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IL-17A-expressing CD4* T cells (Th17 cells) are generally regarded as key effectors of
autoimmune inflammation. However, not all Th17 cells are pro-inflammatory. Pathogenic
Th17 cells that induce autoimmunity in mice are distinguished from nonpathogenic Th17
cells by a unique transcriptional signature, including high /123r expression, and these cells
require //23r for their inflammatory function. In contrast, defining features of human pro-
inflammatory Th17 cells are unknown. We show that pro-inflammatory human Th17 cells
are restricted to a subset of CCR6+*CXCR3"CCR4'°CCR10-CD161+* cells that transiently
express c-Kit and stably express P-glycoprotein (P-gp)/multi-drug resistance type 1
(MDR1). In contrast to MDR1~ Th1 or Th17 cells, MDR1* Th17 cells produce both Th17
(IL-17A, IL-17F, and 1L-22) and Th1 (IFN-vy) cytokines upon TCR stimulation and do not
express IL-10 or other anti-inflammatory molecules. These cells also display a transcrip-
tional signature akin to pathogenic mouse Th17 cells and show heightened functional
responses to IL-23 stimulation. In vivo, MDR1+ Th17 cells are enriched and activated in the
gut of Crohn’'s disease patients. Furthermore, MDR1+* Th17 cells are refractory to several
glucocorticoids used to treat clinical autoimmune disease. Thus, MDR1+ Th17 cells may be
important mediators of chronic inflammation, particularly in clinical settings of steroid

resistant inflammatory disease.

Like all CD4* memory T cell subsets, Th17
cells are defined by the coordinate expression
of select cytokines, lymphoid homing (e.g.,
chemokine) receptors, and transcription fac-
tors. Th17 cells express the cytokines IL-17A,
IL-17F and IL-22, as well as the inflammatory
chemokine receptor CCR6, which are all
induced during Th17 cell development by
the synergistic actions of STAT3 and the
Th17-specific orphan nuclear receptor RORyt
(Miossec et al., 2009). Human peripheral blood
memory (CD45RO") T cells that express
IL-17A ex vivo are CCR 6%, and are further en-
riched within cells that coexpress CCR4
(Acosta-Rodriguez et al., 2007). However, a
second subset of CCR6" IL-17A—expressing
human memory T cells has been described
that coexpresses the Th1l-associated chemokine
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receptor CXCR3 (Sallusto et al.,2012).Whereas
fewer CCR6*CXCR3* memory T cells pro-
duce IL-17A upon ex vivo stimulation com-
pared with CCR6"CCR4" cells, more CCR6"
CXCR3* cells produce IFN-v, and some are
polyfunctional, displaying expression of both
IL-17A and IFN-y (Acosta-Rodriguez et al.,
2007; Cohen et al., 2011), which is a hallmark
of T cells isolated from inflamed tissue (Kebir
et al., 2009; Ahern et al., 2010; Nistala et al., 2010;
Hirota et al., 2011).

Recent studies in mice indicate that IL-17A
expression is not sufficient to define Th17 cells
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with pathogenic activity. For example, in vitro differentiation
of naive mouse CD4" T cells using combinations of TGF-31
plus IL-6, TGF-B3 plus IL-6, or IL-1f plus IL-6 plus IL-23
all induce equivalent proportions of IL-17A—expressing effec-
tor cells, yet only the latter two Th17 populations cause
experimental autoimmune encephalomyelitis (EAE) when
transferred into mice (Ghoreschi et al., 2010; Lee et al., 2012).
Pathogenic mouse Th17 cells express a unique transcriptional
signature compared with nonpathogenic Th17 cells, which
includes elevated expression of the IL-23 receptor (I123r). Ac-
cordingly, IL23r-deficient Th17 cells cannot induce autoim-
mune pathology in vivo, irrespective of how they are generated
in vitro (Lee et al., 2012). IL-23 acts on effector/memory
Th17 cells to induce proliferation and also augments produc-
tion of the cytokines IL-17A, IL-17F, and IL-22 (Croxford
et al., 2012). Furthermore, IL-23 has been reported to induce
GM-CSF expression in Th17 cells, and GM-CSF—deficient
Th17 cells fail to induce adoptively transterred EAE (Codarri
et al., 2011). In contrast to pathogenic Th17 cells, nonpatho-
genic mouse Th17 cells: develop in vitro in the presence of
TGEF-B1 plus IL-6; develop in vivo in the absence of IL-23/
IL-23R; produce IL-17A together with IL-10; and can have
anti-inflammatory/immunoregulatory functions (McGeachy
et al., 2007, 2009; Ghoreschi et al., 2010; Esplugues et al.,
2011; Lee et al., 2012). These data begin to explain why
Th17 cells that develop in the gut at steady-state do not in-
duce pathological inflammation. Moreover, the distinctive
features of pathogenic mouse Th17 cells indicate that cellular
responses to IL-23, not just IL-17A per se, are a major factor
underlying Th17-driven inflammation. These findings also
suggest that IL23R expression levels may distinguish between
pro- and anti-inflammatory Th17 cells in humans, indepen-
dent of IL-17A.

Data from the clinic further support the notion that Th17
cells can promote inflammation independent of IL-17A. For
example, in Crohn’s disease (CD), a chronic inflammatory
bowel disease (IBD) in which affected gut tissue is infiltrated
by IL-17A* Th17 cells (Kleinschek et al., 2009), treatment
of patients with Secukinumab, a fully human anti-IL-17A
monoclonal antibody, actually exacerbates disease symptoms
(Hueber et al., 2012). Collectively, these findings call for a
reevaluation of human Th17 cells to better define specific
subsets that associate with clinical disease and molecules that
promote their pro-inflammatory function.

Killer cell lectin-like receptor B1 (KLRB1/CD161) is a
reported marker of activated human Th17 cells, naive T cells
that are Th17-biased, and ex-Th17 or non-classic Th1 cells,
which are CCR67IL-17A~ Thl-like memory cells that re-
tain expression of some Th17-lineage markers such as RORC
and IL23R (Cosmi et al., 2008; Kleinschek et al., 2009; Maggi
et al., 2012). Indeed, CD161" human Th17 cells have been
shown to infiltrate inflamed gut tissue of CD patients and
synovial tissue of patients with active rheumatoid arthritis
(Kleinschek et al., 2009; Nistala et al., 2010). However, it is
unlikely that CD161 expression is sufficient to distinguish
human pro-inflammatory Th17 cells, as it is also expressed, to
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varying degrees, on many other human CD4" memory T cell
subtypes, including Th2 and T regulatory (T reg) cells (Cosmi
et al., 2010; Afzali et al., 2013).

Here, we report that high-level IL23R expression within
human memory T cells is restricted to a subset of CCR6*
CXCR3MCCR4PCCR107CD161* cells that selectively
expresses the multi-drug transporter MDR1 (also known as
P-glycoprotein [P-gp] and ABCB1). MDR1 is an ATP-
dependent membrane efflux pump with broad substrate speci-
ficity best known for its role in promoting tumor resistance
to chemotherapy (Gottesman et al., 2002). In nonmalignant
cells, MDR1 is expressed on intestinal epithelium, endothe-
lial cells of the blood-brain-barrier, and hepatocytes, where it
controls the accumulation of xenobiotic compounds and ex-
ogenous pharmacologic molecules (Schinkel, 1997). MDR 1
is also expressed in progenitor cell types, and is thought
to play a role in the survival and longevity of these cells
(Chaudhary and Roninson, 1991; Sincock and Ashman, 1997).
Consistent with this, we show that a sizeable proportion of
human MDR1* Th17 cells also express the stem cell marker
c-Kit. All c-Kit" memory T cells display robust MDR 1 activ-
ity, and these cells give rise to c-KitTMDR1* progeny after
inflammatory T cell activation in the presence of IL-23. Both
c-Kit" and ¢-Kit™ MDR1* Th17 cells display unique pro-
inflammatory characteristics, including production of Th17
and Th1 cytokines, reduced expression of IL-10 and other
anti-inflammatory molecules, and hypersensitivity to 1L-23
stimulation, where they display enhanced activation of STAT3
and marked up-regulation of IL-17A compared with MDR 1~
memory T cell subsets.

Importantly, we show that ¢-Kit”CD161"MDR1* Th17
cells are enriched and activated in CD patient lesions, and
that MDR 1" Th17 cells are uniquely resistant to the anti-
inflammatory actions of several glucocorticoids used to treat
CD and other clinical autoimmune syndromes. Thus, MDR 1
is a unique feature of pro-inflammatory and steroid-resistant
Th17 cells in humans, which may be exploited to improve
the diagnosis, characterization, and treatment of patients with
chronic and steroid-resistant inflammatory diseases.

RESULTS

Th17 cytokines and IL23R are independently

regulated in human memory T cell subsets

CCR6 expression broadly defines human CD4* memory
T cells with Th17 characteristics. Although not all CCR67
memory cells produce IL-17A upon ex vivo activation,
even those failing to produce IL-17A can express other
Th17-signature genes, including IL23R (Nistala et al., 2010;
Wan et al., 2011; Maggi et al., 2012). CCR6" memory
T cells are also heterogeneous with respect to expression
of other cytokines and chemokine receptors. In particular,
two human CCR 6" Th17 cell subsets have been described:
(1) CCR6"CCR4* T cells that express IL-17A but not
IFN-v; and (2) CCR6TCXCR3* T cells that can express
both IL-17A and IFN-vy (Acosta-Rodriguez et al., 2007,
Cohen et al., 2011).
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Figure 1. Th17 cytokines and /L23R are
independently regulated in human T cell
subsets. (A) CD4*CD25~ memory (CD45R0+)
T cell subsets from healthy adult donor
peripheral blood were analyzed by flow cy-
tometry. CCR6* or CCR6™ cells were gated as
CCR7" (central memory; Tey), CCR7t (CCR7-
intermediate), or CCR7' (effector memory;
Tew) cells, and CCR4 and CXCR3 expression
was analyzed. Data represent >20 stains
performed on individual donors or donor
pools. (B) FACS-sorted Tgy, (CCR7") or Tgy,
(CCR7") subsets were stimulated with PMA
and ionomycin (P + 1) and production of IFN-y
and IL-17A was determined by intracellular
cytokine staining. Th1, CCR6~CCR4"®
CXCR3"; Th2, CCR6~CCR4MCXCR3';

Th17, CCR6*CCR4MCXCR3'"; Th17.1,
CCR6*CCR4°CXCR3M. Representative flow
cytometry plots from 3 experiments per-
formed on different pools of healthy adult
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=3y ; m% ) ms‘h eral blood. Both donor pools contained blood
6 IFNy — — ' ~ from 2-4 individual donors. Sorted cells were

stimulated with anti-CD3/anti-CD28 for 72 h

and expression of the indicated genes was measured by nanostring. Data are shown as fold change in gene expression within each donor pool; data from
the two donor pools are color-coded. Horizontal bars in C and D represent the mean values. (E) Expression of pathogenic (red) or nonpathogenic (blue)
murine Th17-signature genes (Lee et al., 2012) was determined in Ty, Th17 and Th17.1 cells by nanostring as in D. Data are shown as mean relative (Log,
fold change) mRNA expression + SD from 2 experiments on cells from different pools of healthy adult donor blood as in D. (F) Tgy Th1, Th2, Th17, or
Th17.1 cells (FACS-sorted as in B) were stimulated with anti-CD3/anti-CD28 and cultured for 6 d with or without IL-23. Cells were then restimulated with
PMA and ionomycin and IFN-y and IL-17A expression was determined by intracellular cytokine staining and FACS analysis. Data represent 3 experiments
performed on independent donor pools, with each pool containing blood from 2-4 individual donors.

To more broadly define human memory T cell subsets
with Th17 characteristics and relate them to the pathogenic
and nonpathogenic Th17 subsets recently described in mice
(Ghoreschi et al., 2010; Lee et al., 2012), we first examined
whether CCR6*CCR4" and CCR6"CXCR3* cells are stable
subsets or transient phenotypes. For this, expression of CCR4
and CXCR3 was monitored on CCR6" or CCR6™ mem-
ory (CD45RO*CD257) T cells from healthy adult donor
peripheral blood upon their maturation from CCR7" cen-
tral memory (T¢yy) to CCR7P effector memory (Tgy,) cells.
Memory T cell maturation, as defined by CCR7 expression,
is particularly important to immune pathology given that
human peripheral blood is comprised largely of Ty cells,
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whereas peripheral tissues, which serve as the sites for active
inflammation, are highly enriched in Tgy cells (Sallusto et al.,
1999). We found that both CCR6* and CCR6~ memory
cells were progressively polarized into two discreet subsets
upon maturation from Ty, to Tgy based on reciprocal, high-
level expression of CCR4 or CXCR3 (Fig. 1 A). Specifi-
cally, whereas 27-47% of either CCR6" or CCR6™ Ty, cells
from a representative donor were either CCR4MCXCR3
or CCR4°CXCR3M, approximately twice as many Tgy cells
displayed these polarized phenotypes (Fig. 1 A). Thus,
CCR67CCR4* and CCR6TCXCR3" human memory
cells are not only stable; they are actively selected for dur-
ing memory T cell maturation in vivo. For simplicity and
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performed on cells isolated from different donors. (D) Rn123 efflux by CD4* memory T cells was determined by FACS analysis as in C. After Rn123 efflux,
cells were stained with antibodies against CCR6, CCR4, and CXCR3, and CCR4 and CXCR3 expression was analyzed on total CCR6~ or CCR6* cells, or on
CCR6* cells gated as Rh123'° (MDR1*) or Rh123" (MDR1-). Data shown are representative FACS plots of >10 experiments performed on memory T cells
isolated from independent donors. (E) CD4* memory T cells were labeled with Rh123 and analyzed for Rh123 efflux as in C. After Rh123 efflux, cells were
stained with antibodies against CD25, CCR6, CCR4, CXCR3, CCR7, c-Kit (CD117), and CD161. Cells were gated as Tg, (CCR7') Th1 (CD25~CCR6~CCR4k
CXCR3M), Th2 (CD25-CCR6~CCR4MCXCR3"), Th17 (CD25~CCR6+*CCRAMCXCR3), Th17.1 (CD25~CCR6+*CCR4CXCR3M), or T reg (CD25"), and Rh123 efflux
versus c-Kit (CD117; top) or CD161 (bottom) expression was analyzed in each subset. The FACS plots shown are representative of 5 independent experi-
ments performed on memory T cells isolated from different donors. (F) The percentage of CD161+ cells within human Tgy, Th1, Th2, Th17, Th17.1 subsets
and T reg cells was determined by FACS analysis as in E. Th17.1 cells were further gated into 3 subsets based on c-Kit expression and Rh123 efflux:
c-Kit~MDR1-/Rh123", c-Kit~MDR1*/Rh 123/, and c-Kit*MDR1+/Rh 123", Individual and mean percentages of CD161+ cells within each subset + SD from
5 independent experiments performed on memory T cells isolated from individual (color-coded) donors is shown. (G) Naive CD4* T cells were isolated from
healthy adult donor peripheral blood, stimulated with anti-CD3/anti-CD28, and transduced with empty- (HDV) or RORC-containing (HDV.RORC) lentiviral
particles that also contain a mouse HSA (heat stable antigen; a.k.a. CD24) expression cassette. Transduced T cells were expanded in IL-2-containing media
for 7 d, and were then loaded with Rh123, incubated at 37°C for 1 h to allow for Rh123 efflux, and stained with antibodies against c-Kit or mouse HSA;
Rh123 efflux and c-Kit expression was analyzed as a function of HSA expression in transduced T cells by FACS. FACS plots shown are representative of
3 independent experiments performed on naive T cells isolated from different donors. (H) CD4* memory T cells isolated from healthy adult peripheral blood
were FACS-sorted into CD25~CCR6*c-Kit* (red) or CCR6™ (blue) subsets. Cells were either left resting (no TCR), or were stimulated with anti-CD3/anti-
CD28 and cultured for 6 d with or without IL-23. On day 6, cells were loaded with Rh123, stained with antibodies against c-Kit after Rn123 efflux, and
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consistency with previous studies (Nistala et al., 2010), we refer
to CCR6"CCR4M"CXCR3" and CCR6TCCR4°CXCR3M
cells hereafter as Th17 and Th17.1 cells, respectively.

Consistent with previous studies (Acosta-Rodriguez et al.,
2007; Cohen et al., 2011), a larger proportion of Th17 cells
expressed intracellular IL-17A protein after ex vivo stimula-
tion versus Th17.1 cells, and this increased consistently in
Th17 cells, but not Th17.1 cells, as they transitioned from
Tewm to Tey (Fig. 1, B and C). In contrast to IL-17A, both
IFN-y—producing and IL-17A/IFN-y—dual producing cells
were largely restricted to the Th17.1 compartment, and both
increased modestly but consistently upon Th17.1 maturation
from Ty, to Ty (Fig. 1, B and C). Neither Th17 nor Th17.1
cells produced IL-17A together with Th2 cytokines (IL-4,
IL-13), although a fraction of IL-17A7IL-4*IL-13" cells were
observed within the Th17 population (unpublished data),
consistent with earlier studies linking CCR4 expression to
the Th2 phenotype (Sundrud et al., 2003; Rivino et al., 2004).
In addition, small proportions (5-10%) of both CCR6"
(Th17) and CCR6~ (Th2) CCR4MCXCR3" cells, but not
Th1 or Th17.1 cells, expressed CRTH2 or CCR 10, markers
of terminally differentiated Th2 cells or IL-22—expressing
Th22 cells, respectively (Duhen et al., 2009; Eyerich et al.,
2009; Trifari et al., 2009; Mutalithas et al., 2010; not depicted).
We confirmed that CCR6-CCR4MCXCRJ3 Ty, cells were
highly enriched for IL-4— and IL-13—producing Th2 cells,
and that CCR6~CCR4PPCXCR3" Ty, cells were predomi-
nantly IFN-y* Th1 cells that produced neither IL-17A nor
Th2 cytokines (Fig. 1 B and not depicted).

Broader analyses of gene expression in FACS-sorted and
ex vivo—stimulated Ty, Th1, Th2, Th17, and Th17.1 cells
revealed that, despite substantially (4- to 90-fold) higher ex-
pression of Th17 cytokine mRNAs (IL17A, IL17F, and IL22)
in Th17 versus Th17.1 cells, both subsets expressed equivalent
levels of RORC (Fig. 1 D) and CCL20 (not depicted), and
Th17.1 cells consistently displayed twofold higher levels of
IL23R mRNA compared with Th17 cells (Fig. 1 D). Expres-
sion of IL22, specifically within Th17 Ty, cells from difter-
ent donor pools correlated with the levels of contaminating
Th22 cells that produced IL-22 but not IL-17A (not depicted;
Duhen et al., 2009; Eyerich et al., 2009; Trifari et al., 2009).
Th1 or Th2 Tgy, cells expressed low levels of all these Th17-
associated transcripts (Fig. 1 D) but expressed high levels of
TBX21 (T-bet) and IFNG, or IL5 and GATA3, respectively
(not depicted). Thus, expression of Th17 cytokines and IL23R
is independently regulated in human Tgy, subsets. In addition
to elevated IL23R, we found that Th17.1 cells expressed
higher levels of other pathogenic mouse Th17-signature
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mRNAs, including CCL3, CCL4, CCL5, CASP1, and
GZMB, relative to Th17 cells, whereas Th17 cells expressed
higher levels of nonpathogenic Th17-signature transcripts,
including IL9, IL10, MAF, AHR, IL6ST (gp130),and ILIRN
(Ghoreschi et al., 2010; Lee et al., 2012; Fig. 1 E). Together,
these data indicate that despite reduced expression of canoni-
cal Th17 cytokines, human Th17.1 cells are enriched for ex-
pression of genes associated with pathogenic Th17 cell activity
in mice.

Given their elevated expression of IL23R, we tested
Th17.1 cells, and other Ty, subsets, for their functional
responses to IL-23 stimulation. Human Tgy, Th1,Th2,Th17,
or Th17.1 cells were sorted by FACS, and then stimulated
through the TCR with or without IL-23. After 1 wk,
these cells were restimulated to assess the impact of IL-23 on
IL-17A production. Consistent with our ex vivo analyses and
independent of IL-23 stimulation, only Th17 and Th17.1
subsets produced detectable levels of IL-17A after in vitro
activation and expansion; a larger subset of expanded Th17
cells produced IL-17A, whereas more Th17.1 cells produced
IFN-y, either alone or in combination with IL-17A (Fig. 1 F
top). Addition of IL-23 to the activated T cell cultures did not
affect IFN-vy production by any subset and only modestly
increased production of IL-17A by both Th17 and Th17.1
cells (Fig. 1 F). Thus, despite measurable differences in IL23R
expression between human Th17 and Th17.1 cells, both sub-
sets display similar, and very modest, responses to IL-23 stim-
ulation in vitro. We therefore hypothesized that bona fide
IL-23-responsive, pro-inflammatory human Th17 cells, al-
though enriched within the Th17.1 compartment, comprise
only a subset of these cells.

Transient c-Kit and stable MDR1 expression

define a novel subset of human Th17.1 cells

To identify additional markers selectively expressed by Th17.1
cells that further enrich for IL23R expression, we analyzed the
transcriptional profiles of ex vivo—stimulated Ty, human
Th1, Th2, Th17, and Th17.1 cells by microarray. Analysis of
all differentially expressed genes (1.8-fold cutoft) revealed the
presence of both a core Th17 signature—genes expressed at
high levels in both Th17 and Th17.1 cells, but low in Thl
and Th2 cells—and unique gene signatures present in only
Th17 or Th17.1 cells (Fig. 2 A and Table S1). Genes within
the core Th17 signature included well-established Th17-
signature genes, such as RORC and CCRS6, as well as those
not previously associated with Th17 cells, such as CTSH and
PTPN13 (Fig. 2 A and Table S1). As above, Th17 cells pref-
erentially expressed IL17A and IL17F, whereas Th17.1 cells

analyzed by FACS. FACS plots shown are representative of 3 experiments using cells sorted from different donor pools, with each pool containing blood
from 2-4 individual donors. (I) CD4* memory T cells isolated from healthy adult peripheral blood were analyzed for Rh123 efflux as in E. CCR7 expression
was assessed on c-Kit* (red histogram) and c-Kit~ (blue histogram) MDR1*/Rh123/°CD25~CCR6+CCR4°CXCR3" Th17.1 cells by FACS. The overlaid FACS
histogram represents 4 experiments performed on memory T cells isolated from individual donors. CCR7 mean fluorescent intensity (MFI) is shown for
c-Kit (red text) and c-Kit~ (blue text) MDR1* Th17.1 cells. (J) CCR7 MFI in c-Kit* (red) and c-Kit~ (blue) MDR1* Th17.1 cells was determined by FACS analy-
sisasin |. Data are shown as mean CCR7 MFI + SD in c-Kit* or c-Kit™ MDR1* Th17.1 cells from 4 individual donors. *, P < 0.05 by paired Student's t test.
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Figure 3. Unique pro-inflammatory characteristics of human MDR1* Th17.1 cells. (A and B) Human CD4* memory T cells from pooled healthy
adult donor peripheral blood were FACS-sorted into Ty, (CCR7'°) Th17.1 (CCR6+*CCR4/°CXCR3"), Th17 (CCR6*CCR4"CXCR3'), or Th1 (CCR6~CCR4"°CXCR3")
cells. Th17.1 cells were sub-sorted into c-Kit* or c-Kit~ MDR1+ (Rh123"), or c-Kit"MDR1~ (Rh123") cells as indicated; Th17 and Th1 cells were sorted as
c-Kit"MDR 1~ cells (see Fig. S1 for gating/sorting strategy). All cells were stimulated with anti-CD3/anti-CD28 for 72 h and expression of ABCB1 (MDR1),
KIT (c-Kit), and KLRB1 (CD161; A), or IL17A, IL17F, IL22, CCL20, CSF2 (GM-CSF), and /FNG (B) was determined by nanostring. Data are shown as individual
(color-coded) and mean normalized raw expression values (AU, arbitrary units) in cells sorted from 2-3 independent donor pools, with each pool contain-
ing blood from 2-4 individual donors. (C) Expression of pathogenic (red dots) or nonpathogenic (blue dots) murine Th17-signature genes (Lee et al., 2012)
in Tgy c-Kit*MDR 1+, c-Kit"MDR 1+, or c-Kit"MDR1~ Th17.1 cells was determined by nanostring as in A and B. Mean normalized raw expression values
from 3 independent experiments performed on different donor pools containing blood from 2-4 individual donors were used for fold change calcula-
tions. (D) Expression of /L23R and SOCS3 mRNA was determined in human Tg, subsets by nanostring as in A and B. (E) FACS-sorted Tgy, subsets from
healthy donor peripheral blood (as in A and B) were stimulated with anti-CD3/anti-CD28 and cultured for 3 d with or without IL-23. Stat3 phosphoryla-
tion (pY705) was determined on day 3 by phospho-intracellular staining and FACS analysis. Gray filled histograms, media alone; red traced histograms,
plus IL-23. Representative FACS plots are shown and represent 3 independent experiments using cells isolated from different donor pools, with each pool
containing blood from 2-4 individual donors. (F) Stat3 phosphorylation was determined by flow cytometry in Tgy, subsets cultured with or without IL-23
for 3 d as in E. Data are shown as mean fold change in Stat3 pY705 MFI (IL-23/media alone) + SD from 3 experiments using cells isolated from different
(color-coded) donor pools. *, P < 0.05 by paired Student's t test. (G) FACS-sorted Tgy subsets from healthy donor peripheral blood were stimulated with
anti-CD3/anti-CD28 and cultured for 6 d with or without IL-23. On day 6, cells were restimulated with PMA and ionomycin and IL-17A and IFN-y expres-
sion was determined by intracellular cytokine staining and FACS analysis. FACS plots shown are representative of 3 experiments using cells sorted from
different donor pools, with each pool containing blood from 2-4 individual donors. Horizontal bars represent the mean values.
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were unique in their expression of, among other genes, the
multi-drug resistance type 1 membrane transporter ABCB1/
MDRU1 (also known as P-gp; Fig. 2 A and Table S1). Selective
ABCB1 gene expression in Th17.1 cells was confirmed by
nanostring experiments performed on Ty, subsets isolated from
two additional pools of healthy adult donor blood (Fig. 2 B).
Of the 50 known human ABC (ATP-binding cassette) trans-
porter genes, only ABCB1 (MDR 1) was differentially expressed
across Tgy subsets (Fig. S1).

To assess specificity and function of MDR1 expression
in human T cells, we labeled resting, ex vivo—isolated human
CD4" memory T cells with the fluorescent MDR1 substrate
rhodamine 123 (Rh123; Ludescher et al., 1992) and analyzed
the phenotype of cells capable of Rh123 efflux via FACS.
As predicted by microarray, Rh123 efflux in human CD4"*
memory T cells was restricted to a subset of CCR6" cells
(Fig. 2 C). Efflux of Rh123 was mediated by MDR 1, as it was
abolished by treatment of labeled cells with cyclosporine A,
a known modulator of MDR1 activity, as well as by a selective
MDR1 antagonist, elacridar (Fig. 2 C; Hyafil et al., 1993;
Turtle et al., 2009). Further analysis revealed that nearly all
CCR6"T™™MDR1* memory T cells were CCR4PCXCR3M
Th17.1 cells, whereas CCR4MCXCR3" Th17 cells were
enriched in CCR6" cells lacking MDR1 activity (Fig. 2 D).

MDR1 activity in nonmalignant cells is often associated
with long-lived progenitor and stem cells, many of which also
express the receptor for stem cell factor, c-Kit (Chaudhary
and Roninson, 1991; Sincock and Ashman, 1997). In addition,
Th17 cells in both mice and humans have been reported to
display stem cell-like characteristics (Kryczek et al., 2011;
Muranski et al., 2011). Consistent with these notions, we
found that a sizeable fraction of MDR 1% (Rh1239) Th17.1
cells also expressed c-Kit (Fig. 2 E). All ¢-Kit™ Th17.1 cells
displayed robust MDR1 activity, as judged by Rh123 dye
efflux, although MDR1 activity was also evident in c-Kit~
Th17.1 cells (Fig. 2 E). We confirmed that Th17.1 memory
cells expressing c-Kit and/or displaying MDR 1 activity were
CD3*CD4" (unpublished data), ruling out the possibility that
expression of these markers within our purified memory
T cell preparations were coming from non—T cell contami-
nants. Like MDR1, c-Kit expression on CD4* memory
T cells was almost entirely restricted to the Th17.1 subset, and
both ¢-Kit and MDR1 expression were either low or absent
onTh1,Th2,Th17,T reg, or naive CD4* T cells (Fig. 2 E and
not depicted). In contrast to these tightly restricted expression
patterns of c-Kit and MDR1, CD161 was more broadly
expressed on effector and regulatory T cell lineages (Fig. 2,
E and F). Although CD161 expression was enriched within
the Th17.1 compartment, it was not differentially expressed
among c-Kit"MDR1*, ¢-Kit"MDR17, and ¢-Kit" MDR1~
Th17.1 subsets (Fig. 2, E and F).

In accord with the selective expression of c-Kit and
MDR1 on only a subset of CCR6" Th17 cells, ectopic expres-
sion of the core Th17 transcription factor RORC in human
naive CD4" T cells induced c-Kit expression in only a portion
of transduced cells, and it failed to promote any detectable
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MDR1 activity over control-transduced cells (Fig. 2 G). In
contrast, RORC strongly induced IL-17A expression and
uniformly up-regulated CCRS6, as previously reported (not
depicted; Manel et al., 2008). Thus, c-Kit and MDR1 are se-
lectively expressed on a small subset of human Th17.1 cells,
and RORC expression alone is not sufficient to fully induce
their expression.

In stem cells, c-Kit signaling controls pluripotency and
self-renewal; it is rapidly down-regulated as stem cells are
mobilized or induced to differentiate (Simmons et al., 1994;
Roberts et al., 1999). This knowledge, together with our
microarray data indicating that TCR-stimulated Ty, subsets
do not express KIT mRNA (not depicted), suggested that
c-Kit expression in mature CD4" memory T cells is transient
and is suppressed upon T cell activation/differentiation. To
test this, we FACS-sorted CCR6"¢c-Kit* or CCR6™ memory
T cells (which uniformly lack c-Kit expression), and either
left them resting in media alone or activated them with anti-
CD3/anti-CD28 beads with or without IL-23. After 6 d,
c-Kit expression and MDR1 activity was assessed via FACS
analysis. Unstimulated CCR6*¢c-Kit" cells and those activated
via TCR 1n the absence of IL-23 both maintained c-Kit ex-
pression (Fig. 2 H). In contrast, CCR6*¢c-Kit" cells stimulated
through TCR in the presence of IL-23 down-regulated c-Kit
(Fig. 2 H). Despite loss of c-Kit, CCR6"c-Kit* cells expanded
by TCR plus IL-23 stimulation maintained stable MDR 1
activity (Fig. 2 H). CCR6~ memory T cells, which lacked
c-Kit expression and MDR1 activity ex vivo, remained
c-Kit™MDR1™ after activation and expansion in vitro (Fig. 2 H).
Further consistent with a model in which ¢-Kit"MDR1*
cells give rise to c-KitTMDR1* cells in vivo, we found that
c-Kit"MDR 1" Th17.1 memory cells expressed higher levels
of CCR7 ex vivo versus c-KitTMDR1* Th17.1 cells (Fig. 2,
I and J). Collectively, these data suggest that MDR 1 activity sta-
bly marks a novel lineage of human Th17 memory cells, com-
prised of both ¢-Kit" and c-Kit™ cells, and that c-Kit"MDR 17
cells give rise to c-KitTMDR1* cells after activation in pro-
inflammatory settings.

MDR1+* Th17.1 cells display unique,

pro-inflammatory characteristics

To investigate the putative function of human MDR 17 Th17.1
subsets, we analyzed gene expression in c-KittMDRI1",
c-KitTMDR1*, or ¢-KitTMDR1~ Th17.1 cells after FACS
purification (Fig. S2) and ex vivo stimulation. For compari-
son, we also analyzed FACS-sorted c-Kit"MDR 1~ Th17 or
Th1 (CCR6-CCR4°CXCR3") memory cells (Fig. S2). We
confirmed that ¢-KitrMDR1" and c-Kit"MDR1* Th17.1
cells sorted based on Rh123 efflux displayed selective, high-
level ABCB1 (MDR1) gene expression, whereas KIT (c-Kit)
expression, presumably as a function of ex vivo stimulation,
was low in all subsets (Fig. 3 A). Consistent with our ex vivo
FACS analyses, KLRB1 (CD161) mRNA expression was
elevated in Th17.1 cells versus either Th17 or Th1 cells, and
was high in Th17.1 cells independent of c-Kit expression or
MDRU1 activity (Fig. 3 A).
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c-KitTMDR1~Th17 or Th1 cells displayed polarized ex-
pression of Th17-associated (IL17A, IL17F, IL22, CSF2, and
CCL20) or Thl-associated (IFNG) transcripts, respectively,
whereas c-Kit"MDR1* Th17.1 cells, and to a lesser extent
c-KitTMDR1* Th17.1 cells, were polyfunctional, expressing
high levels of both Th17- and Thl-associated mRNAs
(Fig. 3 B). In contrast, and in spite of high-level CD161 ex-
pression, c-Kit”TMDR 1~ Th17.1 cells displayed reduced levels
of both Th17- and Thl-associated transcripts versus either
c-Kit"tMDR1* or ¢-KitTMDR1* Th17.1 cells, indicating that
T cell polyfunctionality is associated with c-Kit and MDR1 ex-
pression specifically, and not the broader Th17.1 (CCR67
CCR4PCXCR3MCD161%) phenotype (Fig. 3 B). c-Kit" and
c-Kit™ MDR1*Th17.1 subsets also displayed increased levels
of transcripts associated with pathogenic mouse Th17 cells,
including CCL3, GZMB, IL7R, CASP1, and LGALS3, rela-
tive to c-KitTMDR1~ Th17.1 counterparts, and showed de-
creased expression of mRINAs found in nonpathogenic mouse
Th17 cells, most notably IL9, IL10, MAF, IL6ST, and IL1RN
(Fig. 3 C; Ghoreschi et al., 2010; Lee et al., 2012). Along these
lines, IL23R expression was consistently two- to threefold
higher in both c-Kit"MDR1* and ¢-KitTMDR1* Th17.1
cells relative to ¢c-KitTMDR1~ Th17.1 or Th17 cells, and
5- to 10-fold higher than II23R expression seen in c-Kit™~
MDR1™ Th1 cells (Fig. 3 D). Pro-inflammatory signaling
downstream of IL-23/IL-23R is thought to proceed through
STAT3, and both MDR1* Th17.1 cell subsets displayed
consistently reduced expression of the STAT3 negative reg-
ulator SOCS3 (Chen et al., 2006) versus c-KitTMDR1~
Th17.1,Th17,0rTh1 subsets (Fig. 3 D). Thus, human MDR 17
Th17.1 subsets are endowed with a unique, pro-inflammatory
transcriptional signature that both mimics disease-inducing
Th17 subsets in mice and predicts increased responsiveness
to IL-23 stimulation.

To directly measure the responses of MDR1" Th17.1
subsets to IL-23, we activated FACS-sorted c-KittMDR1*
or c-KitTMDR1" Th17.1 cells, as well as ¢c-Kit T MDR1~
Th17.1,Th17, or Th1 cells, through the TCR and expanded
them with or without IL-23. IL-23 responses were deter-
mined by FACS analyses of STAT3 tyrosine phosphorylation
(Y705) and IL-17A up-regulation. IL-23—induced STAT3
phosphorylation was indeed augmented in both c-Kit"
MDR1" and c¢-KitTMDR1* Th17.1 cells versus c-Kit™
MDR1™ Th17.1, Th17, or Th1 cells across three experi-
ments in different donor pools (Fig. 3, E and F). IL-23 stimu-
lation also strongly increased IL-17A production in c-Kit*
MDRI1* and c-KitTMDR1* Th17.1 cells (two- to fourfold)
compared with the same cells activated in the absence of
IL-23 (Fig. 3 G). In contrast, IL-23 stimulation had little im-
pact on IL-17A production by ¢-Kit”MDR1~Th17.1,Th17,
or Th1 subsets (<1.5-fold over cells activated without IL-23).
In addition to making more IL-17A and IFN-vy, greater per-
centages of c-Kit"MDR1" and ¢-KitTMDR1* Th17.1 cells
expressed TNF and GM-CSF versus c-Kit"TMDR 1~ memory
T cell subsets—irrespective of IL-23 stimulation—and both
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MDR1" Th17.1 subsets displayed reduced production of
IL-10 relative to MDR 1™ T cell subsets (unpublished data).
Collectively, these findings establish that c-Kit"MDR1" and
c-KitTMDR1* Th17.1 cells display several hallmarks of a
pro-inflammatory Th17 cell lineage, including: production of
both Th17 and Th1 cytokines; a transcriptional signature akin
to that of pathogenic mouse Th17 cells; and heightened func-
tional responses to IL-23.

MDR1 distinguishes pro-inflammatory Th17.1 cells

within clinically inflamed tissue

To determine their relevance in a clinical setting of inflam-
matory disease, we analyzed MDR 1" Th17.1 cells in the pe-
ripheral blood and gut of patients with active CD (Table 1).
As expected, CD4" T cells isolated from CD patient un-
involved or involved gut tissues were highly enriched for
CD45RO*CCR7 Tgy cells compared with those from
blood (Fig. 4 A). Furthermore, and consistent with previous
studies (Kleinschek et al., 2009; Zorzi et al., 2013), ex vivo—
stimulated memory T cells from CD patient gut produced
more IL-17A and IFN-vy, but less IL-4, compared with mem-
ory cells from patient-matched peripheral blood (unpublished
data). Despite these observations indicating the presence of
Th17 and Th1 Ty, cells, surface expression of CCR6 and
CXCR3 was markedly decreased on CD4" memory T cells
after isolation from gut tissues, in contrast to cells from
patient-matched peripheral blood (unpublished data). MDR 1
activity, in contrast, was readily detectable in both blood- and
gut-derived T cells from CD patients; in both cases MDR 1
activity was restricted, within CD3*CD4" T cells, to a subset
of CD45RO* memory T cells (Fig. 4 B). The proportions of
both total and MDR1* (Rh123") memory T cells were en-
riched in uninvolved and involved gut, relative to peripheral
blood, and MDR1* memory cells were further increased in
involved versus uninvolved gut tissue (Fig. 4, B and C).
MDR 1" memory T cells from either uninvolved or involved

Table 1. CD patient data
Characteristic Number
Total patients 6
Gender
Male 2
Female
Ethnicity
White non-Hispanic 3
Hispanic/white
Hispanic 1
Age
Range 26-59
Mean + SD 39.8 + 13.8
Diagnosis
CD 5
IBD, unspecified 1

Demographic data on the cohort of CD patients used in this study is shown.
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Figure 4. MDR1* Th17.1 cells are en-
riched and activated in clinically inflamed
tissue. (A) Mononuclear cells were isolated
from CD patient peripheral blood (PBMC; left),
uninvolved gut (middle), or involved gut
(right), and were analyzed for expression of
CD45R0 and CCR7. Data shown are on
CD3*CD4+*CD25~ gated T cells and represent
5 experiments on cells from different patients.
(B) Mononuclear cells from CD patient PBMC,
uninvolved gut, or involved gut tissue (as in A)
were loaded with Rn123, stained with anti-
bodies against CD3, CD4, CD25, CD45R0,
c-Kit, and CD161 after a 1-h Rh123 efflux
period at 37°C, and analyzed by FACS. Data
shown are on CD3*CD4+CD25-CD45R0*
gated memory T cells. Rh123 efflux versus
c-Kit (top) or CD161 (bottom) expression is
shown. Data represent 3 (CD161 staining) or
4 (c-Kit staining) experiments on cells isolated
from different patients. (C) Percentages of
total memory (CD45R0*) cells (top left),
MDR1*/Rh123" memory cells (top right),
c-Kit*MDR1*/Rh123' memory T cells (bottom
left), or CD161*MDR1*/Rh123° memory cells
(bottom right) were determined in CD patient
PBMC, uninvolved gut, or involved gut tissue
by FACS analysis as in B. Data are shown as
mean percentages + SD from 3-5 individual
patients. *, P < 0.05; ™, P < 0.01 by paired
Student's t test. (D) MDR1+ (Rh123'°) or
MDR1~ (Rh123") CD3*CD4+CD25-CD45R0*
memory T cells were FACS-sorted from the
PBMC of one HC donor or from mononuclear
cells isolated from the involved gut of one CD
patient. Sorted cells were lysed directly ex vivo,
and RNA was isolated for microarray
analysis. Relative (fold change) expression of
ABCBT (MDR1), KIT (c-Kit), KLRBT (CD161), or
IL17Ais shown for the T cell subsets as indi-
cated. (E) Relative ex vivo expression (Log,
fold change) of pathogenic mouse Th17-
signature genes (red; Lee et al., 2012), non-
pathogenic Th17-signature genes (blue; Lee
et al., 2012), or other notable (gray) genes was
determined by microarray analysis of MDR1*

or MDR1~ memory T cells sorted from involved CD patient gut tissue as in D. (F and G) Mononuclear cells isolated from involved CD patient gut tissue
were FACS-sorted into MDR1+ or MDR1~ CD3+*CD4*CD25-CD45R0* memory T cells, and expression of pathogenic (F) or nonpathogenic (G) mouse Th17-
signature genes (Lee et al., 2012) was analyzed by nanostring. Data are shown as individual (color coded) and mean expression values (AU - arbitrary
units) from 2 independent patients. Horizontal bars represent the mean values.

gut tissue were almost entirely c-Kit™ and CD1617 (Fig. 4 B),
and CD161 expression was high in both MDR1" and
MDRI1™ memory T cells from CD patient gut tissues (Fig. 4 B).
Unlike MDR1* T cells, however, MDR1-CD161" mem-
ory T cells were not enriched in involved tissue (Fig. 4 C).
Thus, as in healthy donor peripheral blood, MDR 1 expres-
sion in the gut of CD patients distinguishes a subset of
CD161* Th17.1 cells, and these cells are increased in actively

inflamed tissue.
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To assess whether MDR 1% memory T cells in involved
CD tissue display hallmarks of pro-inflammatory Th17 cells,
we defined the ex vivo transcriptional profiles of MDR1*
and MDR 1~ CD4* memory T cells isolated from surgically
resected involved gut tissue of a CD patient. MDR 1" or
MDR1~ CD4" memory T cells were FACS-sorted based on
Rh123 efflux, and, as controls, we also analyzed gene expres-
sion profiles of MDR 1% or MDR 1™ memory T cells similarly

sorted from the peripheral blood of an unmatched healthy
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adult donor (healthy control [HC]). Both blood- and involved
gut-derived Rh123"° CD4* memory T cells expressed ~20-
fold higher levels of ABCBT mRINA compared with Rh123"-
sorted memory cells, whereas only blood-derived MDR 17
(Rh1231) T cells expressed appreciable levels of KIT mRNA
(Fig. 4 D).These latter results were consistent with the c-Kit™
surface phenotype of gut-derived MDR1* T cells observed
by FACS analysis. In contrast to either MDR1* or MDR 1~
memory T cells from peripheral blood, both subsets isolated
from involved gut tissue showed evidence of in vivo activa-
tion (e.g., elevated CD69 expression; not depicted), and both
expressed equivalent levels of KLRB1 (CD161) and IL17A
(Fig. 4 D). Despite these similarities, MDR1" T cells from
involved gut displayed selective expression of numerous pro-
inflammatory cytokine and chemokine transcripts, as well as
many pathogenic murine Th17-signature mRNAs, including
IL23R, CSF2, IL22, TNF, CCL20, and CCL35, relative to
local MDR1™ T cells (Fig. 4 E; Lee et al., 2012). In contrast,
MDR1"~ cells from involved gut displayed increased expres-
sion of nonpathogenic murine Th17-signature genes, includ-
ing MAF, IL10, IL6ST, ILIRN, and IKZF3 (Lee et al., 2012),
as well as other genes generally associated with T reg cells,
such as FOXP3 and TNFRSF9 (4-1BB; Fig. 4 E; So et al,,
2008; Josefowicz et al., 2012). This selective, pro-inflammatory
transcriptional profile of MDR1* memory T cells was con-
firmed in nanostring experiments of MDR1* and MDR1~
memory T cells isolated from involved gut tissue of two
additional CD patients (Fig. 4, F and G). As a whole, these
data indicate that pro-inflammatory MDR1*Th17.1 cells are
enriched and activated in involved gut tissue of CD patients.

MDR1+* Th17.1 cells are resistant to
glucocorticoid-mediated T cell suppression

MDR1 is best known for mediating tumor resistance to che-
motherapy (Gottesman et al., 2002). In T cells, MDR1 re-
portedly modulates activity of anti-retroviral compounds
(Weiss and Haefeli, 2010), though little is known about its
physiological substrates and functions. Several natural and
synthetic glucocorticoids (i.e., steroids), including dexameth-
asone, prednisolone, and 6a-prednisolone, have been shown
to be substrates for MDR1 efflux (Crowe and Tan, 2012).
Because steroids are first-line therapy for many autoimmune
diseases, including CD (Flammer and Rogatsky, 2011), we
sought to determine whether MDR1* Th17.1 cells are dif-
terentially responsive to steroids, and whether MDR 1 activity
directly modulates T' cell responses to steroids.

To address these questions, we cultured CD4* T cells
(from healthy donor peripheral blood) stimulated through the
TCR with or without glucocorticoids. To distinguish be-
tween steroid-specific effects and those associated with other
types of immunosuppression, some cultures were treated with
the nonsteroidal immunosuppressant rapamycin (Araki et al.,
2011). Before culturing cells, we determined the baseline per-
centages of c-Kit" and ¢-Kit™ MDR1" memory T cells within
individual donor CD4" T cell compartments by ex vivo
FACS analysis (Fig. 5 A). We then analyzed the proportion of

98

MDR17 cells within control- or steroid-treated CD4" T cell
cultures at various time points after activation. With the
exception of activation-dependent c-Kit down-regulation,
which we noted previously, no changes were observed in the
proportions of MDR 1% (Rh1231) T cells within control-
or steroid-treated T cell cultures during the first 5 d (Fig. 5,
B and C). In contrast, proportions of both ¢-Kit™ and c-Kit*
MDRI1" T cells increased markedly within steroid-treated
cultures by day 12, in most experiments increasing two-
to threefold over baseline (day 0; Fig. 5, B and C). Selection
for MDR1* T cells was steroid-specific, as neither DMSO-
nor rapamycin-treated cultures showed similar increases in
MDR1* T cell proportions, although smaller increases in
MDR1* T cell frequencies were observed in the presence of
rapamycin in most experiments (Fig. 5, B and C). The pred-
nisolone derivative, 6a-methylprednisolone, also prompted
expansion of MDR1* T cells within mixed T cell cultures
(unpublished data).

Expansion of MDR1* T cells in the presence of dexa-
methasone or prednisolone was dose-dependent (Fig. 5 D)
and was associated with increased proliferation of MDR1*
(Rh123) versus MDR 1~ (Rh123") T cells (Fig. 5 E), as
judged by CellTrace dye dilution experiments. In contrast,
MDR1" and MDR1™ T cells proliferated equally in vehicle
(DMSO)-treated cultures or cultures treated with rapamycin
(Fig. 5 E), indicating that differences in MDR 1% T cell pro-
liferation were context (steroid)-dependent, not intrinsic. Fur-
thermore, MDR1* (Rh1231°) T cells expanded in the presence
of dexamethasone or prednisolone for up to 2 wk remained
high for ABCB1 gene expression (not depicted), and these
cells maintained a pro-inflammatory transcriptional signature
relative to bystander MDR1™ T cells, as exemplified by ele-
vated IL23R expression (Fig. 5 F).

Increased expression of anti-inflammatory cytokines, par-
ticularly IL-10, is another hallmark of steroid action on T cells
(Barrat et al., 2002). Therefore, to examine the impact of steroids
on'T cell cytokine production, we FACS-sorted CCR6*MDR 17,
CCR6™MDR17, and CCR6"MDR1™ memory T cell subsets,
activated them through the TCR in the presence or absence of
steroids, and then restimulated the cells after 5 d to measure
cytokine production via intracellular staining. As before, more
MDR1* T cells expressed pro-inflammatory cytokines, includ-
ing IFN-y, and fewer of these cells produced IL-10 relative to
MDR1™ T cell subsets (Fig. 5 G). Addition of either dexa-
methasone or prednisolone, but not rapamycin, to CCR6" or
CCR6"MDR1™ memory T cells increased IL-10 production
between two- and fourfold, and led some cells to produce both
IFN-y and IL-10 (Fig. 5 G). In contrast, neither dexamethasone
nor prednisolone increased IL-10 production by MDR1* T cells
(Fig. 5 G). Expression of most pro-inflammatory cytokines, in-
cluding IFN-y and IL-17A, were not responsive to steroid treat-
ment in any of the subsets analyzed (Fig. 5 G and not depicted).
Thus, in addition to their unique, pro-inflammatory transcrip-
tional signature and their enrichment within involved tissue
from CD patients, human MDR1* Th17.1 cells are broadly re-
sistant to glucocorticoids.
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A CD4' T cells CD45R0O" gate Figure 5. MDR1* Th17.1 cells are refrac-
o L,18 2 tory to glucocorticoid-mediated T cell
Dayo & suppression. (A) Total CD4* T cells from
2 QT 1 healthy donor peripheral blood were labeled
O © C Qowmso sk with Rh123, stained for CD45R0 and c-Kit
Rh123 — Rh123 — - LiBex T expression after Rh123 efflux, and analyzed
B DMSO Dex Pred <=>§§E§£; = for the frequency of c-Kit* and c-Kit~ MDR1*
7 > CEE ik (Rh123") memory T cells ex vivo (day 0) by
g 601 5 Donor 4 ki flow cytometry. FACS plots show MDR1
Day 5 % - (Rh123 efflux) activity versus CD45R0 (left) or
i 2,0 m ¢ c-Kit (right) expression. Data represent 4 ex-
: § & m A -— periments on individual donors. (B) Total CD4*
s |® .I. Ao © ‘ T cells were stimulated with anti-CD3/anti-
Day 12 G201 o & ¥ :‘ = CD28 and were cultured for 5 d (top) or 12 d
g . (bottom) in the presence of DMSO (vehicle),
o 0 . . dexamethasone (Dex; 0.1 uM), prednisolone

Day 5 Day 12 (Pred; 1 uM), or rapamycin (Rap; 0.1 uM). At
Deo E F OMDR1 days 5 and 12, cells were analyzed by FACS for
o SppRL Rh123 efflux and c-Kit expression as in A.
™ 60 DMSO Dex Pred Rap ® Donor 2 .
¢ f ‘! e 5, 003 FAQS plots shc.)wrj are representative of 4 ex-
Z 40 \‘V‘ Mm ORh123° \ﬂ ° i periments on individual donors. (C) Percentage
g AJ[V H\f\ [{,f Il JJ N % S 10 *, of Rh123° (MDR1+) cells within total CD4+
g 20 | W, /‘ L | \ gé 5 = : T cells cultured for 5 or 12 d with DMSO, Dex,
a C R t ¢ : N S - Pred, or Rap was determined by FACS analysis
e elirace viole " = O D&xX Pred as in B. Data are shown as individual (color
Dex (uM) Pred (uM) coded) and mean percentages of Rh123" cells
G H womso | - Wowso Eom 4 independ.ent donors. * P <0.05; .
N o0 " Elacridar - ,P < 0.01 by paired Student's t test. Horizon-
CCRG6* © 2 tal bars represent the mean values. (D) Total
MRRA" & 3 CD4+ T cells were stimulated with anti-CD3/
o 0 =] anti-CD28 and treated with titrating concentra-
‘GEJ " f tions of dexamethasone (Dex; left) or predniso-
CCR6* 5 § lone (Pred; right). At day 12, the frequency of
MDR1- o E Rh123" cells was determined by Rh123 efflux
0 O & b and FACS analysis. Data are shown as mean
0@9 P MDR1- MDR1* percentgges of Rh123'° (MDRH Tcells + SD
CCR& from 4 independent experiments performed on
MDR1- cells from different donors. (E) Total CD4* T cells
= were labeled with CellTrace violet, stimulated
£ with anti-CD3/anti-CD28, and treated with

IL-10 > DMSO, Dex, Pred, or Rap as in B. On day 5,
cells were further labeled with Rh123 and were

analyzed for Rh123 efflux and CellTrace violet dilution by FACS analysis. Overlaid histograms show CellTrace violet dilution in T cells gated as MDR1*/
Rh123" (red histogram) or MDR1~/Rh123" (blue histogram); data represent 4 experiments performed on T cells isolated from individual donors. (F) Total
CD4+ T cells were stimulated with anti-CD3/anti-CD28, treated with dexamethasone (Dex; 0.1 pM) or prednisolone (Pred; 1 uM), and cultured for 12-14 d.
Cells were then loaded with Rh123, FACS-sorted into MDR1+/Rh123'° and MDR1~/Rh123" cells, and RNA was isolated to determine /L23R gene expression
by qPCR. Expression of /L23R was normalized to ACTB (-actin). Data are shown as relative (fold change) IL23R expression in MDR1+ (Rh123'°) and MDR1~
(Rh123M) T cells sorted from Dex- or Pred-treated cultures. Individual (color-coded) and mean values are shown for 3 experiments performed on cells from
different donors. *, P < 0.05 by paired Student's t test. Horizontal bars represent the mean values. (G) FACS-sorted CCR6*MDR1+/Rh123'°, CCR6*MDR 1~/
Rh123", or CCR6-MDR1~/Rh123" cells were stimulated with anti-CD3/anti-CD28, treated with DMSO, dexamethasone (Dex; 0.1 uM), prednisolone (Pred;
1 uM), or rapamycin (Rap; 0.1 uM), and cultured for 5 d. Cells were restimulated with PMA and ionomycin, and IFN-y and IL-10 expression was determined by
intracellular staining and flow cytometry. FACS plots are representative of 4 experiments using cells sorted from individual donors. (H) Total CD4+ T cells
were stimulated with anti-CD3/anti-CD28, treated with DMSO, dexamethasone (Dex; 0.1 uM), or prednisolone (Pred; 1 uM), in the absence (DMSO) or pres-
ence of elacridar (0.1 uM). Cells were cultured for 12 d and were then analyzed for Rh123 efflux by FACS as in A, B, and D. Data are shown as percentage of
MDR1+/Rh123° T cells + SD from 3 independent experiments using cells from different donors. (I) FACS-sorted MDR1~ or MDR 1+ (CCR6*) cells were stimu-
lated with anti-CD3/anti-CD28 and cultured in the absence (DMSO) or presence of dexamethasone (Dex; 0.1 uM), or prednisolone (Pred; 1 uM) plus vehicle
(DMSO; D) or 0.1 uM elacridar (E) for 5 d. Cells were restimulated with PMA and ionomycin, and IL-10 expression was determined by intracellular cytokine
staining and FACS analysis. Data are shown as mean percentages of IL-10-expressing cells + SD from 3 donors. *, P < 0.05 by paired Student's t test.

To address the contribution of MDR1 efflux activity to inhibitor elacridar could sensitize MDR1* Th17.1 cells to
glucocorticoid resistance in MDR 1" Th17.1 cells, we asked  the anti-inflammatory effects of glucocorticoids. However,
whether perturbing efflux activity via the selective MDR1 using concentrations of Elacridar (0.1 uM) that block 99% of
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Rh123 efflux activity, we observed that elacridar did not
reduce MDR1" T cell expansion within mixed T cell cul-
tures treated with dexamethasone or prednisolone, and elac-
ridar did not facilitate IL-10 up-regulation in steroid-treated
MDR1* T cells (Fig. 5, H and I). Thus, whereas MDR1
expression marks steroid-resistant Th17.1 cells, its function,
at least as manipulated by elacridar, is not a major determi-
nant of this phenotype.

DISCUSSION
IL-23 is a central regulator of pathogenic Th17 cell function
in humans and mice (Croxford et al.,2012). Using IL23R ex-
pression levels as a surrogate to define the pro-inflammatory
potential of human effector/memory T cell subsets (Ghoreschi
et al.,2010; Lee et al., 2012), we show that IL23R expression
does not track with that of canonical Th17 cytokines (e.g.,
IL17A and IL17F) but rather is increased in CCR6" Th17
subsets that display Thl-like properties (i.e., Th17.1 cells),
namely expression of IFN-y and CXCR3. Previous studies in
mice suggest that IL-23 promotes inflammation, in part
though induction of (or selection for) IFN-y expression in
Th17 cells, for example in EAE and T cell-induced colitis
(Ahern et al., 2010; Codarri et al., 2011; Hirota et al., 2011).
Consistent with these data, we find that an increased percent-
age of effector/memory T cells from involved gut tissue of
CD patients produce both IL-17A and IFN-vy, compared
with those from patient-matched peripheral blood; a previ-
ous study indicates that gut-infiltrating T cells in CD patients
are highly sensitive to IL-23 stimulation (Kleinschek et al.,
2009). Furthermore, we show that elevated expression of
IL23R in human Th17.1 cells coincides with expression of a
broader pathogenic Th17 transcriptional signature defined
previously in mice (Ghoreschi et al., 2010; Lee et al., 2012).

Th22 cells are another effector/memory T cell subset that
has both similar and nonoverlapping features relative to Th17
cells. Like Th17 cells, Th22 cells are CCR6TCCR4"CXCR3le
and they produce IL-22 (Duhen et al., 2009; Eyerich et al.,
2009; Trifari et al., 2009). Unlike Th17 cells, however, Th22
cells express additional skin-homing receptors, including
CCR10 and CLA (cutaneous lymphocyte antigen), and they
do not express IL-17A or IL-17F (Duhen et al., 2009; Eyerich
et al., 2009; Trifar1 et al., 2009). Not surprisingly, we observed
that IL.22 mRNA expression in CCR6YCCR4MCXCR3
(Th17) cells sorted from independent donors (or donor pools)
tracked with the level of contaminating Th22 cells, which
varied between 4 and 16% of Th17 cells in our experiments.
Despite this variable, however, expression of both IL23R and
pathogenic murine Th17-signature genes was consistently in-
creased in Th17.1 versus Th17 cells. Similar expression profil-
ing of purified Th22 cells and other recently identified Tgy,
lineages (e.g., Tth cells, Th9 cells; Cosmi et al., 2013) will be
important for a broader picture of pathogenic gene expres-
sion in the human immune system.

Despite elevated IL23R expression in human Th17.1 cells,
neither they norTh17 cells display robust functional responses
to IL-23 stimulation, as judged by IL-17A up-regulation.
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Rather, both high-level IL23R expression and marked func-
tional responses to IL-23 stimulation (i.e., STAT3 phosphory-
lation, IL-17A induction) are restricted to a subset of Th17.1
cells that also expresses the multi-drug transporter MDR 1/P-gp.
MDR 1" Th17.1 cells also show increased expression of Th17
and Th1 cytokines upon activation, and they selectively ex-
press pathogenic mouse Th17-signature genes (Ghoreschi et al.,
2010; Lee et al., 2012), relative to either MDR1~ Th17 or
Th1 cells. Notably, these pro-inflammatory characteristics of
MDR1* Th17.1 cells are independent of another putative
marker of activated human Th17 cells, CD161, which is gen-
erally enriched within Th17.1 cells but is not different be-
tween MDR 1% and MDR 1™ Th17.1 subsets.

Importantly, we show that MDR1*" Th17.1 cells are
prevalent in actively inflamed gut tissue from CD patients,
and that these cells display a marked pro-inflammatory tran-
scriptional signature compared with local MDR 1~ memory
T cells. MDR1* memory T cells are proportionately increased
in both uninvolved and involved gut tissue from CD patients,
relative to patient-matched peripheral blood, and are further
enriched in involved versus uninvolved gut tissue. Although
the cohort analyzed in this study is small and it is difficult
to draw general conclusions about MDR 1" Th17.1 cells
in broader CD patient populations, these data suggest that
MDR1* T cell prevalence in involved CD patient gut tissue
is a function of both preferential gut homing and active in-
flammation. As with Th17.1 cells from peripheral blood, both
MDR1" and MDR 1™ memory T cells from CD patient gut
tissue are largely CD161%, consistent with a previous study
describing CD161-expressing T cells in CD patient gut biop-
sies (Kleinschek et al., 2009). However, unlike MDR 1" mem-
ory T cells, MDR17CD161* memory cells are not enriched
in involved versus uninvolved gut tissue of CD patients. Thus,
MDR1 expression discriminates human pro-inflammatory
Th17 cells in both blood and clinically inflamed tissue be-
yond that identified by current makers, including CD161.

MDR1 activity assays have been leveraged previously to
characterize human tumors and to anticipate patient responses
to therapy (Ludescher et al., 1992). Our experiments serve as
a proof-of-principal that similar assays could be used for diag-
nostic or patient stratification purposes in CD patients. It will
also be important to determine how the current findings extend
to other inflammatory diseases, and to ask whether MDR 17
Th17 cell numbers change in autoimmune patients propor-
tionate with disease remission/progression or upon treatment
with specific therapies.

Of further relevance to clinical inflammation and therapy,
we show that MDR1* Th17.1 cells are resistant to the im-
munosuppressive effects of several natural and synthetic gluco-
corticoids. Glucocorticoids, including some tested in this study
(dexamethasone, prednisolone, and 6a-methylprednisolone),
are widely used in the treatment of CD, other IBDs, and
other, non-IBD autoimmune disorders (Flammer and R ogatsky,
2011). However, patient responses to steroid therapy are un-
predictable and are often plagued by the development of
steroid-resistant disease. The reasons underlying clinical steroid
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resistance remain uncertain (Barnes and Adcock, 2009). Our
data show not only that MDR 1" Th17.1 cells are refractory to
the anti-proliferative and IL-10-inducing actions of steroids
but also that these cells are actively and specifically selected for
within mixed T cell cultures upon exposure to steroids. On
one hand, these results are consistent with previous studies
linking Th17 cells to steroid-resistant airway inflammation in
mice and humans (McKinley et al., 2008; Alcorn et al., 2010;
Ano et al., 2013). On the other hand, these data extend cur-
rent notions of steroid resistance in Th17 cells by identifying
a distinctive subset of Th17 cells that may underlie steroid hy-
poresponsiveness. It is also interesting to speculate, based on
our findings, that steroid treatment of autoimmune patients
may directly enrich for precisely the pro-inflammatory T cell
subsets linked with inflammation and drug resistance. Of
course, larger studies will be required to determine if, indeed,
MDR1* Th17.1 cell selection occurs in autoimmune patients
upon steroid treatment, and whether such selection is tied to
(or is predictive of) clinical outcomes.

It is unclear from our studies whether MDR 1 contributes
directly to pro-inflammatory T cell function or steroid resis-
tance. In spite of the fact that MDR1" Th17.1 cells display
resistance to several glucocorticoids that are also known
MDR1 substrates (Crowe and Tan, 2012), perturbing MDR 1
efflux activity with the small molecule inhibitor elacridar
neither influences MDR1* Th17.1 cell function at steady-
state nor sensitizes these cells to the immunosuppressive effects
of glucocorticoids. Consistent with this, a previous study
suggests that steroid resistance in Th17 cells is, at least partly,
regulated by epigenetic repression of glucocorticoid target
genes (McKinley et al., 2008). Although our results suggest
that MDR1 function is not involved in the regulation of
T cell responses to steroids, it remains an open question
whether MDR1 contributes to T cell steroid resistance in
a manner that is not sensitive to perturbation by elacridar.
A recent study by Strouse et al. (2013) demonstrated that in-
dividual MDR1 inhibitors do not uniformly regulate eflux of
all MDR1 substrates. Furthermore, structural studies indicate
that MDR 1 has two discreet substrate-binding pockets and is
capable of accommodating multiple substrates/inhibitors si-
multaneously (Aller et al., 2009). Thus, whether elacridar or
other MDR 1 inhibitors block glucocorticoid efflux will need
to be determined empirically. MDR 1 may also regulate the
intracellular concentrations of other endogenous small mole-
cules that influence Th17 differentiation, Th17 cell effector
function, and/or IL-23R signaling. Alternatively, MDR 1 may
actinT cells as a survival factor, for example by effluxing tox-
ins or other xenobiotic compounds in the gut.

Drug transporter/dye efflux activity is widely considered
a feature of long-lived stem and progenitor cells (Chaudhary
and Roninson, 1991; Sincock and Ashman, 1997). Further-
more, Th17 cells in both mice and humans have been shown
to harbor stem cell-like properties (Kryczek et al., 2011;
Muranski et al., 2011). Consistent with these notions, we
show that a sizeable proportion of MDR1* Th17.1 cells from
healthy donor peripheral blood express the stem cell marker
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c-Kit. We show several results supporting a model wherein
c-Kit"MDR 1" memory T cells act as precursors to seed
pathogenic c-Kit"MDR1" progeny cells after activation
under inflammatory conditions: c-Kit"tMDR1* Th17.1 cells
can give rise to c-KitTMDR1* cells in vitro, after T cell
activation in the presence of IL-23; ¢-Kit"MDR1" Th17.1
cells are less mature than c-KitTMDR1*Th17.1 cells in vivo,
as judged by increased levels of CCR7; and MDR1* Th17.1
from CD lesions are uniformly c-Kit™. If c-Kit"MDR1*
Th17.1 cells indeed represent a long-lived human memory
T cell compartment, further insight into their development
and function may also prove important to understanding
mechanisms of long-term immune memory and responses
to vaccines.

In summary, we have identified a novel lineage of pro-
inflammatory human Th17 cells that is defined by transient
c-Kit expression and stable MDR1 activity. The facts that
c-Kit* and c-Kit™ MDR1* human Th17 cells express a
unique pro-inflammatory transcriptional signature, produce
both Th17 and Th1 cytokines, are highly sensitive to IL-23
stimulation, are enriched and activated within CD patient
gut tissue, and are refractory to glucocorticoids speaks to
the pathogenic potential of these cells in settings of clinical
inflammation. We suggest that MDR1* Th17 cells are im-
portant in the pathogenesis and drug resistance of autoimmune
diseases, and that approaches to quantify or manipulate these
cells in patients may prove useful in the diagnosis, molecular
characterization, or treatment of immune-mediated inflam-
matory diseases.

MATERIALS AND METHODS

Human blood and tissue samples. All experiments using human blood
and tissue samples were conducted in accordance with IRB protocols ap-
proved by committees at Research Blood Components, New York Blood
Center, OneBlood, Conversant Bio., and the University of Miami. Periph-
eral blood from healthy adult volunteers was purchased from Research
Blood Components (Boston, MA), New York Blood Center (New York,
NY), and OneBlood (Lauderhill, FL). Peripheral blood and biopsied gut tis-
sues were collected under informed consent at the University of Miami Hos-
pital from patients with active CD in accordance with the approved IRB
protocol 20081100. Additional CD patient samples (peripheral blood, in-
volved/uninvolved gut) collected during surgery under informed consent
were purchased from Conversant Bio (Huntsville, AL) in accord with the
approved IRB protocol Alabama Biobank Research Trial 001 V2 (ABRT_
001-V2). Inflammation in tissue samples was confirmed by histopathology.

Media and cell culture. Human mononuclear or purified T cells were
cultured in complete T cell medium prepared as follows: DMEM or IMDM
media (Gibco) supplemented with 10% FBS (Hyclone, Thermo Fisher Sci-
entific), 1% r-glutamine, 1% nonessential amino acids, 1% sodium pyruvate,
1% Hepes, and 1% Pen-Strep (all from Gibco). Purified T cells were activated
using anti-CD3—/anti-CD28~coated beads (Dynabeads; Invitrogen) with or
without recombinant human IL-23 (R&D Systems). For T cell activation
and expansion, anti-CD3—/anti-CD28-coated beads were removed using
Dynabead magnets (Invitrogen) on day 3, and cells were maintained with
or without IL-23 for an additional 3—4 d. In some experiments, total CD4*
T cells, total memory T cells (CD45RO*CD257), or FACS-sorted memory
T cell subsets (CCR6*MDR1*, CCR6*MDR1~, and CCR6 " MDR1")
were activated in the presence or absence (vehicle control; DMSO) of glu-
cocorticoids—dexamethasone, prednisolone, or 6a-methylprednisolone (all
from Sigma-Aldrich)—or rapamycin (EMD Chemicals). In some experiments,
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cells treated with or without glucocorticoids or rapamycin were further
cultured with 0.1 pM Elacridar (Tocris Bioscience) or an equal volume of
DMSO. For assessing T cell proliferation, cells were labeled with CellTrace
violet (Invitrogen) before activation with or without glucocorticoids. For
experiments involving expansion, activated T cells treated with or without
glucocorticoids were split on day 4 and maintained for up to 10 more days
in media supplemented with 20 ng/ml IL-2.

Cell isolation. Mononuclear cells were isolated from peripheral blood by
Ficoll density centrifugation. In brief, diluted blood (1:1 in PBS; Gibco) was
overlaid onto lymphocyte separation media containing Ficoll (Ficoll Paque; GE
Healthcare) and centrifuged at ambient temperature for 20 min at 2,000 rpm.
Mononuclear cells were collected from the interface and washed two to three
times with complete T cell medium for further analysis. For mononuclear
cell isolation from clinical gut sections, biopsied tissue (~~0.5 X 1.5 in) was
minced with scissors and rinsed thoroughly in DMEM (Gibco). Sections
were placed in 50-ml conical vials containing DMEM supplemented with
0.15% DTT (Sigma-Aldrich) and agitated at room temperature for 30 min
in a bacterial shaker (Environ Shaker; Labline) to remove residual mucus and
debris. Sections were rinsed with DMEM medium and transferred to fresh
50 ml conical vials containing DMEM plus 1 mM EDTA and agitated at
room temperature for 30 min to release epithelial cells. Sections were washed
three times to remove EDTA, transferred to a fresh 50-ml conical vial, and
resuspended in 20 ml DMEM containing 250 pg/ml Liberase and 10 U/ml
DNase I (both from Roche). Samples were agitated at 37°C for 25 min, and
digested tissue was filtered with a 70-pm filter (BD). Mononuclear cells from
the flow through were isolated by 70/30% percoll (Sigma-Aldrich) gradient
centrifugation. Total or memory CD4" T cells were isolated using a Dyna-
beads CD4 positive T cell isolation kit (Invitrogen) or a human memory
CD4" T cell negative selection kit (STEMCELL Technologies; EasySep).
Purified cells were 95-99% pure as determined by FACS analysis.

FACS sorting. All FACS sorting was performed using a FACS Aria IT (BD).
For characterization of human memory T cell subsets from healthy adult
donor peripheral blood, magnetically isolated memory CD4" T cells were
stained using the following antibodies in combination: anti-CD4, anti-
CDA45RO, anti-CD25, anti-CRTH2, anti-CCR6, anti-CCR4, anti-CXCR3,
and anti-CCR7 (all from BioLegend). Stained cells were resuspended in
IMDM medium without serum, filtered through a 70-pm filter, and sorted.
In some experiments, anti-TCR-o/3 or anti-CD3 antibodies (BioLegend)
were included. For isolation of memory T cell subsets based on c-Kit expres-
sion and Rhodamine 123 (Rh123) efflux from healthy donor peripheral
blood, negatively selected memory CD4* T cells were labeled with Rh123
(Sigma-Aldrich), and, after efflux assay (see below), cells were stained with
surface antibodies against anti-CD25, anti-CD45RO, anti-CCR?7, anti-
CRTH2, anti-CCR6, anti-CCR4, anti-CXCR3, and anti-c-Kit (CD117;
BioLegend). Stained cells were resuspended, filtered, and sorted as above. For
isolation of T cell subsets from biopsied patient tissues, total CD4* T cells
were first isolated from mononuclear cell preparations using positive selec-
tion (Miltenyi Biotec). CD4" cells were then labeled with Rh123, and, after
efflux assay (see below), stained with surface antibodies against CD3,
CD45R0O, CD25, and CD4 (BioLegend) before cell sorting.

FACS analysis. Cell surface FACS staining was performed in FACS buffer
(PBS + 2% FBS; HyClone) by incubating cells with fluorochrome-conjugated
antibodies for 20 min at room temperature. After staining, cells were washed
with PBS and stored in PBS plus 1% PFA. Intracellular cytokine and phospho-
Stat3 staining were performed as previously described (Sundrud et al., 2009).
In brief, cells used for intracellular cytokine staining were stimulated
for 3-5 h at 37°C with 10 nM PMA and 1 pM ionomycin in the presence
of 5 pg/ml Brefeldin A (all from Sigma-Aldrich), and stained after fixa-
tion and permeabilization using antibodies against IL-17A, IFN-y, TNE
GM-CSE and IL-10 (all from BioLegend). Phospho-Stat3 staining was
determined according to manufacturer’s instructions using an anti-Stat3
(pY705) antibody (BD).
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MDR1 activity assay. Purified T cells in complete medium were loaded
with Rh123 (Sigma-Aldrich) at a final concentration of 1 pg/ml for 30 min
on ice. Cells were then washed and moved to a 37°C incubator for 2 h. After
efflux period, cells were washed once in PBS, stained with surface markers,
washed again in PBS, and stained cells were kept on ice before FACS analysis
or FACS sorting. For some experiments 1 pM cyclosporine A (CsA; Sigma-
Aldrich), 1 pM Elacridar (GlaxoSmithKline), or equal volume of DMSO
(vehicle) was added to cells immediately before 37°C incubation step.

Microarrays. Total RNA was processed and hybridized by the Boston
University Microarray Resource Facility. All procedures were performed as
described in the GeneChip Whole Transcript (WT) Sense Target Labeling
Assay Manual (Affymetrix). RNA was hybridized to human 1.0 ST gene
chips. Data were analyzed using GenePattern software (Broad Institute).
Microarray data on FACS-sorted Ty Thl, Th2, Th17, and Th17.1 cells
isolated from HC PBMC (accession ID: GSE49703), and on FACS-sorted
MDR1" and MDR 1™ memory CD4" T cells isolated from healthy donor
blood and CD tissue lesion (accession ID: GSE49702), are available at the
gene expression omnibus (GEO).

Nanostring. Gene expression was quantified using a custom nCounter probeset
containing 92 probe pairs with additional probes for positive/negative controls
and housekeeping genes (Nanostring Technologies). In brief, 30,000 T cells were
lysed in 5 ul RLT buffer containing B-ME (QIAGEN). Biotin-conjugated
capture probes and fluorescent-barcoded reporter probes were hybridized to cell
lysates by overnight incubation at 65°C in a thermocycler (MJ Research). The
next day, flow cell preparation and scanning were performed using an nCounter
instrument (Nanostring Technologies) according to the manufacturer’s instruc-
tions. Raw data were normalized using nSolver software (Nanostring Technolo-
gies) and exported as raw transcript counts for presentation.

gqPCR. Messenger RNA was isolated from frozen cell pellets using the
RNeasy kit (QIAGEN). cDNA was synthesized using a high capacity cDNA
reverse transcription kit (Life Technologies/Applied Biosystems) per the man-
ufacturer’s instructions. Detection of IL23R and ACTB mRNA was achieved
using TagMan qPCR performed on a StepOnePlus real time PCR instrument
(Life Technologies/Applied Biosystems). TagMan primer/probe sets for
human IL23R (assay ID: Hs00332759_m1) and ACTB (assay ID: Hs01060665_
gl) were purchased from Life Technologies/Applied Biosystems.

Lentivirus production and T cell transduction. Human RORC
(RORY) cDNA was synthesized, cloned into pUC57, and shuttled into an
HIV-1-derived lentiviral (HDV) plasmid containing IRES-murine CD24
(HSA) downstream of multi-cloning site (cloning done at Genscript; plasmid
gift of D. Unutmaz; Sundrud et al., 2003). VSV-G pseudotyped empty or
RORC-containing HDV particles with were produced in HEK293T cells
by calcium phosphate transfection according to the manufacturer’s protocol
(Profection kit; Promega). Lentiviral supernatants were concentrated by
centrifugation (Sundrud et al., 2009), resuspended in complete T cell me-
dium, and stored at —80°C. For T cell transduction experiments, purified
naive CD4" T cells (isolated using naive CD4 T-Cell isolation Kit; Miltenyi
Biotec) were activated with anti-CD3—/anti-CD28—coated beads and in-
fected with lentiviral supernatants (MOI = 50). Viral supernatants were re-
moved on day 3 and infected T cells were expanded in media containing
10 U/ml recombinant human IL-2 (BD).

Online supplemental material. Fig. S1 shows expression of ABC (ATP-
binding cassette) family drug transporters in human Tgy, subsets. Table S1
shows gene expression signatures of human Th17 effector memory subsets.
Table S2 shows ex vivo transcriptional signature of MDR1* Th17.1 cells
isolated from involved CD patient tissue. Online supplemental material is
available at http://www jem.org/cgi/content/full/jem.20130301/DC1.
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