets that selectively amplify the hypervariable regions against
165 rRNA gene V2-4-8 and V3.6, 7-8, respectively. Amplicons for each sample were pooled
and adaptor ligated with barcoded adaptors specific for lon Torrent platforms. Samples were
then poeled at equuimolar ratios and sequenced using 400 by chemistry on Ton Torrent
Personal Genome Machine using 316 and 318 chips. Data was analyzed with lon Reporter
sotbware fon 165 Metagenomies kit analysis module (Lite Techuologies),

cDINA seguence analysis: Cloned ¢DNA sequences from AKR and SAMPI/YitFe
RT-PCR reactions were aligned using MegAhgn Pro (DNASTAR),

Statistical analyses: Statistical analyses were performed using Prism {GrapbPad).

Paired or unpaired student’s t tests, and one-way ANOVA were used as appropriate and are

indicated throughout. Significance levels are specified in legends.
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$kok

Although the foregoing invention has been described in some detail by way of
ilustration and exaraple for purposes of clarity of understanding, it will be readily apparent to
one of ordinary skeill in the art in light of the teachings of this invention that cerfain changes
and moedifications way be made thereto without departing from the spirit or scope of the
appended clais,

All publications, databases, GenBank sequences, patents, and patent applications cited
1in this specification are herein incorporated by reference as if each wags specifically and

individually indicated to be meorporated by reference.
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WHAT IS CLAIMED IS:

1. A method tor quantifying MDR Lactivity in T cells of a human subject,
comprising {a} assaying MDR1 function i at least one MDR Lexpressing effector T cell
subsets irv a biological sample obtained from the subject, and (b} comparing the assayed
MDR1T function to a background MDR1 function determined with at least one control T cell
subsel that dogs not express MDR I, thereby quantifying MBR 1 achvityin Teells ofthe
nman sulject; wherein the MR L-exprossing effector T cell subset is elested from the group
consisting of {1} CD4" effector/memory {CD4" Teff, CD4'CD25 CD4SROCCRT®): (i) CD§*
naive (CD4CD25CD4SROCCRTYY, (1i1) CDB' effector/memory (COR Teff, CD4CD2S
CD43ROCCRTOY; and (iv) CD8* short-lived effector/memory (CD8 Temra, CD4CHI2S
CD4SROCCRT™),

2, The method of elaim 1, wherein the biclogical sample comprises

peripheral blood mononuclear cells from the subject.

3 The method of clawn 1, wherein MDR1 function is assayed via

determining the frequency of MDR1I™ cells in each T coll subset.

4, The method of clarm 3, whevein the assaved MDR1 function is the
combined MDR1 cell frequency from the at least one MDR -expressing sffector T cell

siibsets,

5. The method of claim 3, wherein the assaved MDR1 function is the

combined MDRI" cell frequency from effector T cell sobsets (1) to (iv).

&. The method of claim 1, wherein the coutrol T cell subset is (1) UD4" naive
T cells {Tnaive, CD4"CD2ZSCR4SROCCR T or (i) regulatory T cells (Treg, CD4TCDIEN)

present in the same biological sample from the subject.

7. The method of claim 1, wherein the effector T cell subsets from the

biological sample are separated via Buorescence-activated cell sorting (FACS),

. The method of claim 3, wherein MDR1™ cell is determined via labeling
cells in the biological sample with rhodamine 123 (Rhi23) and flow cytometry analysis of

Rhi123 efffux from cells of the effector T cell subssts,
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8. The meethod of elaim 8, further comprising detervaning MDR 1Y activity in

cells of the MDR 1 -expressing effector T cell subsets that are treated with a MDR! inhibitor.

18, The method of clann 1, wherein the biological sample comprises
cvyopreserved peripheral blood mononuclear cells, wherein the determined MDR1” cell
frequency ts the combined MIIR1 cell frequency from effector T cell subsets (1) to (iv), and
wherein MDR1” cell is determined via labeling cells fnthe biological sample with rhodamine
123 (REi23) and How eytometry analysis of Rh123 effhux frovn cells in each of the effector T

cell subsets.

11 The-method of claim |, wherein the subject is afflicted withan

mflammatory bowel disease (JBD).

12, The method of ¢laim 11, wherein the IBD 15 Crohn’ s disease or ulcerative
eolitis,
13, Amethod for identifymg & buman patient with an in@lammatory bowel

disease {(IBD) for ireatment with bile acid sequestration therapies, comprising {a) obtaiming a
biological sample containing CD3™ T cells from a candidate IBD patient and from at least one
healthy control sabject, () determining the combined MPR 1™ cell frequency in two or more
effector T cell subsels n the biological sample consisting of {1} TD4” effector/memory (CD4”
Teff, CD4'CDIS CD4SROTCCRTO); (1) COYY naive (CD4CD2S CD4SROCORT; (i)
CDR' effector/memory (CD8 Teff, CD4CD2SCD4SROTCCRTY; and (iv) CDY' short-livad
effector/memory (CD8 Temra, CD4 CD25 CD45ROCCRTYY, and (¢) comparing the
combined MDR1™ cell frequency of the candidate IBD patiznt to the combined MDR 1" cell
frequency of the control subject; wherein a substantive decrease of the combined MDR 1™ cell
requency of the candidate IBD patient frora the combined MDR1" cell frequency of the

control subject identifies the candidate IBD patient as one suitable for treatment with bile

acid sequestration therapies.

i4. The method of claim 13, wherein the candidate IBD subject s 2 Crohn’s

disease patient,

i

cambined MDR1" cell frequency of all effector T cell subsets (i) to (iv),

(=]

< The method of claim 13, wherein the combined MDR1 cell frequency is

e
7%
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16, The method of claim 13, wherein determining the combined MDR I+ cell
frequency frther includes quantifying a baseline MDRI" cell frequency in at least one

control T cell subset that does not express MDR1.

1 The method of clanm 16, wherein the control T cell subset is (1) CD4*
naive T cells (Tnaive, CDAYCDIRZSCD4SROCORTYY or (if) regulatory T cells (Treg,

CD4*CD25M) present in the same blological sample,

18, The method of claim 13, whersin the bidlogical samiple compriges

peripheral blood mononuclear cells from the patient,

i, The wethod of elaim 13, wherein the effsctor T cell subsets from the

biojogical sample are separated via fluorescence-activated cell sorting {(FACS).

28, The method of claim 13, wherein MDR1" cell is determined via labeling
cells in the biological sample with rhodamine 123 (REi23) and flow cytometry analysis of

Rhi23 efilux from celis of the effvctor T cell subsets,

24, A method for treating an inflaramatory bowel disease (IBD) i a human
patient, comprising (a) detecting MDR1 loss-of-function in a candidate IBD patient, and (b)
admingstering to the patient a pharmaceutical composition comprising a therapeutically
etfective amount of a bile acid sequestrant thereby treating the inflammatory bowsel disease

irs the patient.

22. The method of claym 21, wherein MDRI loss-of-function is detected by (a)
obtaining a biological sample containing €37 T cells from the candidate patient, {b)
determining the combined MDR1® cell frequency in two or more effector T cell subsets in the
biological sample consisting of (1} CD4” effector/memory (CD4° Teff, CD4'CD2S
CD4SROCORTOY; (1) CDET naive (CDACD2SCDESROCORTYY, (1) CD&
effector/raemory (CH8T Teff, CDACD25CR4SROTCCR T, and (iv) CDY" short-lived
effector/memory (CD§™ Temra, CRACD2SCIMSROCCRTP), and (o) comparing the
combined MDR 1™ cell freguency of the candidate IBD patient to combined MDR 1 cell

frequency i the sime biological sample from one or more healthy contro! subiscts.

23, The method of claim 21, wherein the IBD is Crohn's disease.
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Figure 7
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