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CD4™ T helper (Th) cells that express the gut homing chemokine receptor CCR9 are
increased in the peripheral blood of patients with inflammatory bowel disease and
Sjogren’s syndrome and in the inflamed lesions of autoimmune diseases that affect the
accessory organs of the digestive system. However, despite the important role of the
GIT in both immunity and autoimmunity, the nature of CCR9-expressing cells in GIT
lymphoid organs and their role in chronic inflammatory diseases remains unknown. In
this study, we analyzed the characteristics of CCR9™ Th and T follicular helper (Tth) cells
in GIT associated lymphoid tissues in health, chronic inflammation and autoimmunity. Our
findings reveal an association between the transcriptome and phenotype of CCR9* Th
in the pancreas and CCR9T Tfh cells from GlT-associated lymphoid tissues. GIT CCR9*
Tth cells exhibited characteristics, including a Th17-like transcriptome and production of
effector cytokines, which indicated a microenvironment-specific signature. Both CCR9™
Tfh cells and CCR9' Th cells from GlT-associated lymphoid tissues migrated to the
pancreas. The expression of CCR9 was important for migration of both subsets to
the pancreas, but Tth cells that accumulated in the pancreas had downmodulated
expression of CXCR5. Taken together, the findings provide evidence that CCR9™ Tth
cells and Th cells from the GIT exhibit plasticity and can accumulate in distal accessory
organs of the digestive system where they may participate in autoimmunity.

Keywords: CCR9 C-C chemokine receptor type 9, T follicular helper, T helper, inflammation, GIT = gastrointestinal
tract, autoimmunity

INTRODUCTION
T Cell Mediated Damage to Self-Tissue

It was demonstrated over four decades ago that experimental, partial depletion of T cells
precipitates self-tissue destructive inflammation (1, 2). Subsequent to these studies, a T cell transfer
model of colitis was described in rats and then in mice. These studies showed that transfer of antigen
naive (CD45RB™M) CD4™ T cells into immunodeficient recipients led to colitis (3). The transferred T
cells proliferated within the lymphopenic host, inducing effector functions that could be prevented
by cotransfer of memory phenotype (CD4+tCD45RB!°) T cells (3) and, more specifically, FoxP3*
CD4* T regulatory (Treg) cells (4). Importantly, transfer of naive CD4™ T cells into germ free mice
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does not induce colitis indicating that inflammation in the gut
results from a dysregulated immune response toward commensal
microbes (5).

The gastrointestinal tract (GIT) contains immunological
inductive sites, such as the Peyer’s patches (PP), organized
lymphoid aggregates and the adjacent mesenteric lymph nodes
(MLN). The immune cells at these sites coordinate the
balance between tolerance to food antigens and commensal
microbes, whilst ensuring effective immune responses to
mucosal pathogens. In humans, the chronic inflammatory
bowel diseases (IBD), which include Crohn’s disease (CD)
and ulcerative colitis (UC), affect approximately 0.3% of the
Western population (6) with increasing incidence worldwide
(7). Antibody-neutralization studies have implicated cytokines
(including tumor necrosis factor alpha (TNFa) and IL-12 p40) in
the pathogenesis of CD, while the effectiveness of T-cell-ablative
therapies have implicated T cells in UC (8). Bacteria reactive T
lymphocytes have been more frequently observed in patients with
IBD than in healthy individuals (9), leading to the proposal that
a breakdown of tolerance toward the intestinal microflora plays a
role in the pathogenesis of IBD.

The Gastrointestinal Tract and Chronic

Inflammation

One pertinent question to the study of autoimmune and chronic
inflammatory diseases is how inflammation in the GIT can
influence the development of inflammation in distal tissues.
Studies on a diverse array of inflammatory diseases indicate
that the role of microbiota and the GIT barrier may extend
well-beyond the gut (10). Accessory organs of the digestive
system, connected to the small intestine by excretory ducts,
include the pancreas and salivary glands, which are targets of
the autoimmune diseases Type-1 diabetes (T1D) and Sjogren’s
Syndrome, respectively. The autoimmune disease that develops
in non-obese diabetic (NOD) mice targets the pancreas and other
accessory organs of the digestive system, namely, the salivary
glands (11) and gallbladder (12). Antigen specificity is considered
a prerequisite for the accumulation of T cells in the islet lesion
(13), but the site of priming of diabetogenic T cells remains
unknown. Lymphocytes infiltrating the pancreatic islets in both
human T1D and NOD mice express a4p7-integrin, supporting
a link between T1D and the gastrointestinal immune system
(14). Furthermore, antibodies blocking either a4p7-integrin or its
ligand, the mucosal addressin cell adhesion molecule (MadCAM-
1), prevent diabetes in NOD mice (15, 16).

T Helper Cells in the GIT and Associated

Lymphoid Tissues

In the GIT, T-dependent antibody responses are strongly biased
toward IgA, which has a crucial role modulating immune
responses to commensal microbiota and neutralizing intestinal
pathogens (17, 18). IL-17 producing CD4" (Th17) cells that
express the transcription factor RORyt and the IL-23 receptor are
enriched in normal intestines. Th17 cells contribute to intestinal
homeostasis by regulating IgA secretion and play a critical
biological function in clearing extracellular pathogens through

the release of effector cytokines (interleukin (IL); IL-17A, IL-17F,
IL-21, and IL-22) (19). In this manner, Th17 cells also contribute
to the pathology of inflammatory diseases, including IBD (20,
21). The production of affinity-matured antibody requires the
interaction of B cells with a specialized subset of Th cells named
T follicular helper (Tfh) cells (22), but the identity of Tth cells
that provide help to B cells in the GIT is only beginning to be
understood.

CCR9* T Helper Cells

Retinoic acid can induce the expression of integrin a4p7
and the G protein coupled chemokine receptor 9 (CCR9) on
lymphocytes, which allows their migration toward the GIT that
expresses the chemokine ligand CCL25 (23). In healthy humans
and mice, CCRY is expressed predominately by a subset of
T cells that migrate selectively to the gut (24, 25). Increased
numbers of CCR9 expressing T cells have been observed in
peripheral blood of patients with IBD (26). More recently, we
described a T helper (Th) cell subset based upon expression
of CCRY (termed Teccr9 cells) that contribute to the regional
specification of organ-specific autoimmune disease (27). Tccr9
cells constituted only a small fraction of CD4* T cells in the
lymphoid tissues and circulation of healthy mice and humans,
but exhibited an inappropriate accumulation in the autoimmune
lesions of the pancreas and salivary glands of NOD mice and were
abundant in the peripheral blood of most Sjogren’s syndrome
patients. Tccr9 cells exhibited characteristics of T follicular helper
(Tfh) cells-including expression of Bcl6, IL-21, c-Maf, and ICOS
(27), suggesting that Tccr9 cells may be selectively recruited from
a CCR9™ precursor population in the follicular environment of
gut-associated lymphoid tissue.

In healthy humans, CCR9 is found primarily on T cells
that selectively migrate to the GIT and is thought to play a
role in several inflammatory disorders of the GIT. However,
our studies demonstrate that during autoimmunity and chronic
inflammation, CCR9™ T helper cells also infiltrate the pancreas
and other accessory organs of the digestive system and are
crucial to the destruction of these tissues. The implication of
these findings is that T cells that are activated in the gut
can disseminate to other organs to cause tissue damage. Here,
we analyse CCR9™ Th and Tfh cells within the GIT and
GIT associated lymphoid tissues to determine whether CCR9
expression and the characteristics of these populations reflect the
state of inflammation.

RESULTS

GIT Inflammation in 112=/~ Mice

Our previous studies demonstrated that the GIT-homing
chemokine receptor CCR9 marked a subset of IL-21-producing
Th cells in the inflamed lesions of the pancreas and salivary
glands of T1D prone NOD mice (27). Examination of the
phenotype of this population suggested a close relationship
between CCR9™ Th cells and Tth cells and we hypothesized that
CCR9™ Th cells may emerge from Tfh-like cells in GIT lymphoid
tissue. However, we had yet to analyse the characteristics of
CCR9™ cells in the GIT and whether CCR9+ Th cells were
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distinct under conditions of GIT inflammation. Therefore, we
examined CCR9"/~ Th and CCR9™/~ Tth cells in two models
of autoimmunity and inflammation, namely the NOD mouse
and mice that have been made genetically deficient in IL-2
(112=/~mice). NOD mice exhibit a mild subclinical colitis (28),
whereas I12~/~ mice that lack IL-2 dependent Tregs and exhibit
multi-organ autoimmunity, exhibit a chronically inflamed GIT
(29). The GIT inflammation in II2~/~ mice is influenced by
microbiotia as colitis is significantly reduced under germ-free
conditions (30).

Histological analyses of the intestine of 127/~ and WT mice
stained with hematoxylin and eosin showed increased leukocyte
infiltration of the intestine of 127/~ mice (Figures 1A,B)
compared with WT mice (Figures 1C,D). There were greater
numbers of leukocytes (index of inflammation) in the GIT
of T127/~ mice; increased numbers of CD45% leukocytes in
the spleen, mesenteric lymph nodes (MLN) (Figure 1E) and
increased numbers of lamina propria lymphocytes (LPL) in the
small intestine (SI LPL) compared with WT mice as shown
by FACS analysis (Figure 1F). In the large intestine, there
was a trend of increased numbers of LPL and intraepithelial
lymphocytes (IEL) in 127/~ mice relative to WT mice
(Figure 1F). By contrast, there were no differences observed in
the numbers of CD45™ leukocytes in the Peyer’s Patches (PP) or
small intestine intraepithelial lymphocytes (SI IEL) (Figure 1F).

Increased Numbers of CCR9* Th and Tfh
Cells in the Inflamed GIT

We next examined the numbers of CD44" (activated/memory
phenotype) CD4" T cells expressing CCR9 compared with
those that lack CCR9 expression across GIT and GIT-associated
lymphoid tissues. The results demonstrate greater numbers of
CCR9T CD44M T cells in the inflamed GIT of II2~/~ mice
compared with WT mice in the spleen, MLN, SI IEL, SI LPL,
but not in PP or LI IEL or LI LPL where the low cell numbers
retrieved at these sites influenced group numbers (Figure 2A).
When analyzed as a percentage of CD4t CD44M T cells,
CCRY* cells were increased in the spleen and MLN of [12~/~
mice relative to WT mice (Figure 2B). However, there were no
statistical differences in the percentages of CCR9™ cells within
the CD41CD44M populations in the PP, SI IEL, LI IEL, LI LPL
(Figure 2B). Taken together, these results show that 112~/ mice
exhibit an expansion of CCR9T Th cells, and there is a specific
increase in the proportion of gut homing CCR9'T memory
phenotype CD4™ T cells in the spleen, MLN and SI LPL.

Foxp3™ T follicular regulatory T (Tfr) cells are a specialized
subset of Tregs cells that colocalize within B cell follicles of
secondary lymphoid tissues and exhibit characteristics attributed
to both Treg and Tfth cells, and are included within the C-
X-C chemokine receptor 5 (CXCR5)", programmed cell death
protein (PD1)* population of CD4™ T cells (29, 31, 32). To
determine the percentages of Tth cells in II2~/~ and WT mice,
we gated out Foxp3* cells as I127/~ mice have a deficiency of IL-
2 dependent FoxP3+ Treg cells (Figure 2C). The percentages of
PD1" CXCR5" Foxp3™ Tth cells were significantly increased in
both the MLN and PP of 1127/~ mice compared with WT mice

(Figure 2D), as we have observed previously for [COST CXCR5*
CD4t T cells in 1127/~ mice (29). Within the FoxP3~ Tfh
population, CCR9™ Tth cells were increased in the PP of 1127/~
mice compared with Tth cells that lacked CCR9 (Figure 2D).

CCR9+ Th Cells in the GIT Exhibit Both
Th17 and Th1 Characteristics

For the initial characterization of CCR9" Th cells, we analyzed
the expression of the surface markers C-C chemokine receptor
type 6 (CCR®6), the integrin a4p7, IL-9R, the IL-2 receptor beta
chain (CD122), the IL-7 receptor (CD127), CXCRS5, and PD-
1 on the CCR9" Th population by FACs (Figure 3). There
was a trend of increased expression of the chemokine receptor
CCR6 on CCR9T Th cells in all lymphoid organs examined
in both 1127/~ and WT mice, which reached significance in
the MLN (Figures 3A,B). Similarly, a4p7 (Figures 3C,D) and
IL-9R (Figures 3E,F) were consistently coexpressed with CCR9
on CD4" T cells in the MLN and PP in both [I2-/~ and WT
mice. The percentage of CD4" T cells expressing IL-2R beta
(CD122), was significantly increased on CCR9" CD4™ T cells
within the SI IEL of the II2~/~ mice (Figures 3G,H). In contrast
to 1127/~ mice, WT mice harbored an increased percentage of
CCR9T CD4™" T cells expressing IL-7R (CD127) in the SI LPL
(Figures 3LJ). Whilst the overall percentages of CCR9" Ttfh
cells were increased in 1127/~ mice compared with WT mice
(Figure 2D), the percentages of CCR9T Th cells co-expressing
CXCR5 were increased in the PP of WT mice (Figures 3K,L). By
contrast, the percentages of CCR9™ Th cells co-expressing PD-1
were increased in the MLN of II2~/~ mice (Figures 3M,N).

To further analyze the function of CCR9 expressing cells in the
chronically inflamed GIT of I12~/~ mice relative to IL-2 sufficient
WT mice that do not develop GIT inflammation, we determined
the expression of the pro-inflammatory cytokines (IL-17, IL-22,
IL-21, TNFa, IFNYy) and the anti-inflammatory cytokines (IL-
10, IL-4), which may be relevant to the chronic inflammation
observed in 1127/~ mice (29). One of the most striking features
of CCR9" Th cells in the GIT was the increased fraction of IL-
17 producing cells. We observed a greater percentage of CD4™ T
cells expressing IL-17 in [12~/~ compared with WT mice, and
a greater percentage of IL-17 producing Th cells were CCR9™
(Figures 4A,B). These findings indicate that IL-17 is commonly
coexpressed with CCR9 on CD44" CD4* T cells in the GIT. IL-
22 also produced by Th17 cells, with both pro-inflammatory and
regenerative functions. CD4* T cells from II2~/~ mice harbored
a greater fraction of IL-22 producing cells than WT mice, but this
was only significantly increased within the population of Th cells
that lacked CCR9 expression (Figures 4C,D). The cytokine IL-
21 is produced by both Tfh cells (33) and Th17 (34) cells, and
CCR9™ IL-21-producing cells were also increased in both the
MLN and PP of II2~/~ mice relative to WT mice (Figures 4E,F),
providing a source of IL-21 that may explain our previous
observation of increased amounts of IL-21 in I12~/~ mice (29).

Tumor necrosis factor (TNFa) is thought to contribute to the
pathology of IBD in humans and mice (35). The percentages of
TNFa-producing CCR9™ Th cells were significantly increased in
the PP of 1127/~ mice compared with WT mice (Figures 4G,H).
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FIGURE 1 | Inflamed bowel and numeration of leukocytes in 2=/~ mice. Representative histological sections of intestinal tissues from 12~/ mice (A,B) and WT
mice (C,D) mice stained with hematoxylin and eosin, optical microscope 40X. (E,F) FACS analyses and cell counts were used to determine numbers of CD457 cells
in l2~/= and WT mice, cell numbers were normalized to organ weight. Data shown as mean + SEM (n = 3-9) and analyzed by Students T-test.

An increased percentage of TNFa producing SI IEL was also
observed in 112~/ mice, and the percentages of TNFa-producing
SI LPL expressing CCR9 or lacking CCR9 were greater in the
1127/~ mice (Figure 4D). Taken together, these findings indicate
that there was not an associated coexpression with CCRY, but
TNFa- expressing CD4™ T cells were related to the deficiency of
IL-2 and to the chronic inflammation in these mice. By contrast,
the percentages of IFNy producing Th cells in 1127/~ and WT
mice were largely similar (Figures 41,J). However, there was a
significantly increased fraction of IFNy * CCR9™ CD4™ cells
in the MLN in 127/~ mice relative to the MLN of WT mice
(Figures 41,]). We also investigated the percentages of CD4T T
cells expressing the anti-inflammatory interleukins, IL-4 and IL-
10. There was a marked trend of increased percentages of IL-10
expressing cells in the PP and MLN of WT mice compared to
the 112/~ mice (Figures 4K,L). For IL-4, the fraction of CD4*
T cells expressing IL-4 was not significantly different between
groups (Figures 4M,N).

Tfh cells have been reported to acquire effector functions
associated with other T helper subsets, producing IL-17 (36, 37),
IL-4 (38), and IFNY in some studies, but not IL-17 (33, 39) or IL-
4 (38) in others. We analyzed both CCR9™ and CCR9™ Tth cells
in the PP and MLN for the production of the cytokines IL-17 and
IL-21 by intracellular immunostaining and FACS analyses. I12~/~
mice contained the greatest percentages of IL-21 producing cells

within the CCR9" population in both the PP and MLN relative
to CCR9™ Tth cells (Figure 5B). Whereas, CCR9™ Tth cells from
WT mice contained more IL-21-producing cells in the MLN,
but not the PP (Figures 5A,B). Intracellular detection of IL-17
demonstrated that CCR9™ Tfh cells from the PP of 1127/~ but
not WT, mice contained a greater percentage of IL-17 producing
cells (Figure 5C). By contrast, the CCR9™ Tth population also
contained a greater percentage of IL-17 producing cells than the
CCRY™ Tfh population in the MLN of both WT and 1127/~ mice
(Figure 5D).

CCR9+ Th and Tth Cells Exhibit a

Site-Specific Transcriptome

Analyses of [I27/~ mice indicated that CCR9T Th cells and
CCR9™ Tth cells are phenotypically distinct from their CCR9™
counterparts. As discussed earlier, type-1 diabetes prone NOD
mice harbor an increased number of IL-21-producing CCR9*
Th cells in the inflamed lesions of the pancreas and salivary
glands that are phenotypically similar to Tth cells (27). As CCR9
is a GIT-homing chemokine receptor, we questioned whether
CCR9" Th cells in the pancreas derive from CCR9" Tth cells in
the GIT. Therefore, we determined the phenotypic relationship
between CCR9™ Th and Tth cells in the GIT and pancreas of
NOD mice by differential gene expression analyses. RNA was
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FIGURE 2 | Expansion of CCR9T CD4t T cells in /2~/~ mice. Numeration (A) and percentages (B) of CCR9" and CCR9~ CD44N CD4™* T cells in /l2~/~ and WT
mice determined by FACS analysis. (MLN) mesenteric lymph nodes; (PP) Peyer’s Patches; (SI IEL) intraepithelial lymphocytes of the small intestine; (SI LPL) lamina
propria lymphocytes of the small intestine; (LI IEL) intraepithelial lymphocytes of the large intestine; (LI LPL) lamina propria lymphocytes. (C) Percentages of FoxP3+
CD4™T TCRbt T regulatory (Treg) cells in the spleen and MLN and (D) percentages of CXCR5T PD1F FoxP3~ CD4* TCRb™ T follicular helper (Tth) cells in the PP
and MLN of /2=/= and WT mice. Data shown as mean =+ SD, where n = 3-15 female mice 7-9 weeks of age. Statistical significance was analyzed by students T-test.

extracted from FACs sorted CCR9" and CCR9™, CXCR5T, PD-  data indicated that both CCR9"™ and CCR9™ Tth cells in the PP
1T TCRb*, CD4* Tth cells from the PP and from CCR9" and  share characteristics of Th17 and Tth genes, but also demonstrate
CCR9™, CXCR5™, TCRb™, CD4™ cells from the pancreas. Gene  notable differences; CCR9™ Tth cells in the PP express increased
expression was determined by SurePrint G3 Mouse GE 8x60K  amounts of Ccr9, 1121, IL-22ra, v-Maf, Lifr, Cxcl13, the cytokine
Microarray Kit from Agilent technologies and revealed a greater ~ and cytokine receptors 1120, 1118bp, 1128ra compared with CCR9™
upregulation of genes in the CCR9" populations. Therefore, we  Tth cells in the PP (Figure 6B).
focused on the genes with increased expression in CCR9" Th and When we compared CCR9™ and CCR9™ Th cells in the
Tth cells in both tissues. pancreas, several of the most DE genes in CCR9™ cells at this site
The PP Tfh cell populations exhibited a clear Th17  were amongst the most DE genes in CCR9T Tth cells in the PP.
transcriptome relative to the pancreas Th populations, indicating ~ They included; Ccr9, Cxcl9, Aifl, Rxrg, Cx3crl, Lirb3, and Tnfaip2
a microenvironment-specific signature (Figure 6A). Genes  (Figure 6C). Pancreatic CCR9™ Th cells were also distinct from
upregulated in the PP compared with the pancreas included  their CCR9- counterparts in the pancreas by increased expression
genes known to be expressed in Tth cells (as would be expected  of genes known to be expressed by Tth or Th17 cell, including
by a comparison of Th and Tth cells) Cxcr5, Icos, Bel6, Maf, 1121 1121, Il17rc, Fgfrl, Ccl6 (Figure 6C).
and Th17 signature genes I117a, 1121, 11231, 1117f, 1122 (Figure 6A). It was of interest to observe some clear similarities between
Th17 signature genes were more enriched in CCR9™ Tth cells  the most differentially expressed genes in CCR9™ Th cells from
relative to CCR9™ Tth cells within the PP (Figure 6B). These  the pancreas and in CCR9™ Tfh cells from the PP that suggested
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FIGURE 3 | Distinct phenotypic profile of CCR9+ Th cells in the inflamed GIT. Flow cytometric analyses showing representative FACS dot plots of surface marker
expression for CCR91 and CCR9~ CD44N CD4* T cells from the mesenteric lymph nodes and quantitation of the percentages of CCR9' and CCR9™ CD44hi
CCDA4™ T cells from 2=/~ and WT mice. CCR6; (A) representative FACS dot plot and (B) quantitation. a4b7; (C) representative FACS dot plot and (D) quantitation.
IL9R; (E) representative FACS dot plot and (F) quantitation. CD122; (G) representative FACS dot plot and (H) quantitation. CD127; (1) representative FACS dot plot
and (J) quantitation. CXCRS5; (K) representative FACS dot plot and (L) quantitation. PD1; (M) representative FACS dot plot and (N) quantitation. (MLN) mesenteric
lymph nodes; (PP) Peyer’s Patches; (S IEL) intraepithelial lymphocytes of the small intestine; (SI LPL) lamina propria lymphocytes of the small intestine; (LI IEL)
intraepithelial lymphocytes of the large intestine; (LI LPL) lamina propria lymphocytes of the large intestine. Data shown as mean + SD, where n=3-9 female mice at
7-9 weeks of age. Statistical significance was assessed by students T-test.
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(C) Representative FACS dot plot and (D) quantitation of IL-22. (E) Representative FACS dot plot and (F) quantitation of IL-21. (G) Representative FACS dot plot and
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a GIT microenvironment, such as the retinoid receptor Rxrg, and
Th17 cells or IL-17 interactions (Figures 6B,C). Taken together,
these findings indicate that CCR9™ Th cells in the inflamed
lesions of the pancreas in NOD mice are phenotypically related to
GIT residing CCR9™ Tth cells, supporting the notion that IL-21-
producing CCR9™ Th cells that are critical for the development
of T1D may emerge from Tth cells in the GIT or a common
GIT-residing precursor population.

The results from our microarray indicated some variation
between samples that may reflect differences in inflammation
and the disease progression between individual female NOD
mice. Therefore, to validate our findings we performed qPCR
on selected genes in CCR9' and CCR9™ populations from
the PP and pancreas (Figure 7). 1121, Cxcl13, Rxrg, Il17a. The
expression of genes by qPCR was normalized based on the level
of the housekeeping gene Rpl19 and shown as fold modulation
of CCR9" Th and Tth cells relative to CCR9™ Th and Tth cells,
respectively. I121 was increased in both CCR9" Th and Tth cells
compared with CCR9™ cells, where it was most highly expressed
in the CCR9™ Tth population (Figure 6D). Tnfaip2, Rxrg and
Cxcl13 were also significantly increased in both CCR9T Th
and CCR9™ Tth cells compared with their CCR9™ counterparts
(Figure 6D). By contrast, expression of II9r was not increased
in either CCR9' populations compared with CCR9™ cells

(Figure 6D). Taken together, these data support our microarray
findings and show that CCR9™" distinguishes both Th and Tth cell
populations.

CCR9* Th and Tfh Cells Exhibit a
Site-Specific Phenotype

Flow cytometric analyses of CCR9" and CCR9™ Th and Tth
cell populations in the lymphoid tissues of the GIT, pancreas
and pancreatic lymph nodes in NOD mice revealed that an
increased percentage of CCR9™ cells in NOD mice express an
array of cytokines in the GIT relative to CCR9™ cells. CCRO™
Th cells from NOD mice contained a greater fraction of IL-21
producing cells in the spleen, MLN, PLN and pancreas compared
with CCR9- Th cells (Figure 7A). IL-17 producing cells were
concentrated in the CCR9' populations in the spleen, MLN
and PP (Figure 7B). CD4™ Th cells from NOD mice exhibited
a greater fraction of IL-22 producing cells than WT mice in
all tissues, significantly increased within the MLN, PP and LPL
populations (Figure 7C). CCR9" Th cells in the MLN, PP, and
SI LPL contained the greatest percentages of IL-22 producing
cells (Figure 7C). In addition, there was an increased fraction of
IFNy-producing CCR9" Th cells in the spleen, PP and SI LPL
(Figure 7D). By contrast, CCR9™ Th cells contained a greater
fraction of IFNYy producing cells in the pancreas compared with
CCR9™ Th cells (Figure 7D). TNFa-producing cells, in turn,
were enriched in the CCR9" Th fraction in the MLN alone of
NOD mice (Figure 7E).

Similar to the cytokine profile of CCR9" Th cells; CCR9
expression distinguished the Tfh population with the highest
fraction of both IL-17 (Figure 7F) and IL-21 (Figure 7G). Taken
together, these findings are consistent with our microarray
findings and suggest that CCR9-expressing Th and Tth
cells contain differentiated/effector cells that express an array
of cytokines, notably cytokines that are associated with
Th17-like cells and differentiated Th cells within the GIT
microenvironment.

CCR9+ Tfh and CCR9+ Th Cells From GIT

Lymphoid Tissues Migrate to the Pancreas
Previous analyses of CCR9™ Th cells from the inflamed pancreas
of pre-diabetic NOD mice indicated some phenotypic similarities
with Tfh cells and we hypothesized that CCR9™ Th cells may
emerge from Tth-like cells in GIT lymphoid tissue (27). To test
whether Tth cells from GIT-associated lymphoid tissue could
migrate to the pancreas, we performed an adoptive transfer
experiment using FACS sorted CFSE labeled cell subsets. CCR9™
Tth cells, CCR9™ Tth cells, CCR9™ Th cells, and CCR9™ Th cells
were sorted from the PP and MLN of 12-14 week old female
NOD mice (Figure 8A), CFSE labeled and then transferred into
12 week old (pre-diabetic) NOD female recipients. Four days
later, CFSE™ cells were recovered from the PP, MLN and pancreas
and analyzed by immunostaining for CXCR5 and CCR9 by
FACS. The results show that CCR9" Th cells from the GIT
lymphoid tissues migrated to and accumulated in small numbers
in the pancreas (Figure 8B) the MLN (Figure 8C) and the PP
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(Figure 8D). By contrast, Th cells that lacked expression of CCR9
migrated to or accumulted poorly at all three sites.

The expression of CCR9 was similarly important for Tth cells
from the PP and MLN that had migrated into the pancreas,
which were predominantly those that had lost expression of

CXCRS5, but had retained CCR9 (Figure 8B). It is unlikely that
the Tfh cells had lost CFSE due to proliferation as we have
observed few endogenous Tth cells in the pancreas (27). Previous
studies have shown that Tfh cells maintain plasticity and can
downregulate CXCRS5 (40) and those data are consistent with our
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findings. By contrast, adoptively transferred CFSE™ Tth cells that
were retrieved from the PP and MLN contained a mixture of
phenotypes. Four days after the CCR9™ Tth cells transfers, we
observed cells that expressed both CXCR5 and CCRY, as well as
cells expressing reduced levels of both molecules (Figure 8A).
CXCR5" CCR9™' Tth cells were retrieved in greater numbers
from the MLN than CCR9~ (CXCR5T) Tfh cells or CCR9T
Th cells (Figure 8C). By contrast, whilst there was a trend of
increased recovery of Tfh cells from the PP, there were no
significant differences observed between the recovery of each
of the 4 populations from the PP (Figure 8D). These findings
demonstrate that Tfh cells from the GIT associated lymphoid
tissues retain plasticity and that the expression of CCRY is

important for the migration of GIT lymphoid tissue Tth cells and
Th cells from the bloodstream into the pancreas.

DISCUSSION

Previous examination of the phenotype of CCR9+ Th cells in
the inflamed lesions of the pancreas of T1D-prone NOD mice
suggested a close relationship between CCR9™ Th cells and Tth
cells and we hypothesized that CCR9™ Th cells may emerge from
Tth-like cells in GIT lymphoid tissue (27).

Using a combination of gene expression analyses and flow
cytometric analyses of cells in the GIT and GIT associated
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lymphoid tissues, this study demonstrates a microenvironment
specific signature for Tth cells and Th cells that express the gut-
homing chemokine receptor CCR9. We demonstrate that the
expression of CCR9 marks the Tth cells (and Th cells) that derive
from the peyers patches and mesenteric lymph nodes that can
migrate into the inflamed lesions of the pancreas in NOD mice.
Several studies have demonstrated that lymphocytes
infiltrating the islets in T1D humans and the NOD mouse
express a4p7-integrin, supporting a link between T1D and the
gastrointestinal immune system (41-44). In addition, antibodies
blocking a4p7 or MadCAM-1, prevent diabetes in NOD mice
(15). The findings presented here reveal a closer association
between the phenotype and transcriptome of Tth cells that
express the GIT homing receptor CCR9 and CCR9™ Th cells in
the inflamed pancreas of NOD mice (27) than was previously
appreciated. CCR9™ Tth cells in the GIT and CCR9™ Th cells
in the pancreas express common gene sets and express greater
amounts of cytokines, such as IL-21 and IL-17, than their
CCRY™ counterparts at the same sites. The production of IL-21
is a feature of both CCR9" Th and CCR9™ Tth cells, which is

critical for Th cells to provide help to both CD8" T cells and B
cells.

High levels of CCR9 have previously been detected in
SI lymphocytes (45) and in the small bowel during IBD
(46). Here, we analyzed the characteristics of Tfh cells and
Th cells that express CCR9 in the GIT associated lymphoid
tissues of 1127/~ mice that exhibit chronic inflammation in
the GIT. The expression of CCR9 marked a population of
Tth cells and Th cells with an increased capacity for cytokine
production, which may suggest an increased level of activation
or differentiation. CCR9" Th cells in the inflamed GIT of
1127/~ mice additionally exhibited increased expression of CCR6
and a4P7 compared with their CCR9™ Th counterparts. Co-
expression of the integrin a4f7 and CCRY further emphasizes
the GIT-specific nature of CCR9" Th cells as a4f7 specifies
the recruitment of T cells to the intestinal mucosa through
its interaction with its ligand MAdCAM-1, where it is critical
in a TNFa-dependent model of CD (47). CCR6, in turn, is
expressed on Thl17 cells and has been associated with CD
(48).
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Co-expression analyses of CCR9 and cytokine production
demonstrated an increased expression of cytokines that are
typically produced by Th17 cells in both CCR9™ Th and Tth cells
in 127/~ mice compared to these populations in WT mice. Our
findings indicate that IL-17 is commonly coexpressed with CCR9
on CD44M CD4* T cells in the GIT, which contrasts with the
lack of IL-17 production in CCR9™ Th cells purified from the
inflamed pancreas of NOD mice (27). CCR9" T cells express
pro-inflammatory cytokines in both CD and UC (26, 49, 50).
Whilst our findings are consistent with increased production
of IL-17 from CCR9' T cells isolated from CD LPL (50) we
did not observe increased IFNy as shown previously in CD in
humans (50). TNFo was also produced by a greater fraction
of PP and SI LPL CCR9" Th cells in the inflamed GIT of
1127/~ mice compared with WT mice, which is consistent with
the inflammatory environment. Taken together, our findings
demonstrate an increase in the production of pro-inflammatory
cytokines, especially by CCR9™ Th and Tth cells, in the inflamed
GIT.

The expression of the GIT-homing chemokine receptor
CCR9 distinguished populations in both the inflamed lesions
of the pancreas and GIT associated lymphoid tissues. We have
previously shown that NOD mice contain small numbers of
IFNy- producing CD4" T cells in the pancreatic islet lesion,
but they were largely restricted to the CCR9™ population (27).
By contrast, CCR9™ Th cells from the GIT associated lymphoid
tissues of NOD mice produced more cytokines than CCR9™ Th
cells, including the Th1 cytokines TNFo and IFNy, and the Th17
cytokines IL-17, IL-21, and IL-22. The microenvironment of the
GIT favored a Th17-like phenotype in Tth cells from both 1127/~
and T1D-prone NOD mice. Indeed, the transcriptome of Tth
cells from the PP of NOD mice contained both Tfh and Th17
signature genes that were not expressed in Th cells from the
inflamed pancreas. High levels of IL-17 have been previously
reported in the colon of young NOD mice, which may reflect GIT
inflammation (28). When CCR9™ cells were compared with their
CCR9™ counterparts at each site; CCRO™ Tth cells from the PP
and CCR9" Th cells from the pancreas shared genes that were
among the most DE at both sites, including Ccr9, genes induced
by cytokines, interferons and retinoic acid such as Cxcl9, Cx3crl,
Aifl, and Tnfaip2 (51), Lilrb3, which binds MHC1 to transduce
a negative signal (52) and a component of the retinoid receptor
Rxrg (53), which is consistent with the GIT microenviroment
where retinoic actid is produced by CD103 expressing dendritic
cells (54).

The ligand for CCR9 is Chemokine (C-C motif) ligand 25
(CCL25), which is expressed in the pancreas of pre-diabetic NOD
mice (27). Similarly, inflammation can increase the expression
of CCL25 in colitis where CCL25 expression correlates with
inflammation in the GIT (55). In this manner, the inflamed
lesions of the pancreas observed in NOD mice may serve
to attract CCR9™ Tth cells from the GIT and GIT-associated
lymphoid tissues, or CCR9" Th cells from the GIT that acquire
Tth characteristics in the pancreas or pancreatic lymph nodes, to
participate in the destruction of self-tissue in the pancreas and
development of autoimmunity.

Data derived from several clinical studies suggest that
pharmaceutical CCR9 small-molecule inhibitors have beneficial

effects in patients with CD (56, 57). The observation of organ-
specific CCR9-mediated homing of activated T cells to the
intestine renders CCR9 a prime therapeutic target to inhibit the
recruitment of immune cells whilst avoiding global immune
suppression. A greater understanding of the CCR9 expressing Th
cells in immunity and autoimmunity will facilitate the generation
of new strategies for the treatment of IBD and inflammatory
diseases that affect the accessory organs of the digestive system.

MATERIALS AND METHODS

Mice

Female NOD Ltj mice were obtained from ARC, Perth, WA.
C57BL/6 112~/ mice were purchased from Jackson Laboratories
(ME, USA) and backcrossed to C57BL/6 to N12.

Immunohistochemistry

Five micrometer sections of paraffin-embedded intestine were
conventionally stained with haematoxylin and eosin (H&E) for
histological evaluation. Sections were Analyzed using a Leica
light microscope (Leica Microsystems, Wetzlar, Germany). The
images were processed using the Leica acquisition and analysis
software Image] (Freeware NIH Bethesda, USA) and Adobe
Photoshop, version 7 (San José, CA).

Flow Cytometry; Surface Immunostaining
Spleen and lymph nodes were homogenized using 70 pm cells
strainers in lymphocyte isolation buffer. For flow cytometric
analysis of pancreas infiltrate, intraepithelial lymphocytes (IELs)
and lamina propria lymphocytes (LPLs), small intestine samples
were subjected to lymphocyte isolation as described in detail
below. Red blood cells (RBC) were removed from spleens
using 2ml RBC lysis buffer for 1 min on ice before washing
in lymphocyte isolation buffer. Fifty microliter of a single cell
suspension at 2 x 107 cells/ml from spleen and lymph nodes
were stained in FACS buffer containing pre-titred antibodies in
96 well V-bottomed microtitre plates (Nunc, Roskilde, Denmark)
at concentrations shown in Table 1. To reduce non-specific
binding, cells were pre-treated with anti-CD16 for 20 min (2.4G2
made in house). Cells were acquired using Canto cytometer
(BD Biosciences, CA) and analyzed using Flowjo (Treestar,
CA). Doublets were excluded by forward scatter height and
width. Data was collected on a Canto flow cytometer (BD
Biosciences), and analyzed using FlowJo software (Tree Star,
Inc.).

Flow Cytometry; Intracellular

Immunostaining for Detection of Cytokines
Intracellular cytokines were detected using the BD sciences
intracellular staining kit according to the manufacturer’s
instructions. Cytokines were detected either directly ex-vivo
or after 4h stimulation at 37°C in cell culture media with
PMA (50 ng/ml, BIOMOL), ionomycin (500 ng/ml, Invitrogen)
and GolgiPlug (1:1000, BD Biosciences) following ex vivo
staining of surface markers, cells were fixed and permeated (BD
Biosciences), followed by intracellular staining with antibodies at
concentrations shown in Table 1 (58).
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FACS Sorting of CCR9*" and CCR9~ Tfh

and Th Cells

For sorting of CCR9*/~ Tfh and Th cells for microarray analyses
(FACSAria cell sorter), we gated on lymphocytes, CD4" T cells
by CD4 expression, and then subdivided by CD44 and CCR9. In
this way we circumvented staining CD3 by gating lymphocytes
to avoid potentially activating the cells being sorted. RNA was
extracted from cells with an RNeasy Mini Kit (QIAGEN).

Real-Time qPCR

RNA was obtained from cells with an RNeasy Mini Kit
(QIAGEN) and cDNA synthesized with the SuperScript III First-
Strand Synthesis System (Life Technologies). We determined
the relative abundance of cDNAs in triplicate by qRT-PCR
analysis using the Light Cycler 480 (Roche). Fluorescence signals
were measured over 45 PCR cycles (94°C for 15s, 60°C for
30, 72°C for 15s) and the cycle (Ct) at which signals crossed
a threshold set within the logarithmic phase was recorded.
For each assay, standard curves were generated to identify
positive signals on the linear part of the curve.Real-time pre-
designed PCR primer pairs for mouse genes were obtained
from Applied Biosystems and probes from Roche. Housekeeping
gene: Rpl19F ccacaagctcttttectttcg Roche probe #46, Rpll9 R
ggatccaaccagaccttcttt Roche probe #46. For quantitative real-
time PCR (qRT-PCR), 200 ng RNA was treated with DNase I
(Qiagen) for 30 min at 37°C, before cDNA synthesis. Relative

TABLE 1 | Antibodies for Flow Cytometry.

gene expression values were normalized based on the level of
the housekeeping gene Rpl19 and calculated using the relative
gene quantification tool from the LightCycler 480 software (v.1.5,
Roche). Fold modulation of mRNA was calculated by employing
a comparative Ct method; Relative abundance of genes = 2(ACt),
where ACt is the difference between the Ct of target and the
arithmetic mean of Cts of Rpl19.

Pancreas Infiltrate Isolation

Mice were perfused with PBS, and pancreas extracted (27).
Pancreas were cut into small pieces with scissors and transferred
into 50ml falcon tubes with 3 mls of 0.25 mg/ml Liberase-
Enzyme Blend-RI (Roche) in serum free RPMI 1640 media.
The tissue was digested in a 37°C water bath for 20 min.
Tubes were centrifuged at 201g at 4°C for 5min and the
supernatant discarded. ten ml of cold serum containing (10%)
RPMI 1640 media was added. Tubes were vortexed and shaken
to dislodge the tissue; centrifuged at 201 g at 4°C for 5 min and
the supernatant discarded. Again the supernatant was discarded,
and the tissue resuspended in 5ml serum-free RPMI 1640,
centrifuged at 201 g at 4°C for 5min. Pellets were thoroughly
resuspended in 10 ml histopaque (Sigma-Aldrich) by vortexing.
5ml of serum-free RPMI 1640 was layered on top. The tubes
were centrifuged at 974 g at 4°C for 10min without rotor
acceleration or deceleration Pancreatic infiltrating lymphocytes
at the media:histopaque interface were collected, and transferred
into a new 15 ml tube. Tubes were the centrifuged at 340 g at 4°C
for 5min, the supernatant discarded, the pellet washed in 5ml
PBS and centrifuged again. To dislodge clumped cells, samples
were resuspended in 1ml x for 1 min and washed in serum
containing RPMI 1640.

Molecule Clone (company) Label Dilution
CCR6 140706 (BD Biosciences) Alexa Fluor 647 1200 LPL and IEL Isolation
CCR9 6BIOCW-1.2 (eBioscience) FITC 1:150 Small intestines were extracted from mice and placed in a petri
CD122 PO3.1 (eBioscience) PE 1:100 dish containing pre-warmed PBS. Peyer’s patches were removed
cD127 A7R34 (eBioscience) APC 1:200 and the small intestine was cut longitudinally to allow feces to
cD3 145-2G11 (BD Biosciences) ATC 1:200 be washed away. Samples were cut into small pieces with scissors
Pacific Blue 1:200 and transferred into 50 ml falcon tubes and washed until media
CD4 RM4-5 (BD Biosciences) APC 1:400 cleared.
Alexa Fluor 750 1:300 To isolate intraepithelial lymphocytes (IEL), the tissues were
Pacific Blue 1:300 incubated in 20 ml of IEL stripping buffer for 20 min at 37°C
CD44 IM7 (eBioscience) FITC 1:200 while shaking. Tissues were allowed to settle and the supernatant
APC 1:200 decanted through a cell strainer, then washed twice in lymphocyte
CD45.2 A20 (eBioscience) PeCy7 1:300 isolation media and suspended in 8ml of 40% Percoll (GE
CD69 H1.2F3 (BD Biosciences) FITC 1:200 Healthcare). Three microliters of 70% Percol was underlayed
CXCR5 2G8 (BD Biosciences) Biotin 1:100 using a glass pipette and the sample was centrifuged at 600 g for
IFNy XMG1.2 (eBioscience) FITC 1:200 20 min at room temperature. The IEL were then removed from
Pacific Blue 1:100 the resulting interface, washed twice in lymphocyte isolation
IL-10 JESS5-16E3 (eBioscience) APC 1:200 media by centrifuging at 300 g for 5min at 4°C and used
IL-17A TC11-18H10 (eBioscience) FITC 1:100 immediately for flow cytometry analysis_
IL-21 Polyclonal (R&D Systems) Biotin 1:100 To isolate the lamina propria lymphocytes (LPL), the tissue
IL-22 142928 (R&D Systems) PE 1:100 remaining after treatment with stripping buffer was washed twice
IL-4 BVDE-24G2 (eBioscience) FITC 1:100 as above and resuspended in 5ml of 5 mg/ml collagenase D
IL-9R 224325 (R&D Systems) PE 1:200 (Roche) and 0.05% DNAse (Promega) in lymphocyte isolation
PD-1 J43 (BD Biosciences) FITC 1:100 media. Tissues were incubated in the enzyme solution for 15 min
PE 1:100 at 37°C then another 10mL were added and incubated for
TNFor MPGE-XT22 (BD Biosciences) PE 1:200 another 15min. Tissues were removed and washed twice as
a4p7 DATKS2 (BD Biosciences) PE 1:200 above, then passed through a 70 jum cell strainer. These cells were
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run on a Percoll gradient as above then used immediately for
analysis.

Adoptive Transfer of CCR9t/~ Tfh and Th

Cells

CCR91/~ Tfh and Th cells were sorted (FACSAria cell sorter)
for adoptive transfer from combined MLN and peyers patches
by gating on lymphocytes then CD4™ CD44™" cells, CCR9™ or
CCR9™ cells and CXCR5 to denote Tth cells. For CFSE labeling;
cells were washed twice in PBS and resuspended at 5 x 107 per
ml for CFSE staining in CFSE buffer containing 5mM CFSE.
Cells were incubated at 37°C for 10 min then washed twice
with ice cold lymphocyte isolation media before being prepared
for adoptive transfer. Twelve week-old female NOD mice were
administered 6 x 10° (i.v.) of CESE labeled CCR9T Tth cells,
CCR9™ Tth cells, CCR9" Th cells or CCR9™ Th cells and
recovery of CFSE™ cells from the MLN, PP and pancreas infiltrate
was determined by immunostaining, flow cytometry and FACS
analyses on day 4.

Data Analyses and Statistics

P-values were determined by either students T-test or 2-way
ANOVA using Bonferroni’s multiple comparisons test. Data are

REFERENCES

reported as the mean =+ standard deviation (SD), along with the
calculated P-values.

ETHICS STATEMENT

Animals were housed under specific pathogen-free conditions
and handled in accordance with the Garvan Institute of Medical
Research and St. Vincent’s Hospital Animal Experimentation and
Ethics Committee, which comply with the Australian code of
practice for the care and use of animals for scientific purposes.

AUTHOR CONTRIBUTIONS

IC and HM performed the experiments, analyzed the data, and
prepared the figures. JW performed the experiments. MD was
involved in discussion about the work and planning of the
experiments. CK directed the research, analyzed the data, created
the figures, and wrote the manuscript.

FUNDING

This work was supported by Project grant APP1066243 from the
National Health and Medical Research Council of Australia.

lymphocytes.  Clin  Immunol  Immunopathol. ~ (1991)  59:462-73.

doi: 10.1016/0090-1229(91)90041-8

1. Penhale WJ, Farmer A, McKenna RP, Irvine WJ. Spontaneous thyroiditis 12. Graewin SJ, Kiely JM, Lee K-H, Svatek CL, Nakeeb A, Pitt HA. Nonobese
in thymectomized and irradiated Wistar rats. Clin Exp Immunol. (1973) diabetic mice have diminished gallbladder motility and shortened crystal
15:225-36. observation time. ] Gastrointest Surg. (2004) 8:824-9; discussion 829-30.

2. Penhale W], Farmer A, Irvine WJ. Thyroiditis in T cell-depleted rats. Influence doi: 10.1016/j.gassur.2004.06.014
of strain, radiation dose, adjuvants and antilymphocyte serum. Clin Exp 13. Lennon GP, Bettini M, Burton AR, Vincent E, Arnold PY, Santamaria
Immunol. (1975) 21:362-75. P et al. T cell islet accumulation in type 1 diabetes is a tightly

3. Powrie E Leach MW, Mauze S, Caddle LB, Coffman RL. Phenotypically regulated, cell-autonomous  event.  Immunity  (2009)  31:643-53.
distinct subsets of CD4+ T cells induce or protect from chronic intestinal doi: 10.1016/j.immuni.2009.07.008
inflammation in C. B-17 scid mice. Int Immunol. (1993) 5:1461-71. 14. Vaarala O.T he gut immune system and type 1 diabetes. Ann N Y Acad Sci.
doi: 10.1093/intimm/5.11.1461 (2002) 958:39-46. doi: 10.1111/j.1749-6632.2002.tb02945.x

4. Mottet C, Uhlig HH, Powrie F. Cutting edge: cure of colitis by 15. Hanninen A, Jaakkola I, Jalkanen S. Mucosal addressin is required for the
CD4+4-CD25+ regulatory T cells. J Immunol. (2003) 170:3939-43. development of diabetes in nonobese diabetic mice. ] Immunol. (1998)
doi: 10.4049/jimmunol.170.8.3939 160:6018-25.

5. Aranda R, Sydora BC, McAllister PL, Binder SW, Yang HY, Targan SR, et al. 16. Phillips JM, Haskins K, Cooke A. MAdACAM-1 is needed for diabetes
Analysis of intestinal lymphocytes in mouse colitis mediated by transfer development mediated by the T cell clone, BDC-2.5. Immunology (2005)
of CD4+, CD45RBhigh T cells to SCID recipients. | Immunol. (1997) 116:525-31. doi: 10.1111/j.1365-2567.2005.02254.x
158:3464-73. 17. Kawamoto S, Tran TH, Maruya M, Suzuki K, Doi Y, Tsutsui Y, et al.The

6. Podolsky DK. Inflammatory bowel disease. N Eng ] Med. (2002) 347:417-29. inhibitory receptor PD-1 regulates IgA selection and bacterial composition
doi: 10.1056/NEJMra020831 in the gut. Science (2012) 336:485-9. doi: 10.1126/science.1217718

7. Molodecky NA, Soon IS, Rabi DM, Ghali WA, Ferris M, Chernoff G, et al. 18. Kato LM, Kawamoto S, Maruya M, Fagarasan S. Gut TFH and IgA: key players
Increasing incidence and prevalence of the inflammatory bowel diseases with for regulation of bacterial communities and immune homeostasis. Immunol
time, based on systematic review. Gastroenterology (2012) 142:46-54 e42; quiz Cell Biol. (2014) 92:49-56. doi: 10.1038/icb.2013.54
€30. doi: 10.1053/j.gastro.2011.10.001 19. Chen Z, O’Shea JJ. Th17 cells: a new fate for differentiating helper T cells.

8. Caprilli R, Angelucci E, Cocco A, Viscido A, Zippi M. Efficacy of Immunol Res. (2008). doi: 10.1007/s12026-007-8014-9
conventional immunosuppressive drugs in IBD. Dig Liver Dis. (2004) 36:766— 20. Leppkes M, Becker C, Ivanov, II, Hirth S, Wirtz S, Neufert C, et al.
80. doi: 10.1016/j.d1d.2004.06.014 RORgamma-expressing Th1l7 cells induce murine chronic intestinal

9. Duchmann R, Marker-Hermann E, Meyer zum Buschenfelde KH. Bacteria- inflammation via redundant effects of IL-17A and IL-17F. Gastroenterology
specific T-cell clones are selective in their reactivity towards different (2009) 136:257-67. doi: 10.1053/j.gastro.2008.10.018
enterobacteria or H. pylori and increased in inflammatory bowel disease. 21. Caruso R, Botti E, Sarra M, Esposito M, Stolfi C, Diluvio L, et al. Involvement
Scand ] Immunol. (1996) 44:71-9. doi: 10.1046/j.1365-3083.1996.d01-273.x of interleukin-21 in the epidermal hyperplasia of psoriasis. Nat Med. (2009)

10. Wei X, Yang Z, Rey FE, Ridaura VK, Davidson NO, Gordon JI, et al. Fatty 15:1013-5. doi: 10.1038/nm.1995
acid synthase modulates intestinal barrier function through palmitoylation 22. King C. New insights into the differentiation and function of T follicular
of mucin 2. Cell Host Microbe (2012) 11:140-52. doi: 10.1016/j.chom.2011. helper cells. Nat Rev Immunol. (2009) 9:757-766. doi: 10.1038/nri2644
12.006 23. Mora JR, Iwata M, Eksteen B, Song SY, Junt T, Senman B, et al. Generation of
11. Goillot E, Mutin M, Touraine JL. Sialadenitis in nonobese diabetic gut-homing IgA-secreting B cells by intestinal dendritic cells. Science (2006)
mice: transfer into syngeneic healthy neonates by splenic T 314:1157-60. doi: 10.1126/science.1132742
Frontiers in Immunology | www.frontiersin.org 14 January 2019 | Volume 9 | Article 2899


https://doi.org/10.1093/intimm/5.11.1461
https://doi.org/10.4049/jimmunol.170.8.3939
https://doi.org/10.1056/NEJMra020831
https://doi.org/10.1053/j.gastro.2011.10.001
https://doi.org/10.1016/j.dld.2004.06.014
https://doi.org/10.1046/j.1365-3083.1996.d01-273.x
https://doi.org/10.1016/j.chom.2011.12.006
https://doi.org/10.1016/0090-1229(91)90041-8
https://doi.org/10.1016/j.gassur.2004.06.014
https://doi.org/10.1016/j.immuni.2009.07.008
https://doi.org/10.1111/j.1749-6632.2002.tb02945.x
https://doi.org/10.1111/j.1365-2567.2005.02254.x
https://doi.org/10.1126/science.1217718
https://doi.org/10.1038/icb.2013.54
https://doi.org/10.1007/s12026-007-8014-9
https://doi.org/10.1053/j.gastro.2008.10.018
https://doi.org/10.1038/nm.1995
https://doi.org/10.1038/nri2644
https://doi.org/10.1126/science.1132742
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Cosorich et al.

CCR9 Tfh and Th Cells in Inflammation

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Papadakis KA, Landers C, Prehn J, Kouroumalis EA, Moreno ST, Gutierrez-
Ramos JC, et al. CC chemokine receptor 9 expression defines a subset
of peripheral blood lymphocytes with mucosal T cell phenotype and
Thl or T-regulatory 1 cytokine profile. J Immunol (2003) 171:159-65.
doi: 10.4049/jimmunol.171.1.159

Mora JR, Bono MR, Manjunath N, Weninger W, Cavanagh LL, Rosemblatt
M, et al. Selective imprinting of gut-homing T cells by Peyer’s patch dendritic
cells. Nature (2003) 424:88-93. doi: 10.1038/nature01726

Koenecke C, Forster R. CCR9 and inflammatory bowel disease. Expert Opin
Ther Targets (2009) 13:297-306. doi: 10.1517/14728220902762928

McGuire HM, Vogelzang A, Ma CS, Hughes WE, Silveira PA, Tangye SG,
Christ D, et al. A subset of interleukin-214 chemokine receptor CCR9+ T
helper cells target accessory organs of the digestive system in autoimmunity.
Immunity (2011) 34:602-15. doi: 10.1016/j.immuni.2011.01.021

Alam C, Valkonen S, Palagani V, Jalava J, Eerola E, Hanninen A. Inflammatory
tendencies and overproduction of IL-17 in the colon of young NOD
mice are counteracted with diet change. Diabetes (2010) 59:2237-46.
doi: 10.2337/db10-0147

Vogelzang A, McGuire HM, Liu SM, Gloss B, Mercado K, Earls P,
et al. IL-21 Contributes to fatal inflammatory disease in the absence
of Foxp3(+) T regulatory cells. J Immunol. (2014) 192:1404-14.
doi: 10.4049/jimmunol.1302285

Schultz M, Tonkonogy SL, Sellon RK, Veltkamp C, Godfrey VL, Kwon J,
Grenther WB, et al. IL-2-deficient mice raised under germfree conditions
develop delayed mild focal intestinal inflammation. Am J Physiol. (1999)
276:G1461-72. doi: 10.1152/ajpgi.1999.276.6.G1461

Wollenberg I, Agua-Doce A, Hernandez A, Almeida C, Oliveira
VG, Faro J, et al. Regulation of the germinal center reaction by
Foxp3+ follicular regulatory T cells. J Immunol. (2011) 187:4553-60.
doi: 10.4049/jimmunol.1101328

Chung Y, Tanaka S, Chu E Nurieva RI, Martinez GJ, Rawal S, et al. Follicular
regulatory T cells expressing Foxp3 and Bcl-6 suppress germinal center
reactions. Nat Med. (2011) 17:983-8. doi: 10.1038/nm.2426

Vogelzang A, McGuire HM, Yu D, Sprent J, Mackay CR, King C. A
fundamental role for interleukin-21 in the generation of T follicular helper
cells. Immunity (2008) 29:127-37. doi: 10.1016/j.immuni.2008.06.001
Nurieva R, Yang XO, Martinez G, Zhang Y, Panopoulos AD, Ma L, et al.
Essential autocrine regulation by IL-21 in the generation of inflammatory T
cells. Nature (2007) 448:480-3. doi: 10.1038/nature05969

Strober W, Fuss IJ. Proinflammatory cytokines in the pathogenesis
of inflammatory bowel diseases. Gastroenterology (2011) 140:1756-67.
doi: 10.1053/j.gastro.2011.02.016

Hsu HC, Yang P, Wang ], Wu Q, Myers R, Chen J, et al. Interleukin 17-
producing T helper cells and interleukin 17 orchestrate autoreactive germinal
center development in autoimmune BXD2 mice. Nat Immunol. (2008) 9:166—-
75. doi: 10.1038/ni1552

Bauquet AT, Jin H, Paterson AM, Mitsdoerffer M, Ho IC, Sharpe AH, et al. The
costimulatory molecule ICOS regulates the expression of c-Maf and IL-21 in
the development of follicular T helper cells and TH-17 cells. Nat Immunol.
(2009) 10:167-75. doi: 10.1038/1i.1690

Reinhardt RL, Liang HE, Locksley RM. Cytokine-secreting follicular T
cells shape the antibody repertoire. Nat Immunol. (2009) 10:385-93.
doi: 10.1038/ni.1715

Nurieva RI, Chung Y, Hwang D, Yang XO, Kang HS, Ma L, et al
Generation of T follicular helper cells is mediated by interleukin-21 but
independent of T helper 1, 2, or 17 cell lineages. Immunity (2008) 29:138-49.
doi: 10.1016/j.immuni.2008.05.009

Luthje K, Kallies A, Shimohakamada Y, Belz GT, Light A, Tarlinton DM, et al.
The development and fate of follicular helper T cells defined by an IL-21
reporter mouse. Nat Immunol. (2012) 13:491-8. doi: 10.1038/ni.2261
Hanninen A, Taylor C, Streeter PR, Stark LS, Sarte JM, Shizuru JA, et al.
Vascular addressins are induced on islet vessels during insulitis in nonobese
diabetic mice and are involved in lymphoid cell binding to islet endothelium.
J Clin Invest. (1993) 92:2509-15. doi: 10.1172/JCI116859

Hanninen A, Salmi M, Simell O, Jalkanen S. Mucosa-associated (beta 7-
integrinhigh) lymphocytes accumulate early in the pancreas of NOD mice
and show aberrant recirculation behavior. Diabetes (1996) 45:1173-80.
doi: 10.2337/diab.45.9.1173

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Paronen J, Klemetti P, Kantele JM, Savilahti E, Perheentupa J, Akerblom
HK, et al. Glutamate decarboxylase-reactive peripheral blood lymphocytes
from patients with IDDM express gut-specific homing receptor alpha4beta7-
integrin. Diabetes (1997) 46:583-8. doi: 10.2337/diab.46.4.583

Savilahti E, Ormala T, Saukkonen T, Sandini-Pohjavuori U, Kantele JM, Arato
A, et al. Jejuna of patients with insulin-dependent diabetes mellitus (IDDM)
show signs of immune activation. Clin Exp Immunol. (1999) 116:70-7.
doi: 10.1046/j.1365-2249.1999.00860.x

Wurbel MA, Philippe JM, Nguyen C, Victorero G, Freeman T, Wooding P,
et al.The chemokine TECK is expressed by thymic and intestinal epithelial
cells and attracts double- and single-positive thymocytes expressing the
TECK receptor CCRY. Eur ] Immunol. (2000) 30:262-71. doi: 10.1002/1521-
4141(200001)30:1<262::AID-IMMU262>3.0.CO;2-0

Papadakis KA, Prehn J, Moreno ST, Cheng L, Kouroumalis EA, Deem R,
Breaverman T, et al. CCR9-positive lymphocytes and thymus-expressed
chemokine distinguish small bowel from colonic Crohn’s disease.
Gastroenterology (2001) 121:246-54. doi: 10.1053/gast.2001.27154
Apostolaki M, Manoloukos M, Roulis M, Wurbel MA, Muller W, Papadakis
KA, et al. Role of beta7 integrin and the chemokine/chemokine receptor pair
CCL25/CCRY in modeled TNF-dependent Crohn’s disease. Gastroenterology
(2008) 134:2025-35. doi: 10.1053/j.gastro.2008.02.085

Wang C, Kang SG, Lee ], Sun Z, Kim CH. The roles of CCR6 in migration
of Th17 cells and regulation of effector T-cell balance in the gut. Mucosal
Immunol. (2009) 2:173-83. doi: 10.1038/mi.2008.84

Rivera-Nieves J, Ho ], Bamias G, Ivashkina N, Ley K, et al. Antibody
blockade of CCL25/CCR9 ameliorates early but not late chronic murine ileitis.
Gastroenterology (2006) 131:1518-29. doi: 10.1053/j.gastro.2006.08.031
Saruta M, Yu QT, Avanesyan A, Fleshner PR, Targan SR, Papadakis KA.
Phenotype and effector function of CC chemokine receptor 9-expressing
lymphocytes in small intestinal Crohn’s disease. ] Immunol. (2007) 178:3293-
300. doi: 10.4049/jimmunol.178.5.3293

Wolf FW, Sarma V, Seldin M, Drake S, Suchard SJ, Shao H, et al. Dixit VM,
B94, a primary response gene inducible by tumor necrosis factor-alpha, is
expressed in developing hematopoietic tissues and the sperm acrosome. J Biol
Chem. (1994) 269:3633-40.

Colonna M, Navarro E Bellon T, Llano M, Garcia P, Samaridis J, et al. A
common inhibitory receptor for major histocompatibility complex class I
molecules on human lymphoid and myelomonocytic cells. ] Exp Med. (1997)
186:1809-18. doi: 10.1084/jem.186.11.1809

Li D, Wang E Samuels HH. Domain structure of the NRIF3 family of
coregulators suggests potential dual roles in transcriptional regulation. Mol
Cell Biol. (2001) 21:8371-84. doi: 10.1128/MCB.21.24.8371-8384.2001
Coombes JL, Powrie F. Dendritic cells in intestinal immune regulation. Nat
Rev Immunol. (2008) 8:435-46. doi: 10.1038/nri2335

Trivedi PJ, T, Ward S, Mai M, Schmidt C, Hirschfield
GM, et al. Intestinal CCL25 expression is increased in colitis and
correlates with inflammatory activity. J Autoimmun. (2016) 68:98-104.
doi: 10.1016/j.jaut.2016.01.001

Hart AL, Ng SC, Mann E, Al-Hassi HO, Bernardo D, Knight SC. Homing
of immune cells: role in homeostasis and intestinal inflammation. Inflamm
Bowel Dis. (2010) 16:1969-77. doi: 10.1002/ibd.21304

Thomas S, Baumgart DC. Targeting leukocyte migration and adhesion in
Crohn’s disease and ulcerative colitis. Inflammopharmacology (2012) 20:1-18.
doi: 10.1007/510787-011-0104-6

Jandl C, Loetsch C, King C. Cytokine expression by T follicular helper cells.
Methods Mol Biol. (2017) 1623:95-103. doi: 10.1007/978-1-4939-7095-7_8

Bruns

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Cosorich, McGuire, Warren, Danta and King. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

January 2019 | Volume 9 | Article 2899


https://doi.org/10.4049/jimmunol.171.1.159
https://doi.org/10.1038/nature01726
https://doi.org/10.1517/14728220902762928
https://doi.org/10.1016/j.immuni.2011.01.021
https://doi.org/10.2337/db10-0147
https://doi.org/10.4049/jimmunol.1302285
https://doi.org/10.1152/ajpgi.1999.276.6.G1461
https://doi.org/10.4049/jimmunol.1101328
https://doi.org/10.1038/nm.2426
https://doi.org/10.1016/j.immuni.2008.06.001
https://doi.org/10.1038/nature05969
https://doi.org/10.1053/j.gastro.2011.02.016
https://doi.org/10.1038/ni1552
https://doi.org/10.1038/ni.1690
https://doi.org/10.1038/ni.1715
https://doi.org/10.1016/j.immuni.2008.05.009
https://doi.org/10.1038/ni.2261
https://doi.org/10.1172/JCI116859
https://doi.org/10.2337/diab.45.9.1173
https://doi.org/10.2337/diab.46.4.583
https://doi.org/10.1046/j.1365-2249.1999.00860.x
https://doi.org/10.1002/1521-4141(200001)30:1<262::AID-IMMU262>3.0.CO;2-0
https://doi.org/10.1053/gast.2001.27154
https://doi.org/10.1053/j.gastro.2008.02.085
https://doi.org/10.1038/mi.2008.84
https://doi.org/10.1053/j.gastro.2006.08.031
https://doi.org/10.4049/jimmunol.178.5.3293
https://doi.org/10.1084/jem.186.11.1809
https://doi.org/10.1128/MCB.21.24.8371-8384.2001
https://doi.org/10.1038/nri2335
https://doi.org/10.1016/j.jaut.2016.01.001
https://doi.org/10.1002/ibd.21304
https://doi.org/10.1007/s10787-011-0104-6
https://doi.org/10.1007/978-1-4939-7095-7_8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	CCR9 Expressing T Helper and T Follicular Helper Cells Exhibit Site-Specific Identities During Inflammatory Disease
	Introduction
	T Cell Mediated Damage to Self-Tissue
	The Gastrointestinal Tract and Chronic Inflammation
	T Helper Cells in the GIT and Associated Lymphoid Tissues
	CCR9+ T Helper Cells

	Results
	GIT Inflammation in Il2-/- Mice
	Increased Numbers of CCR9+ Th and Tfh Cells in the Inflamed GIT
	CCR9+ Th Cells in the GIT Exhibit Both Th17 and Th1 Characteristics
	CCR9+ Th and Tfh Cells Exhibit a Site-Specific Transcriptome
	CCR9+ Th and Tfh Cells Exhibit a Site-Specific Phenotype
	CCR9+ Tfh and CCR9+ Th Cells From GIT Lymphoid Tissues Migrate to the Pancreas

	Discussion
	Materials and Methods
	Mice
	Immunohistochemistry
	Flow Cytometry; Surface Immunostaining
	Flow Cytometry; Intracellular Immunostaining for Detection of Cytokines
	FACS Sorting of CCR9+ and CCR9- Tfh and Th Cells
	Real-Time qPCR
	Pancreas Infiltrate Isolation
	LPL and IEL Isolation
	Adoptive Transfer of CCR9+/- Tfh and Th Cells
	Data Analyses and Statistics

	Ethics Statement
	Author Contributions
	Funding
	References


