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SUMMARY

Lymphocyte infiltration into the gut mucosa plays a funda-
mental role in inflammatory bowel disease development.

Our results show a new homing receptor, expressed in
mouse and human, which drives lymphocyte infiltration into
the colonic lamina propria upon gut inflammation.

BACKGROUND AND AIMS: CD4" T cells constitute central
players in inflammatory bowel diseases (IBDs), driving inflam-
mation in the gut mucosa. Current evidence indicates that CCR9
and the integrin «4(7 are necessary and sufficient to imprint
colonic homing on CD4™ T cells upon inflammation. Interest-
ingly, dopaminergic signaling has been previously involved in
leukocyte homing. Despite dopamine levels are strongly reduced
in the inflamed gut mucosa, the role of dopamine in the gut
homing of T cells remains unknown. Here, we study how dopa-
minergic signaling affects T cells upon gut inflammation.

METHODS: Gut inflammation was induced by transfer of naive
T cells into Rag1™”~ mice or by administration of dextran so-
dium sulfate. T cell migration and differentiation were evalu-
ated by adoptive transfer of congenic lymphocytes followed by
flow cytometry analysis. Protein interaction was studied by
bioluminescence resonance energy transfer analysis, bimolec-
ular fluorescence complementation, and in situ proximity liga-
tion assays.

RESULTS: We show the surface receptor providing colonic
tropism to effector CD4™ T cells upon inflammation is not CCR9
but the complex formed by CCR9 and the dopamine receptor Ds
(DRD5). Assembly of the heteromeric complex was demonstrated
in vitro and in vivo using samples from mouse and human origin.
The CCR9:DRD5 heteroreceptor was upregulated in the intestinal
mucosa of IBD patients. Signaling assays confirmed that com-
plexes behave differently than individual receptors. Remarkably,
the disruption of CCR9:DRD5 assembly attenuated the recruit-
ment of CD4" T cells into the colonic mucosa.

CONCLUSIONS: Our findings describe a key homing receptor
involved in gut inflammation and introduce a new cell surface
module in immune cells: macromolecular complexes formed by

G protein-coupled receptors integrating the sensing of multiple
molecular  cues. (Cell Mol Gastroenterol  Hepatol
2021;12:489-506; https://doi.org/10.1016/j.jcmgh.2021.04.006)
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See editorial on page 791.

ut mucosa immunity involves a tight equilibrium

between inflammatory responses against orally
administered dangerous foreign antigens and the generation
of tolerance to food-derived and commensal microbiota-
derived antigens. Effector CD4" T cells, including T
helper 1 (Th1) and Th17 cells and regulatory CD4™ T cells,
constitute central players in maintaining a balance between
tolerance and inflammation.”® Importantly, the evidence
shows that the recruitment of inflammatory Th1 and Th17
lymphocytes as well as of regulatory T cells into the gut
mucosa is mediated by 2 key molecules: the C-C chemokine
receptor 9 (CCR9) and the w447 integrin.™*

Abbreviations used in this paper: Ab, antibody; AlloPC, allophyco-
cyanin; AlloPC-Cy7, AlloPC-cyanine 7; BATF, B cell-activating tran-
scription factor; BRET, bioluminescence resonance energy transfer;
BSA, bovine serum albumin; CCR9, C-C chemokine receptor 9; CD,
Crohn’s disease; cDNA, complementary DNA; cLP, colonic lamina
propria; CTV, cell trace violet; DR, dopamine receptor; DRD5, dopa-
mine receptor Ds; DSS, dextran sodium sulfate; FBS, fetal bovine
serum; FITC, fluorescein isothiocyanate; GPCR, G protein-coupled
receptor; IBD, inflammatory bowel disease; IL, interleukin; mAb,
monoclonal antibody; MLN, mesenteric lymph node; PBS, phosphate-
buffered saline; PLA, proximity ligation assays; RA, retinoic acid; RLuc,
Renilla luciferase; RT-PCR, reverse-transcription polymerase chain
reaction; Th, T helper; TM, transmembrane; UC, ulcerative colitis; YFP,
yellow fluorescent protein; ZAq, Zombie Aqua.
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The loss of oral tolerance may result in inflammatory
bowel diseases (IBDs), including Crohn’s disease (CD) and
ulcerative colitis (UC). The overall IBDs prevalence is in the
range of 500-900 cases per 100,000 individuals, numbers
that have been steadily increasing during the last decade,
mainly in developed countries.” Evidence from inflamma-
tory colitis mouse models and from samples obtained from
IBD patients has indicated that gut inflammation in IBD is
driven mainly by the inflammatory effector CD4" T cell
subsets Th1 and Th17° whereas regulatory T cells remain
dysfunctional in these disorders.

Cells residing in the gut may encounter dopamine, which
arise from different sources, including the intrinsic enteric
nervous system, the intestinal epithelial layer,” some com-
ponents of the gut microbiota,” and certain immune cells,
including dendritic cells and regulatory T cells.” Interest-
ingly, inflamed gut mucosa from CD and UC patients involves
amarked decrease of dopamine levels,® which may affect the
function of immune cells expressing dopamine receptors
(DRs), including T cells. Importantly, reduced levels of in-
testinal dopamine have been also observed in inflamed gut
mucosa using animal models of inflammatory colitis.**

Dopamine is notably enriched in the gut,'’"'* although
its physiological role is not well understood. Dopamine ex-
erts its effects by stimulating 5 different DRs described so
far, termed DRD1-DRD5, all of them belonging to the G
protein—-coupled receptor (GPCR) superfamily. All these re-
ceptors have been found in CD4" T cells from human and
mouse origin.'* It is important to consider that each DR
displays different affinities for dopamine, thereby their
functional relevance depends on dopamine levels.” High
dopamine concentrations, such as those found in the
gastrointestinal tract under steady-state conditions, have
been shown to promote anti-inflammatory effects at the
level of the immune system, thus promoting homeostasis.
This immunosuppressive role of high dopamine levels
seems to be mediated by the stimulation of low-affinity DRs
in immune cells, including DRD1 and DRD2.'*'% Indeed, an
allele of the polymorphic DRDZ gene, which results in
decreased receptor expression, represents a risk factor for
refractory CD.'® Conversely, low dopamine levels, which
selectively stimulate high-affinity DRs, seem to represent a
“danger signal” in tissues that normally contain high dopa-
mine levels under homeostatic conditions. In this regard, a
recent study showed that Drd3-deficient naive CD4" T cells
display impaired Th1 differentiation and reduced expansion
of Th17 cells and consequently an attenuated manifestation
of inflammatory colitis.'” Furthermore, another study pro-
vided genetic and pharmacologic evidence indicating that
DRD3 signaling limits the gut homing of the regulatory T
cells and reduces their suppressive activity.'® Considering
the inflammation-associated reduction of intestinal dopa-
mine levels (=1000 nM in healthy individuals; =100 nM in
CD and UC patients)'®'? it might be hypothesized that DRD3
may be preferentially stimulated, thus favoring the inflam-
matory potential of CD4" T cells and promoting chronic
inflammation. Indeed, previous studies have shown that
Drd3 deficiency results in attenuated inflammatory colitis in
mouse.'”'® However, the DRD5 constitutes another high-
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affinity DR expressed in CD4" T cells,*”?! whose involve-
ment in controlling gut homeostasis remains unexplored.
In this study, we investigated the involvement of DRD5
signaling in CD4™ T cells in gut inflammation. Our results
showed a highly relevant role of DRD5 signaling in gut
inflammation, as mice bearing Drd5-deficient CD4" T cells
were refractory to the manifestation of the disease. Further
analysis revealed that, despite Drd5 deficiency results in
exacerbated expression of the gut-homing receptor CCR9,
CD4" T cell infiltration in the gut mucosa and gut-associated
lymphoid tissues was impaired. Mechanistic experiments
indicated that DRD5 is assembled with CCR9 to generate the
actual gut-homing receptor, a cell surface complex that led the
migration of CD4" T cells into the inflamed colonic mucosa.

Results and Discussion
DRD5 Deficiency in CD4™ T Cells Attenuates the
Development of Inflammatory Colitis and Results
in a Reduced CD4* T Cell Infiltration Into the Gut
Mucosa

To evaluate the role of DRD5 in CD4" T cells in the
development of gut inflammation, we used the mouse model
of chronic inflammatory colitis induced by T cell transfer,
which involves the administration of naive CD4" T cells into
lymphopenic recipients (Rag1™").?* Since DRD5 signaling is
relevant in CD4" T cells?>*! and its expression increases
after T cell activation (Figure 14), we first compared the
severity of inflammatory colitis manifestation of Ragl™”~
mice receiving Drd5-sufficient or Drd5-deficient naive CD4*
T cells (Figure 1B). The results showed that mice bearing
Drd5-deficient CD4" T cells displayed an attenuated colitis
manifestation (Figure 1C and D). Indeed, their bodyweight
increased along the time course of the experiment, similar to
the expected body weight increase with age in healthy mice
(see the bodyweight change for Ragl™~ mice without
receiving the T cell transfer in Figure 1C). To determine
whether the reduced disease manifestation in mice bearing
Drd5-deficient CD4™ T cells was associated with an altered
number of inflammatory T cells in the inflamed tissue, we
evaluated the extent of T cell infiltration in the gut mucosa.
For this purpose, 10 weeks after disease induction, CD4" T
cells infiltrating the colonic lamina propria (cLP), mesen-
teric lymph nodes (MLNs), and spleen were isolated and
analyzed by flow cytometry. The results showed a sub-
stantial and selective reduction of CD4™ T cells infiltrating
the cLP of mice bearing Drd5-deficient CD4" T cells
(Figure 1E). Conversely, Drd5 deficiency did not affect the
percentage of CD4™" T cells recirculating through the spleen
or infiltrating the MLN (Figure 1E). To address the possi-
bility that DRD5 signaling was involved in the acquisition of
functional CD4" T cell phenotypes in the context of in-
flammatory colitis, we next compared the phenotype of
Drd5-deficient and Drd5-sufficient CD41 T cells inside the
same recipients. For this purpose, we induced inflammatory
colitis transferring congenic Drd5-sufficient (Cd45.17/") and
Drd5-deficient (Cd45.2"/") naive CD4" T cells into Rag1™~
recipients, and analyzed T cell phenotypes in different tis-
sues at the endpoint. Interestingly, the inflammatory profile
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Figure 1. Deficiency of DRD5 signaling in CD4™ T cells dampens the development of inflammatory colitis and results in
reduced frequency of CD4"1 T cells in the colonic lamina propria without affecting the acquisition of inflammatory
phenotypes. (A) CD4" T cells purified from wild-type mice were left unstimulated or activated with anti-CD3 and anti-CD28 mAbs
for 24 hours. In the top panel, the expression of DRD5 was evaluated by Western blots. §-actin was used as a control. In the bottom
panel, cells were immunostained with anti-DRD5 antibody (open histograms) or with irrelevant isotype matched control (filled
histograms) and analyzed by flow cytometry. Representative results from 1 of 3 independent experiments are shown. (B-E) Naive
CD4™" T cells (CD3"CD4*CD45RB"9": Tn) were isolated from the spleen of Drd5* (black symbols) or Drd5~~ (white symbols)
mice and intraperitoneally transferred into Rag7™~ mice (5 x 10° per mouse) and the extent of disease manifestation and CD4* T
cell infiltration in different tissues were determined. (B) Scheme illustrating the experimental design. (C, D) Body weight loss
(represented as % respective to the initial body weight) and disease activity index (DAI) were monitored once a week throughout 10
weeks. Values represent mean + SEM: (C) n = 22-27 or (D) n = 5-6 mice/group. (C, D) Nontransferred Rag 7™~ mice (grey symbols)
were used as a control group (n = 4). (E) Ten weeks after T cell transfer, mice were sacrificed and the frequency of CD4" T cell was
evaluated in secondary lymphoid organs (spleen and MLN) and in the cLP by flow cytometry. n = 8-10 mice/group. (F) Naive CD4*
T cells (CD37CD4+CD45RB"9": Tn) were isolated from the spleen of Cd45.1+* Drd5%* (black symbols) or Cd45.2™"* Drd57~
(white symbols) mice, mixed in a 1:1 ratio and intraperitoneally injected (5 x 10° total cells per mouse) into Rag?~~ mice. Ten weeks
later, mononuclear cells were isolated from the cLP, restimulated ex vivo and intracellular immunostaining of IFN-y and IL-17 were
analyzed by flow cytometry in the TCRB"CD4" population. Top panel shows representative contour plots of IFN-y vs IL-17 from
the CD45.1" (Drd5*'*, left) and CD45.2" (Drd5™, right) CD4™ T cells. Numbers indicate the percentage of cells in the corre-
sponding quadrant. The bottom panel shows the quantification of the frequency of single producers IFN-y™ or IL-17" or double
producers IFN-y" IL-17" CD4™" T cells. n = 11 mice/group. (G, H) Mice were treated as indicated in panel B, and 12 weeks later, the
extent of CD4* T cell survival and proliferation were determined in the spleen and cLP as the percentage of (G) ZAg™ cells and the
frequency of (H) Ki67™" cells, respectively, on the CD4" TCRB™" gate by flow cytometry analysis. n = 4-6 mice/group. (E-H) Each
symbol represents data obtained from an individual mouse. Mean + SD are indicated. (C-H) *P < .05; *P < .001; ***P < .0001
(Drd5*"* vs Drd57™") by 2-way ANOVA followed by Sidak’s post hoc test.
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of CD4* T cells infiltrating the cLP in these mice was similar
in Drd5-sufficient and Drd5-deficient T cells (Figure 1F),
indicating that DRD5 signaling was not relevant for the
acquisition of Thl and Th17 phenotypes upon gut inflam-
mation. To address the possibility that the reduction of
CD4" T cells infiltrating the cLP of mice receiving Drd5-
deficient T cells was due to increased cell death or to
reduced cell proliferation, we performed experiments
similar to those described in Figure 1B, and then we
analyzed the extent of proliferation and cell death in the
CD4™" T cells population of the cLP and the spleen at the
endpoint. The results showed that Drd5 deficiency does not
affect the survival (Figure 1G) and proliferation (Figure 1H)
of CD4™" T cells upon chronic gut inflammation. Remarkably,
these results indicated that Drd5 deficiency in CD4™ T cells
induces a substantial decrease of inflammatory colitis
manifestation, which is associated with a reduced extent of
CD4" T cells infiltrating the colonic mucosa but without
effect in T cell differentiation, survival, and proliferation.

DRD5-Signaling Promotes Gut Tropism in CD4™"
T Cells

Because the previously exposed results indicate a role of
DRDS5 signaling in the extent of CD4™ T cell infiltration into
the gut mucosa upon inflammation, we next compared the
effect of DRD5 with that of CCR9, a chemokine receptor
described to play a major role in gut homing of T cells."”*
Accordingly, we evaluated the development of chronic in-
flammatory colitis in mice bearing Drd5-deficient or Ccr9-
deficient CD4" T cells. Interestingly, both Ccr9 deficiency
and Drd5 deficiency in CD4" T cells resulted in a similar
extent of reduction in colitis manifestation and equivalent
distribution of T cells through different body tissues
(Figure 2), arising the hypothesis that DRD5 signaling might
also be involved in gut homing of T cells. To address this
hypothesis, we next determined whether DRD5 signaling
was involved in the migration of inflammatory lymphocytes
into the gut mucosa. For this purpose, we set up an in vivo
migration assay in which we compared the infiltration of
congenic Drd5-sufficient (Cd45.177") and Drd5-deficient
(Cd45.2%/") CD4" T cells displaying gut tropism into
different tissues inside the same recipients after a short
period (Figure 3A4). The results showed that the arrival of
Drd5-deficient CD4" T cells into the cLP and the MLN was
significantly impaired compared with Drd5-sufficient lym-
phocytes (Figure 3B and C). Conversely, the recirculation
through the spleen was similar for both CD4" T cell geno-
types, thus suggesting that DRD5 signaling promotes the
selective migration of CD4™ T cells into the gut-associated
tissues. To gain more in-depth insight into the role of
DRD5 signaling in CD4" T cell migration, we also deter-
mined the expression profile of gut-homing molecules on
CD4™" T cells upon arrival the different tissues analyzed.
Surprisingly, although the migration of Drd5-deficient CD4"
T cells to the cLP and the MLN was impaired, CCR9
expression was selectively increased in frequency and
density on CD4" T cells infiltrating the cLP (Figure 3D and
E). Conversely, CCR9 expression was not affected by Drd5
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deficiency in those CD4" T cells recirculating through the
spleen or infiltrating the MLN (Figure 3D and E). In all the
tissues analyzed the a4(37 expression profile was similar in
Drd5-sufficient and Drd5-deficient CD4™ T cells (Figure 3F).
Altogether these results indicated that DRD5 is required to
recruit CD4" T cells into the inflamed gut mucosa.

To address the possibility that DRD5 signaling in CD4* T
cells was affecting the surface expression of other integrins
different of w437, we next performed experiments of in-
flammatory colitis in which the in vivo migration of CD4" T
cells was induced in a short period of time. Of note, in these
experiments we also aimed to evaluate whether DRD5
signaling affected the proliferation of CD4" T cells in the
context of gut inflammation in a short period of time. To this
end, gut tropism was induced in Drd5-sufficient or Drd5-
deficient CD4" T cells, which were loaded with the cell trace
violet (CTV) and then intravenously transferred into mice
undergoing dextran sodium sulfate (DSS)-induced colitis.
Three days later, we analyzed the extent of proliferation
(determined as the dilution of CTV-associated fluorescence)
and the surface expression of 1-integrin (CD29) in CD4" T
cells infiltrating the cLP, infiltrating the MLN, or recirculat-
ing through the spleen. The results showed that upon acute
gut inflammation, Drd5 deficiency affects neither the extent
of CD4™ T cells proliferation (Figure 44) nor B1-integrin
expression in those cells (Figure 4B).

CCR9 and DRD5 Form Heteromers in CD4+ T

Cells

Both CCR9 and DRDS5 belong to the superfamily of G
protein-coupled receptors (GPCRs). During the past
decade, an increasing number of studies, performed
mainly in the nervous system, have reported hetero-
merization between different GPCRs.”® Evidence has
shown that such GPCRs heteromers constitute novel
functional units of physiological relevance.”* Because we
observed an attenuated CD4" T cell migration to the gut
mucosa even when CCR9 expression was higher in Drd5-
deficient lymphocytes, we hypothesized that CCR9 was
forming heteromers with DRD5. To address this possibil-
ity, we transfected Jurkat cells, a CD4™" T cell line, with
constant amounts of complementary DNA (cDNA) encod-
ing for Renilla luciferase (RLuc) fused to DRD5 and
increasing amounts of cDNA codifying for the yellow
fluorescent protein (YFP) fused to CCR9. We carried out
bioluminescence resonance energy transfer (BRET) ex-
periments in cotransfected cells. The results showed a
saturation curve for DRD5-RLuc and CCR9-YFP, indicating
close proximity (10-100 A) between constituting proto-
mers (Figure 5A4). Indeed, the results proved a direct
interaction between the 2 receptors. Conversely, constant
DRD5-RLuc expression and increasing expression of the
GHSR1a-YFP (ghrelin receptor 1o fused to YFP) led to a
barely detectable BRET signal (Figure 54). Similar results
were obtained in HEK293 cells (data not shown), indi-
cating that CCR9 and DRD5 may form heteroreceptor
complexes in both a CD4" T cell line and a heterologous
expression system.
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Figure 2. DRD5 deficiency and CCR9
deficiency in CD4" T cells attenuate
the development of inflammatory co-
litis in a similar extent and do not
affect the extent of CD4* T cell infil-
tration in nonintestinal tissues. Naive
CD4™ T cells (CD3T CD4" CD45RBM9M;
Tn) were isolated from the spleen of wild-
type (wt) (black circles), DRD5-deficient
(Drd5™") (white squares), or CCR9-
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To address the possibility that DRD5 is able to form
heteromers with other chemokine receptors irrespective of
their identity, we next transfected Jurkat cells with constant
amounts of cDNA encoding for DRD5-RLuc and increasing
amounts of cDNA codifying for CXCR4-YFP, and then we
carried out BRET experiments. In contrast to the saturation
curve observed for DRD5-RLuc and CCR9-YFP, the results
showed a linear relationship when BRET was determined in
cells cotransfected with DRD5-RLuc and CXCR4-YFP, indi-
cating the absence of physical interaction between DRD5
and CXCR4 (Figure 6A4). These results suggested that DRD5
may not form heteromeric complexes with any chemokine
receptor but with CCRO.

We next studied the functionality of the CCR9:DRD5
heteromer at the signaling level. For such purpose, we
determined cAMP levels and ERK1/2 phosphorylation
using Jurkat cells expressing both CCR9 and DRDS5 re-
ceptors. Upon receptor activation using the CCR9-
agonist, CCL25, and the DRD5 agonist SKF81297, data
led to the dose-response curves shown in Figure 7, from
which we selected the optimal concentration of each
agonist to use in further experiments. We observed that
despite single stimulation of CCR9 or DRD5 induced
increased ERK1/2 phosphorylation, the simultaneous
stimulation of both protomers had no significant effect
in this MAP kinase signaling pathway (Figure 5B, left
panel). Furthermore, a DRD5 antagonist (SCH23390)

was able to attenuate the increased ERK1/2 phosphor-
ylation induced by the single stimulation of either DRD5
or CCRY9, thus indicating cross-antagonism (Figure 5B,
right panel). On the one hand, cross-antagonism is often
used as a print to identify heteromers in natural sour-
ces. On the other hand, whereas CCR9 stimulation
inhibited cAMP production and DRD5 stimulation pro-
moted increased cAMP accumulation, the simultaneous
stimulation of both protomers reduced cAMP levels
(Figure 5C, left panel). Moreover, we also observed a
cross-antagonism for DRD5 and CCR9 in cAMP assays
(Figure 5C, right panel).

Our next aim was to discover a tool to disrupt the
heteromer assembly to analyze, in a physiological setup,
the consequences of such structural disruption.
Accordingly, we first questioned which transmembrane
(TM) domain of CCR9 and DRD5 are involved in the
interacting interface. For this purpose, we generated
peptides mimicking the sequences of the 7 TM domains
from CCRY and from DRD5 (collectively called here TM
peptides) (Table 1).%° These peptides were coupled to a
sequence of the TAT protein of human immunodefi-
ciency virus-1 to allow membrane penetrance. BRET
cannot be used to test peptide performance as this kind
of peptides interfere with the determination of RLuc
activity. For this reason, we used a bimolecular fluo-
rescence complementation assay to analyze the
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Figure 3. DRD5 signaling is required for gut homing of CD4* T cells in inflammatory conditions. Naive CD4" T cells
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mouse) into Rag7™" recipient mice. Mice were sacrificed 72 hours later and the relative composition (CD45.1% vs CD45.2%) and
expression of gut-homing molecules on CD4" T cells isolated from different tissues was analyzed. (A) Scheme illustrating the
experimental design. (B) Representative contour plots analyzing the relative abundance of CD45.1" vs CD45.2" CD4™ T cells
in the input or infiltrating different tissues. (C) Quantification of the relative abundance of CD45.1" vs CD45.2" CD4" T cells
normalized by the input. Data are the % of CD45.1" or CD45.2" from CD4" T cells in a given tissue divided by the % of
CD45.1" or CD45.2" from CD4" T cells in the input (n = 7 mice/group). (D-F) CCR9 and «4(7 expression was analyzed in
CD45.1" and CD45.2" CD4™" T cells isolated from different tissues. (D) Values represent the percentage of CCR9" w447,
CCR9" 47", or CCR9 0487 cells in the TCREYCD3*CD4" population from the input (n = 4 mice/group). (E, F) Quantifi-
cation of the percentage (left panels) and the mean fluorescence intensity (right panels) of (E) CCR9 and (F) «437 expressed in
CD4™ T cells isolated from the spleen, MLNs, and cLP (n = 3-8 mice/group). (C—F) Each symbol represents data obtained from
an individual mouse. Mean + SD are indicated. **P < .01; ***P < .0001 by 2-way ANOVA followed by Sidak’s post hoc test.

heteromer formation in the presence of TM peptides. In
these experiments, we transfected Jurkat cells with the
N-terminal half of Venus protein fused to DRD5 (DRD5-
nVenus) and with C-terminal half of Venus protein fused
to CCR9 (CCRY9-cVenus), and then we evaluated the
fluorescence associated with Venus in the presence of
the different TM peptides. The results showed that only
TM5 and TM6 from CCR9 and TM5 and TM6 from DRD5
were able to attenuate the assembly of Venus strongly
(Figure 5D), thus indicating that these TM domains

participate in the molecular interface involved in the
CCR9:DRD5 heteromer formation.

Besides, to assess whether CCR9:DRD5 heteromers are
actually expressed in natural sources, we aimed at iden-
tifying CCR9 and DRD5 clusters in the colonic mucosa of
mice with inflammatory colitis. The in situ proximity
ligation assay (PLA) is instrumental in detecting whether
2 proteins are in close proximity (<17 nM).*® Accordingly,
we transferred Drd5-sufficient and Drd5-deficient naive
CD4" T cells alone or together (1:1 ratio) into Ragl™~
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Figure 4. DRD5 affects neither the extent of proliferation
nor 31-integrin expression on CD4* T cells upon gut
inflammation. Naive CD4* T cells (CD3*CD4+*CD45RBM9")
were isolated from the spleen of Cd45.1"* Drd5™* (black
circles) or Cd45.2*"* Drd5™~ (white squares) mice and then
activated with anti-CD3/anti-CD28 mAbs-coated Dynabeads
in the presence of IL-2 and RA for 5 days to induce gut
tropism. Afterward, cells were loaded with CTV and mixed in
a 1:1 ratio and intravenously injected (4 x 10° total cells per
mouse) into wild-type cd45.1%"~/cd45.2*"~ recipient mice that
previously received DSS for 4 days. Mice were further treated
with 2% DSS for 72 hours after T cell transfer and then were
sacrificed and the extent of T cell proliferation and §1-integrin
(CD29) expression was compared in Drd5”~ and Drd5'*
(CD45.1" vs CD45.2"7) CD4™" T cells isolated from different
tissues by flow cytometry. (A) Quantification of the extent of
CD4" T cell proliferation is depicted as the percentage of
cells displaying dilution of the CTV-associated fluorescence
on the CD45.1" and CD45.2" gates. (B) Quantification of
CD29 expression on living (ZAg") CD4* T cells. Each symbol
represents data obtained from an individual mouse (n = 5
mice/group). Mean + SD are indicated. No significant differ-
ences were found by 2-way ANOVA followed by Sidak’s post
hoc test.

recipient mice, and 12 weeks later, we assessed by PLA in
colonic sections the occurrence of heteromers. The results
showed abundant staining for CCR9:DRD5 complexes
(PLA™ mark, red dots) in colonic samples of mice re-
cipients of Drd5-sufficient CD4" T cells and, to a lesser
extent, in those colonic samples obtained from recipients
of 1:1 mixture of Drd5-sufficient and Drd5-deficient naive
CD4" T cells (Figure 5E and F). Conversely, the staining
for CCR9:DRD5 clusters was negligible in colonic samples
obtained from recipients of Drd5-deficient naive CD4" T
cells (Figure 5E and F). Together these results indicated
that CCR9:DRD5 heteromers can be assembled in primary
CD4" T cells, and suggested that, under inflammatory
conditions, these heteromers are expressed in CD4" T
cells infiltrating the gut mucosa.
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The Heteromeric CCR9:DRD5 Complexes Are
Found in the Human Gut Mucosa and They Are
Upregulated in IBDs

To evaluate whether the formation of heteromeric
CCR9:DRD5 complexes also occurs in humans, we next
aimed at identifying the CCR9:DRD5 clusters on intestinal
biopsies by in situ PLA. Furthermore, to determine whether
the detection of CCR9:DRD5 clusters is altered upon gut
inflammation, we compared the extent of CCR9:DRD5
complexes found in biopsies obtained from individuals
without intestinal inflammation (defined here as Healthy
Subjects) and intestinal biopsies obtained from inflamed
mucosa from CD and UC patients. The results showed the
presence of CCR9:DRD5 clusters in intestinal biopsies ob-
tained from either noninflamed or inflamed mucosa
(Figure 8A-C). Nevertheless, the extent of PLA' cells
(Figure 8B) and the number of CCR9:DRD5 clusters per
lymphoid cell (r; Figure 8C) were higher in the inflamed
mucosa obtained from IBD patients in comparison with
noninflamed mucosa. Furthermore, both the percentage of
PLA* cells (Figure 8B) and the density of CCR9:DRD5
clusters per cell (Figure 8C) were significantly higher in CD
patients than in UC patients. Altogether these results indi-
cated that CCR9:DRD5 complexes are present in the healthy
gut mucosa in humans, and the number of these complexes
increases significantly upon IBD development. Thus, the
CCR9:DRD5 heteromeric complex becomes an interesting
molecular target and potential diagnostic marker for CD and
UC.

The Disruption of the CCR9:DRD5 Heteromer
Assembly Changes the Crosstalk Between CCR9
and DRD5 and Impairs CD4" T Cell Migration
Into the Gut Mucosa

To determine the functional relevance of CCR9:DRD5
heteroreceptor complexes, we characterized the previously
described signaling cross-talk when the heteromer is dis-
rupted (Figure 94). Importantly, when Jurkat cells were
preincubated with TM peptides that disrupt the CCR9:DRD5
heteromer assembly (TM5C, TM6C, TM5D, and TM6D), the
cross-talk at the level of ERK1/2 phosphorylation
(Figure 9B) and cAMP accumulation (Figure 9C) was abro-
gated. TM peptides that do not participate in the interacting
interface (TM1C and TM1D) were unable to affect signaling
crosstalk. These findings indicated that the CCR9:DRD5
heteromer works as an independent receptor or module
that exerts a different function as that of individual CCR9 or

DRD5.
To analyze the functional relevance of the CCR9:DRD5

heteromer at the level of CD4" T cell recruitment into the
intestinal mucosa, we next carried out in vivo and in vitro
experiments in which the heteromer assembly was dis-
rupted and the migration of T cells bearing gut tropism was
evaluated. To this end, we used an in vivo migration assay in
the context of gut inflammation. Accordingly, we induced
acute inflammatory colitis in wild-type congenic mice by
treatment with DSS. A total of 48 hours after initiating the
disease induction, we transferred congenic CD4" T cells
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Figure 5. CCR9 and DRD5 form heteroreceptors complexes in CD4* T cells. (A) Jurkat cells were transfected with
constant amount of cDNA codifying RLuc-DRD5 (as donor) and increasing amounts of cDNA encoding YFP-CCR9 (as
acceptor) or GHSR-1a-YFP (as a negative control). The relative amount of BRET was quantified as the ratio between YFP
fluorescence and RLuc activity (x1000) and expressed as mili BRET units (mBU). Data from 6 independent experiments are
shown. (B, C) Jurkat cells were transfected with CCR9 and DRDS5 and incubated for 48 hours. Afterward, cells were treated
with indicated antagonists and agonists and (B) ERK1/2 phosphorylation or (C) cAMP production were determined. In left
panels, cells were treated with CCR9 agonist (CCL25 at 300 ng/mL), DRD5 agonist (SKF81297; SKF at 1 uM), or both together.
In right panels, cells were treated with CCR9 agonist or DRD5 agonist, each alone or in the presence of a DRD5 antagonist
(SCH23390; SCH at 1 uM). Data are represented as (B) % of phosphorylation of total ERK1/2 or (C) % of cAMP accumulation.
Each symbol represents data obtained from an individual determination (n = 6-8 determinations per group). Mean + SD are
indicated. (D) Jurkat cells were transfected with DRD5-nVenus and CCR9-cVenus and bimolecular fluorescence comple-
mentation assay was performed. A total of 48 hours later, cells were left without treatment (Control, black bar) or incubated
with different TM peptides (0.4 uM) (see Table 1) from CCR9 (blue bars) or from DRD5 (red bars) for 4 hours and Venus-
associated fluorescence was determined. Each symbol represents data obtained from an individual determination (n = 12
determinations per group). Mean + SD are indicated. (E, F) Drd5™* and Drd5™~ naive CD4™ T cells or a 1:1 mix of both (Drd5™*/Drd57")
were intraperitoneally injected into Rag?™~ mice. Twelve weeks later, mice were sacrificed and PLA analysis was performed in colonic
sections (n = 8 mice/group; 8 sections/mouse). (E) Representative images for each group are shown. Nuclei were stained with Hoechst
(blue), and CCR9-DRD5 interaction was detected using the Duolink Il in situ PLA detection kit (red). Inserts show some areas in higher
magnification. (F) Quantification of the number of cells containing red spots (PLA™ cells) per area. Each symbol represents data obtained
from an individual field. The mean + SD are indicated. The percentage of PLA* cells among cells with leukocyte size is indicated in red.
P < .05 *P < .01; *™P < .001; *™P < .0001 by 1-way ANOVA followed by (B, C, and F) Tukey’s or (D) Dunnett’'s post hoc test.
Significant differences indicated in panel D are with respect to the control group (black symbols).

bearing gut tropism and pretreated with TM peptides into
DSS mice, and 72 hours later, we analyzed the arrival of
transferred cells into different tissues (Figure 9D). The re-
sults indicated that disruption of the CCR9:DRD5 heteromer
assembly impaired the entrance of CD4" T cells selectively
into the colonic and cecal mucosa (Figure 9E). Of note, none

of the TM peptides significantly affected the viability of
CD4" T cells (Figure 9F). Afterward, we confirmed the
functional impact of the CCR9:DRD5 heteromers using
in vitro migration assays. For this purpose, we assessed the
migration of CD4" T cells bearing gut tropism into CCL25
containing chambers when pretreated with TM peptides in



2021

100+

Figure 6. DRD5 does not form hetero-
meric complexes with CXCR4. (A)
Jurkat cells were transfected with con-
stant amount of cDNA codifying for
RLuc-fused to DRD5 (as donor) and
increasing amounts of cDNA encoding
for the YFP fused to CXCR4 (as
acceptor). The relative amount of BRET

75+

50—

mBU

25+

was quantified as the ratio between YFP °

fluorescence and RLuc activity (x1000)
and expressed as mBU. Each symbol 0

Dopamine in Gut Homing of CD4* T Cells 497

DRD5-CXCR4

& y=0.9111 X

represents data obtained from an indi- 0
vidual determination. Data are from 3
independent experiments. Best fit of
data indicates a linear relationship (the
equation is indicated), suggesting the
absence of physical interaction. (B)
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CD45RB"9") were isolated from the
spleen of wild-type mice and then acti-
vated with anti-CD3/anti-CD28 mAbs-
coated Dynabeads in the presence of IL-
2 and RA for 5 days to induce gut
tropism. Afterward, cells were incubated
with TM7C (4 uM) or TM6C (4 uM) pep-
tides for 4 hours. Cell migration to
CXCL12 (300 ng/mL) was determined in
transwell assays after 3 hours. Each
symbol represents data obtained from
an individual determination (n = 4-7
mice per group). Mean + SD are indi-
cated. **P < .001; ***P < .0001 by 2-
way ANOVA followed by Sidak’s post
hoc test.
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assays using transwells. The results showed that cells pre-
treated with an irrelevant TM-peptide (TM7C) presented a
higher migration to CCL25 compared with the basal
migration into a chamber containing only vehicle. However,
when TM6C treatment disrupted the heteromer assembly,
the migration to CCL25 containing chambers was abrogated
(Figure 9G). To assess the specificity of the TM6C peptide in
impairing migration toward CCL25, we performed similar
transwell experiments but using CXCL1Z2 as the chemo-
attractant. Of note, CXCL12 corresponds to the cognate
ligand of CXCR4, a chemokine receptor expressed on CD4" T
cells, which does not form heteromeric complexes with
DRD5 (Figure 64). The results showed that TM6C did not
affect T cell migration toward CXCL12 (Figure 6B). Alto-
gether these results indicated that the CCR9:DRD5 hetero-
mer constitutes a key molecular sensor driving the
migration of CD4™ T cells into the gut mucosa.

A previous study showed genetic evidence indicating
that the B cell-activating transcription factor (BATF) plays
a fundamental role in providing CCR9 expression and gut
tropism to T cells.”” Furthermore, pharmacological
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evidence has associated the stimulation of type I dopa-
mine receptors (including DRD1 and DRD5) with BATF
expression in T cells.”® Thereby, we next aimed to explore
whether the CCR9:DRD5 heteromer-mediated signaling
regulated BATF expression. For this purpose, we induced
gut tropism in CD4" T cells, and then, they were stimu-
lated with CCR9 and DRD5 agonists in the presence of
either the heteromer-disrupting peptide TM6C or the
irrelevant peptide TM7C, and we assessed the levels of
Batf transcripts by quantitative reverse-transcription po-
lymerase chain reaction (RT-qPCR). Interestingly, the re-
sults showed that the messenger RNA levels of Batf did
not change after the dual stimulation of CCR9 and DRD5
either in the absence of peptides or in the presence of
TM7C. Nevertheless, in the presence of the TM6C peptide,
the dual stimulation of CCR9 and DRD5 resulted in a
significant increase in the levels of Batf transcripts
(Figure 9H). Thus, these results indicated that the
downstream signaling derived from the CCR9:DRD5 het-
eromer regulates the expression of BATF, an important
transcription factor involved in gut tropism.
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Figure 7. Dose-response curves of ERK1/2 phosphorylation and cAMP production upon CCR9 and DRD5 stimulation.
Jurkat cells were transfected with CCR9 and DRD5 and incubated for 48 hours. (A, B) Afterward, cells were preincubated in
serum-free medium for 2 hours, seeded in white ProxiPlate 384-well microplates (3 x 10* cells/well) and then treated with
increasing concentrations of CCR9 agonist (CCL25) or DRD5 agonist (SKF81297) for 7 minutes. ERK1/2 phosphorylation was
then determined by alpha-screen bead-based technology. Data are represented as % of phosphorylation of total ERK1/2.
(C, D) Cells were preincubated in serum-free medium for 4 hours, seeded in white ProxiPlate 384-well microplates (102 cells/
well) and then treated with increasing concentrations of CCR9 agonist (CCL25) or DRD5 agonist (SKF81297) for 15 minutes.
cAMP production was quantified by a TR-FRET methodology. Data are represented as % of cAMP accumulation. Each symbol
represents data obtained from an individual determination (A, B: n = 6 determinations per group; C, D: n = 4-8 determinations
per group). Mean + SD are indicated. *P < .05; **P < .01; ***P < .001; ***P < .0001 (vs basal) by 1-way ANOVA followed by

Tukey’s post hoc test.

The experimental approach here presented has led to
discovering a new functional unit playing a fundamental
role in colonic inflammation, the cell surface molecular
complex constituted by CCR9 and DRD5, whose stimulation
triggers a unique biological function different from that
triggered by the stimulation of isolated forms of CCR9 and
DRD5. In this regard, data presented in this study show that
the CCR9:DRD5 heteromer plays a fundamental role in
recruiting inflammatory CD4" T cells into the gut mucosa
under inflammatory conditions (Figure 10). Moreover, our
results introduce a novel concept in the field of inflamma-
tion, namely cell surface modules that are composed of
GPCR heteromers and act as dual sensors of molecular cues.
These findings challenge a consolidated paradigm in
mucosal immunity in which CCR9 and «4(37 are required
and sufficient for gut homing of CD4™ T cells.

Beyond the novelty in basic research in inflammation,
our findings show a critical molecular target with high
relevance for translational research in IBD. In fact, the
disruption of the CCR9:DRD5 heteromer assembly seems to
represent an attractive therapeutic strategy to attenuate
CD4*" T cell recruitment into the intestinal mucosa and
consequently ameliorating gut inflammation.

Materials and Methods
Mice

Wild-type C57BL/6 (Drd5"/"; €d45.2%/") Ccr97/~ and
Rag1™~ mice were obtained from the Jackson Laboratory
(Bar Harbor, ME). C57BL/6 Drd57~ mice were kindly
donated by Dr. David Sibley.”” B6.S]L-Ptprc® (Cd45.17/™)
mice were kindly provided by Dr. Marfa Rosa Bono. Drd5~~
Cd45.1"/" and, Cd45.1"/~ Cd45.2"/~ mice were generated by
crossing parental mouse strains. We confirmed the genotype
of these new strains by PCR of genomic DNA. Mice from 6 to
10 weeks were used in all experiments. All procedures
performed in animals were approved by and complied with
regulations of the Institutional Animal Care and Use Com-
mittee at Fundacién Ciencia & Vida.

Reagents

Monoclonal antibodies (mAbs) for flow cytometry and
anti-IFN-y (clone XMG1.2) conjugated to PE-Cy7, anti-a437
(clone DATK32) conjugated to PE, and anti-CCR9 (clone
CW.1.2) conjugated to allophycocyanin (AlloPC) or to
AlloPC-cyanine 7 (AlloPC-Cy7) were obtained from eBio-
science (San Diego, CA). Anti-CD4 (clone GK1.5) conjugated
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Table 1.Peptide Analogs to Transmembrane Segments Designed to Disrupt the Formation of the CCR9:DRD5 Heteromer

Functional Name Short Name Sequence®
TM1mDRD5-TAT-B TM1D VTAGLLTLLIVWTLLGNVLVSAAYGRKKRRQRRR
TAT-TM2mDRD5-B TM2D RRRQRRKKRGYNIFIVSLAVSDLFVALLVMPWKA
TM3mDRD5-TAT-B TM3D DIWVAFDIMSSTASILNLSIISYGRKKRRQRRR
TAT-TM4mDRD5-B TM4D RRRQRRKKRGYRVALVMVALAWTLSILISFI
TM5mDRD5-TAT-B TM5D NRTYAISSSLISFYIPVAIMIVTYGRKKRRQRRR
TAT-TM6mDRD5-B TM6eD RRRQRRKKRGYFKTLSVIMGVFVCCWLPFFILN
TM7mDRD5-TAT-B TM7D VSETTFDIFVWFGWANSSLNPIYGRKKRRQRRR
TM1mCCR9-TAT-B TM1C LPPLYWLVFIVGTLGNSLVILVYGRKKRRQRRR
TAT-TM2mCCR9-B TM2C RRRQRRKKRGYMFLLNLAIADLLFLATLPFWAIA
TM3mCCR9-TAT-B TM3C KMNFYSSVLLIMCISVDRYIAYGRKKRRQRRR
TAT-TM4mCCR9-B TM4C RRRQRRKKRGYVSITIWVMAAVLSTPEILYSQVS
TM5mCCR9-TAT-B TM5C KSAVLILKVTLGFFLPFMVMAFSYYGRKKRRQRRR
TAT-TM6mCCR9-B TM6C RRRQRRKKRGYTITVLTVFIMSQFPYNSILVVQ
TM7mCCR9-TAT-B TM7C ISFQVTQTIAFFHSSLNPVYGRKKRRQRRR

#Transmembrane regions were predicted by 3-dimensional modeling of DRD5 (access code Q8BLD9.1) or CCR9 (access code|
Q9WUT?7.1) following the criteria deduced from crystals of G protein—coupled receptors.”” To give a proper delivering of]

transmembrane peptides with the correct orientation in the plasma membrane, the TAT peptide (underlined) was added in

direct orientation (YGRKKRRQRRR) in the C-terminal of odd transmembrane segments and in the inverse orientation|
(RRRQRRKKRGY) in the N-terminal of even transmembrane segments. The TAT peptide is a cell-penetrating peptide derived
from the transactivator of transcription protein of the human immunodeficiency virus. In addition, to avoid the formation of]

disulfide bridges, cysteines were replaced with serines.

to AlloPC and AlloPC-Cy7, anti-CD25 (clone PC61) conju-
gated to fluorescein isothiocyanate (FITC); anti-CD44 (clone
IM7) conjugated to PE, anti-CD62L (clone MEL14) conju-
gated to AlloPC-Cy7, anti-IL-17A (clone TC11-181710.1)
conjugated to AlloPC; anti-CD45.2 (clone 104) conjugated
to PE-Cy7, anti-CD45.1 (clone A20) conjugated to Brilliant
Violet (Bv)421, and anti-TCR @ chain (clone H57-597) con-
jugated with PerCP/Cy5.5 were purchased from BioLegend
(San Diego, CA). mAbs for cell culture, low in endotoxins and
azide free, anti-CD28 (clone 37.51) and anti-CD3e (clone
145-2C11), carrier-free interleukin (IL)-2, and CCL25 were
purchased from BioLegend. Zombie Aqua (ZAq) Fixable
Viability dye detectable by flow cytometry was purchased
from BioLegend. PMA (phorbol 12-myristate 13-acetate),
ionomycin, and retinoic acid (RA) were purchased from
Sigma-Aldrich (St. Louis, MO). Brefeldin A and fetal bovine
serum (FBS) were obtained from Life Technologies (Carls-
bad, CA). The peptide analogs to transmembrane segments
derived from CCR9 and DRD5 (Table 1) were synthesized by
GenScript (Piscataway, NJ). Anti-CD3/anti-CD28 conjugated
Dynabeads were purchased from Thermo Fisher Scientific
(Waltham, MA). Bovine serum albumin (BSA) was pur-
chased to Rockland (Limerick, PA). DSS was obtained from
MP Biomedicals (Santa Ana, CA). All tissue culture related
reagents were bought from Life Technologies.

T Cell Transfer-Induced Chronic Inflammatory
Colitis

Chronic inflammatory colitis was induced as
described previously.'” Briefly, total CD4" T cells were

obtained by negative selection of splenocytes using
MACS (Miltenyi Biotec, Bergisch Gladbach, Germany).
Naive (CD3" CD4" CD45RBM&") T cell isolation was
achieved by cell sorting using a FACS Aria II (BD,
Franklin Lakes, NJ), obtaining purities over 98%. Recip-
ient Rag1™”~ mice received naive CD4" T cells intraper-
itoneally (5 x 10> cells per mouse) and the body weight
of each animal was recorded weekly. Disease activity
index was also determined as a second readout of dis-
ease severity. For this purpose, the percentage of loss of
body weight, stool consistence, and gross bleeding or
occult blood in feces were evaluated periodically
throughout the time course of disease development, and
each of these 3 parameters was scored with a scale
between 0 and 4, as described previously.*’ After 10 or
12 weeks, mice were sacrificed to obtain different tis-
sues for further analyses. The expression of phenotypic
markers and the frequency of transferred T cells were
assessed by flow cytometry.

DSS-Induced Acute Inflammatory Colitis

Wild-type cd45.1 '/cd45.2+/ ~ mice were treated with
1.75% DSS in the drinking water during 5 days. Forty-eight
hours after the beginning of DSS treatment, mice received an
intravenous injection of CD4™" T cells (6 x 10° total cells per
mouse) bearing single positive congenic markers (CD45.1"
CD45.2" or CD45.1 CD45.2™"). Seventy-two hours later,
transferred T cells were tracked by analyzing specific alleles
of congenic markers on T cells purified from different tis-
sues of interest by flow cytometry.
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Figure 8. Increased detection of CCR9:DRD5 heteromeric complexes in the intestinal mucosa of UC and CD patients.
PLA analysis was performed in biopsies obtained from inflamed intestinal tissue from CD (n = 4) and from UC (n = 3) patients
or from noninflamed intestinal tissue from healthy subjects (n = 6). A group of intestinal biopsies, in which anti-CCR9 primary
antibody was omitted, is included as negative controls. A total of 6-8 sections were analyzed per individual and 2-3 fields were
analyzed per section. (A) Representative images for each group are shown. Nuclei were stained with Hoechst (blue) and CCR9-
DRDS5 interaction was detected using the Duolink Il in situ PLA detection kit (red). Inserts show some areas in higher
magnification. (B) The percentage of PLA™ cells among cells with leukocyte size was quantified. (C) Quantification of the
average number of positive red spots per cell () is represented. (B, C) Each symbol represents data obtained from an individual
field. The mean + SD are indicated. *P < .05; **P < .01; **P < .001; ***P < .0001 by 1-way ANOVA followed by Tukey’s post

hoc test.

Flow Cytometry Analysis of CD4" T Cell
Phenotypes

To determine expression of surface molecules, including
a437, CCRY, CD3, CD4, CD25, CD44, CD45RB, CD62L, and
TCRB, CD4" T vcells were immunostained with
fluorochrome-conjugated mAbs for 30 minutes. In the case
of DRD5, a polyclonal Ab against intracellular epitope was
used. Accordingly, cells were first fixed with 1% para-
formaldehyde in phosphate-buffered saline (PBS) (NazHPO,
8.1 uM, KH,P0O, 1.47 uM, NaCl 64.2 mM, KCl 2.68 mM, pH
7.4) for 15 minutes at room temperature, and then, treated
with permeabilizing buffer (0.5% Saponin, 3% BSA in PBS).
Permeabilized cells were incubated with unconjugated
rabbit anti-DRD5 polyclonal Ab during 45 minutes, followed
by FITC-conjugated anti-rabbit IgG Abs (Santa Cruz
Biotechnology, Santa Cruz, CA). Nonspecific rabbit Ig fol-
lowed by the secondary FITC-conjugated anti-rabbit IgG Ab

were used as controls. Fluorescence associated to anti-
DRD5 and isotype control staining was analyzed by flow
cytometry in the CD4 " population. For intracellular cytokine
staining, CD4™" T cells were stimulated for 4 hours with PMA
(phorbol-12-myristate-13-acetate) (50 ng mL™; Sigma-
Aldrich, St. Louis, MO) and ionomycin (1 ug mL™%; Sigma-
Aldrich) in the presence of brefeldin A (5 ug mL™%; Life
Technologies). Cells were stained with ZAq Fixable Viability
kit (BioLegend), followed by cell surface markers immuno-
staining in PBS containing 2% FBS. Afterward, cells were
resuspended in fixation/permeabilization solution (eBio-
science, Thermo Fisher Scientific) and incubated for, at least,
30 minutes. Then, intracellular immunostaining was carried
out in permeabilization buffer (eBioscience, Thermo Fisher
Scientific) at 4°C for 1 hour. Data were collected with a
Canto II (BD) and results were analyzed with FACSDiva (BD)
and FlowJo v9 software (TreeStar, Ashland, OR).
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Imprinting Gut Tropism in CD4" T Cells Ex Vivo
Naive (CD3" CD4" CD44~ CD62L™) T cells were isolated
from the spleen of Drd5*/" or Drd5 7~ mice by cell sorting
using a FACS Aria II (BD), obtaining purities over 98%. Gut
tropism was imprinted by activation of T cells in the pres-
ence of RA and IL-2 as described previously.*" Briefly, naive
T cells were resuspended (10° cells/mL) in RPMI 1640
medium containing 10% FBS, 2 mM L-glutamine, 1% peni-
cillin/streptomycin, MEM nonessential amino acids 1x and
sodium pyruvate 1x, gentamicin 50 ug/mL, and (-mer-
captoethanol 1 pg/mL (all from Gibco [Gaithersburg, MD],
Thermo Fisher Scientific). Cells were activated with anti-
CD3/CD28 coated Dynabeads (Thermo Fisher Scientific) at
a beads-to-cells ratio of 1:1 in the presence of 100 nM all-
trans RA (Sigma-Aldrich) and 1000 U/mL recombinant
mouse IL-2 (PeproTech, Rocky Hill, N]) for 5 days. Viability
and gut tropism were routinely confirmed after 5 days of
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culture by staining with ZAq Fixable Viability kit (Bio-
Legend) and CCR9 and «4(7 immunostaining followed by
flow cytometry analysis.

In Vivo T Cell Migration Assay

Naive CD4" T cells were isolated from the spleen of
cd45.1™" or cd452"/" congenic mice and incubated in
conditions to induce gut tropism (see previous). CD4" T
cells bearing gut tropism were either used immediately or
incubated with different TM peptides (4 uM) for 4 hours.
Then, CD45.1"/* and CD45.2"7/" CD4* T cells were mixed
in a 1:1 ratio, and 2 x 107 total cells were intravenously
injected into Ragl™~ recipient mice. Mice were sacrificed
72 hours later and the relative composition (CD45.1% vs
CD45.2%) and expression of gut-homing molecules on
CD4" T cells isolated from different tissues were
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analyzed, including the spleen, MLNs, cLP, small intestine
lamina propria, and cecum lamina propria (cecum).
Quantification of the relative abundance of CD45.17 vs
CD45.2" CD4" T cells was normalized with the input
composition.

In Vitro Transwell Migration Assay

Naive CD4*" T cells were isolated from splenocytes and
incubated in conditions to induce gut tropism (see previ-
ous). Beads were removed according to manufacturer’s in-
structions (Dynabeads; Thermo Fisher Scientific) and live
cells were counted with Trypan Blue. A total of 3 x 10° live
cells were resuspended in 100 uL (PBS) and seeded on the
top chamber of a 5-um-pore transwell (Corning, Corning,
NY) pre-treated with fibronectin (10 ug/mL; Sigma-
Aldrich). Two hours before, the bottom chamber was
incubated with 600 uL of RPMI 1640 containing 5% BSA
and either mouse CCL25 (300 ng/mL; BioLegend) or
CXCL12 (300 ng/mL; BioLegend), or PBS. Cells were incu-
bated at 37°C and 5% CO;, for 3 hours. Then, both top- and
bottom-chamber cells were recovered and immunostained
for CD4, CCR9, a4f37, and with ZAq for 25 minutes and
resuspended in 150 uL of PBS. To quantify the absolute
number of cells, 50 uL of 123-count eBeads (eBioscience,
Thermo Fisher Scientific) was added to each sample prior to
flow cytometry analysis and cell concentration was calcu-
lated as indicated by manufacturer’s instructions. Cell con-
centration was normalized to the frequency of CCR9™
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Resonance Energy Transfer Experiments

For BRET experiments, Jurkat cells transiently cotrans-
fected with a constant amount of cDNA encoding DRD5 fused
to RLuc and with increasingly amounts of cDNA encoding
CCR9 (or GHSR as a control) fused to YFP (see figure legends)
were used 48 hours after transfection. To quantify BRET
measurements, 5 uM coelenterazine H (Molecular Probes,
Eugene, OR) was added to the equivalent of 20 ug of cell
suspension. After 1 minute, the readings were collected using
a Mithras LB 940 (Berthold Technologies, Bad Wildbad,
Germany) that allows the integration of the signals detected
in the short-wavelength filter at 485 nm and the long-
wavelength filter at 530 nm. To quantify protein-RLuc
expression, luminescence readings were also performed af-
ter 10 minutes of adding 5 uM coelenterazine H. To quantify
protein-YFP expression, fluorescence of cells (20 ug protein)
was also read. The net BRET is defined as [(long-wavelength
emission)/(short-wavelength emission)]-Cf where Cf corre-
sponds to [(long-wavelength emission)/(short-wavelength
emission)] for the donor construct expressed alone in the
same experiment. Data were fitted to a nonlinear regression
equation, assuming a single-phase saturation curve with
GraphPad Prism software (San Diego, CA). BRET is expressed
as milli BRET units, mBU (net BRET x 1000).

Bimolecular Fluorescence Complementation
Assay

Jurkat cells were transiently transfected with equal

seeded cells. amounts of the cDNA for fusion proteins of the

Figure 9. (See previous page). The disruption of the CCR9:DRD5 heteromer assembly change intracellular signaling and
impairs CD4" T cell migration into the gut mucosa. (A) Scheme illustrating the experimental strategy used to disrupt the
CCR9:DRD5 heteromer assembly. A set of TM peptides from CCR9 and DRD5 was used (see Table 1). (B, C) Cells were
preincubated with TM peptides (0.4 uM) from CCR9 (blue toned bars) or from DRD5 (red-orange toned bars) for 4 hours and
then treated with CCR9 agonist (CCL25 at 300 ng/mL), DRD5-agonist (SKF81297; SKF at 1 uM) or both together and (B)
ERK1/2 phosphorylation and (C) cAMP accumulation were determined. Each symbol represents data obtained from an in-
dividual determination (n = 6 determinations per group). Mean + SD are indicated. (D, E) Naive CD4" T cells
(CD3"CD4*CD45RB"9") were isolated from the spleen of Cd45.1%* (red symbols) or Cd45.2*'+ (black symbols) Drd5™* mice
and then activated with anti-CD3/anti-CD28 mAbs-coated Dynabeads in the presence of IL-2 and RA for 5 days to induce
gut tropism. Afterward, Cd45.1"'* were incubated with TM7C (4 M), while Cd45.2*+ were incubated with TM6C (4 uM)
for 4 hours. Then, cells were mixed in a 1:1 ratio and intravenously injected (6 x 10° total cells per mouse) into wild-type
cd45.1" /cd45.2*- recipient mice that previously received DSS for 48 hours. Mice were further treated with 1.75% DSS
for 72 hours after T cell transfer and then were sacrificed and the relative composition (CD45.1% vs CD45.2™) of CD4™ T cells
isolated from different tissues was analyzed. (D) Scheme illustrating the experimental strategy. (E) Data are the % of single
positive CD45.1% or CD45.2" CD4" T cells in a given tissue divided by the % of single positive CD45.1" or CD45.2" CD4" T
cells in the input. Each symbol represents data obtained from an individual mouse (n = 5 mice/group). Mean + SD are
indicated. (F-H) Naive CD4" T cells (CD3* CD4" CD45RB"9") were isolated from the spleen of wild-type mice (Drd5™'*) and
then activated with anti-CD3/anti-CD28 mAbs-coated Dynabeads in the presence of IL-2 and RA for 5 days to induce gut
tropism. (F) Cells were left without further treatments (black symbols) or incubated with peptide analogs to CCR9 (blue
symbols) or DRD5 (red symbols) transmembrane segments (4 uM) (see Table 1). Four hours later, the extent of cell death
(apoptosis/necrosis) was determined by staining with Annexin V and 7-AAD followed by flow cytometry analysis. The viability
was quantified as the percentage of cells with negative staining for Annexin V and 7-AAD. Each symbol represents data
obtained from an individual determination (n = 3 mice/group). Mean + SD are indicated. (G) Cells were incubated with TM7C (4
uM) or TM6C (4 uM) for 4 hours, and then cell migration to CCL25 was determined in transwell assays. Each symbol represents
data obtained from an individual determination (n = 4-7 determinations per group). Mean + SD are indicated. (H) Cells were left
unstimulated or stimulated with CCL25 (300 ng/mL) and SKF81297 (100 nM) in the presence of either vehicle (control), TM7C
peptide (4 uM), or TM6C (4 uM) for 4 hours. Afterward, RNA was extracted and the extent of Batf transcripts was quantified by
quantitative RT-PCR. Levels of Gapdh transcripts were used as housekeeping. Data is the fold-change of normalized Batf
levels in cells stimulated with CCL25 + SKF81297 respect to normalized Batf levels in unstimulated cells. Each symbol
represents data obtained from an individual determination (n = 3 mice/group). Mean + SD are indicated. *P < .05; *™P < .01;
P < .001; ***P < .0001 by 1-way ANOVA followed by (B, C, F, and H) Tukey’s post hoc test or (E and G) 2-way ANOVA
followed by Sidak’s post hoc test. SI, small intestine.
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Figure 10. Proposed model. The left panel shows (i) how the expression of the heteromeric complex formed by CCR9 and
DRD5 in effector CD4" T cells works as a dual sensor of low dopamine levels and high CCL25 concentration, triggering
migratory signaling required to (ii) infiltrate into the colonic lamina propria upon inflammation. The right panel shows how in the
presence of transmembrane peptides able to disrupt the CCR9:DRD5 heteromer assembly (TM5C, TM6C, TM5D, and TM6D
from Table 1) induce a shift in intracellular pathways triggered (jii) by the stimulation of CCR9 and DRD5, (iv) impairing the

recruitment of effector CD4™" T cells into the colonic mucosa.

hemitruncated Venus (1.5 ug of each cDNA). 48 hours after
transfection, total protein was quantified by Bradford assay
and then cells containing 20 ug of protein were plated per
well in 96-well black microplates (Porvair, King’s Lynn,
United Kingdom). Cells were treated with TM-analog pep-
tides (0.4 uM) at 37°C for 4 hours. To quantify reconstituted
YFP Venus expression, fluorescence was read in a Fluoro
Star Optima Fluorimeter (BMG Labtechnologies, Offenburg,
Germany) equipped with a high-energy xenon flash lamp,
using a 10 nm bandwidth excitation filter at 400 nm
reading. Protein fluorescence expression was determined as
fluorescence of the sample minus the fluorescence of cells
not expressing the fusion proteins (basal).

In Situ Proximity Ligation Assay
Colonic sections of mice undergoing inflammatory co-
litis were used to analyze the CCR9:DRD5 heteromer in

situ by PLA. Tissue sections were fixed in 4% para-
formaldehyde for 15 minutes, washed with PBS containing
20 mM glycine to quench the aldehyde groups and per-
meabilized with the same buffer containing 0.05% Triton
X-100 for 15 minutes. Freshly frozen intestinal biopsies
from noninflamed tissue obtained from individuals
without IBD (defined here as “healthy subjects”) and from
inflamed mucosa from UC and CD patients and their
associated data were obtained from HUB-ICO-IDIBELL
Biobank, funded by Instituto de Salud Carlos III (PT17/
0015/0024) and by Xarxa de Bancs de Tumors de Cata-
lunya sponsored by Pla Director d’Oncologia de Catalunya.
Primary antibodies recognizing CCR9 (rabbit anti-CCR9Y;
1:100 dilution; purchased from Abcam [Cambridge,
United Kingdom], code ab140765) and DRD5 (rabbit anti-
DRD5; 1:100 dilution; purchased from Calbiochem [San
Diego, CA], code 324408) were used. Primary antibodies
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were linked directly to PLA probes detecting rabbit anti-
bodies (Duolink II PLA probe anti-Rabbit plus and Duolink
II PLA probe anti-Rabbit minus). As negative technical
controls, samples followed the same procedure but in the
absence of anti-CCR9 primary antibodies. After 1 hour
incubation at 37°C with blocking solution, tissue sections
were incubated with the primary antibodies linked to PLA
probes and further processed as described previously.*”
Nuclei were stained with Hoechst (1:200 dilution; pur-
chased from Sigma-Aldrich). Coverslips were mounted
using MOWIOL solution (Sigma-Aldrich). Samples were
observed in a Leica SP2 confocal microscope (Leica
Microsystems, Mannheim, Germany) equipped with an
apochromatic 63 x oil-immersion objective (N.A. 1.4), and
405 nm and 561 nm laser lines. For each field of view a
stack of 2 channels (1 per staining) and 3-4 Z stacks with
a step size of 1 um were acquired. Quantification of cells
containing 1 or more red spots vs total cells (blue nucleus)
and, in cells containing spots, the ratio r (number of red
spots/cell), were determined by Andy’s algorithms.**

Evaluation of ERK1/2 Phosphorylation

Jurkat cells expressing CCR9 and DRD5 were incubated
in serum-free medium for 2 hours. ERK1/2 phosphoryla-
tion was determined using AlphaScreenSureFire kit (Per-
kinElmer, Waltham, MA) following the instructions of the
supplier and using an EnSpire Multimode Plate Reader
(PerkinElmer). Cells (30,000 cells/well for transfected
Jurkat cells) were seeded in white ProxiPlate 384-well
microplates, pretreated at 25°C for 20 minutes with
vehicle or antagonists in serum-starved Dulbecco’s modi-
fied Eagle medium supplemented with 1 uM ionomycin,
and then stimulated with the indicated agonists for 7
minutes. Phosphorylation was determined by alpha-
screen bead-based technology using the Amplified Lumi-
nescent Proximity Homogeneous Assay kit (PerkinElmer)
and the Enspire Multimode Plate Reader (PerkinElmer).

Determination of cAMP Production

Jurkat cells expressing CCR9 and DRD5 were incubated
in serum-free medium for 4 hours. Cells were plated in 384-
well white microplates (1000 cells/well) and incubated for
15 minutes with the specific agonists followed, when indi-
cated, by 15 minutes’ stimulation with 0.5 uM forskolin. As a
general rule derived from Gi-coupling of CCR9 and Gs-
coupling of DRD5, the treatment with CCR9 receptor ago-
nists was performed in cells pretreated with forskolin,
whereas cells were not pretreated with the reagent when
stimulated with SKF or with SKF plus CCR9 agonist. cAMP
production was quantified by a TR-FRET (Time-Resolved
Fluorescence Resonance Energy Transfer) methodology
using the LANCE Ultra cAMP kit (PerkinElmer) and the
Pherastar Flagship Microplate Reader (BMG Labtech,
Ortenberg, Germany).

Western Blots
For DRD5 detection, CD4™ T cells were purified from
splenocytes and lymph nodes by negative selection using
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magnetic MicroBead-based kit (Miltenyi Biotech). CD4" T
cells (4 x 10° cells mL™) were immediately lysed or
activated during 24 hours with plate-bound anti-CD3e
mAb plus anti-CD28 mAb (2 ug/mL each, 250 uL per
well). After 24 hours of T cell activation, cells were lysed
using RIPA buffer (25 mM Tris-HCl, 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% SDS, pH 7.6),
protein extract was quantified using the BCA Protein
Assay Kit (Pierce; Thermo Fisher Scientific), resolved by
sodium dodecyl sulfate polyacrylamide gel electropho-
resis 10% and transferred to PVDF membranes (Merck,
Darmstadt, Germany). DRD5 was immunostained using a
mouse anti-DRD5 mAb (1:1000, Santa Cruz Biotech-
nology) followed by horseradish peroxidase-conjugated
goat anti-mouse IgG Ab (1:5000; Rockland, Gilbertsville,
PA) and detected using the SuperSignal West Femto kit
(Thermo Fisher Scientific). Membranes were stripped and
reprobed with mouse anti-G-actin mAb (1:10,000; Sigma-
Aldrich) followed by HRP-conjugated goat anti-mouse IgG
Ab (1:5000; Rockland, Gilbertsville, PA) and detected as
described previously.

Quantitative RT-PCR

RNA was extracted from cells using Omega Bio-tek
E.Z.N.A. Total RNA Kit-I according to manufacturer’s proto-
col. DNA was removed from the extracted RNA using Invi-
trogen TURBO DNase kit according to manufacturer’s
instructions and cDNA was synthesized with Invitrogen M-
MLV Reverse Transcriptase kit. Quantitative PCR was per-
formed to analyze the Batf transcript levels using Agilent
Brilliant II SYBR Green QPCR Master Mix. The Gapdh tran-
script levels were used as housekeeping. The quantitative
RT-PCR program was carried out with 40 cycles of the
following steps: DNA denaturation was achieved at 95°C for
30 seconds, followed by primer hybridization at 60°C for 45
seconds and DNA elongation at 72°C for 30 seconds. The
following primers were used: Batf forward primer 5-GTT
CTG TTT CTC CAG GTC C-3'; Batf reverse primer 5'-GAA GAA
TCG CAT CGC TGC-3’; Gapdh forward primer 5'-TCC GTG
TTC CTA CCC CCA ATG-3’; Gapdh reverse primer 5'-GAG TGG
GAG TTG CTG TTG AAG-3'. Relative Batf mRNA RNA levels
were calculated with the formula = 2 ~(Ba¥ ¢t = Gapdh €O

Viability Assay

Flow cytometry analysis routinely included the staining
with ZAq Fixable Viability kit (BioLegend), which was car-
ried out before the immunostaining for cell surface markers.
Flow cytometry analysis of surface molecules or intracel-
lular cytokines was performed in the viable population
(ZAq'). In some experiments, to gain a more detailed view of
dying cells, the extent of apoptosis/necrosis was determined
with a commercial kit (Pacific Blue Annexin V Apoptopsis
Detection Kit with 7-AAD; 640926; BioLegend).

Study Approval

All procedures and housing of mice were compliant with
the recommendations in the eighth edition of the Guide for
the Care and Use of Laboratory Animals and with the United
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States Public Health Service Policy. The protocol was
approved by the IACUC of Fundacién Ciencia & Vida (Permit
Number: P0016-2017). The study performed with human
samples and the request of intestinal biopsies (reference
code BB20-025) was approved by the Comité de Etica de la
Investigacién del Hospital Universitari de Bellvitge, Barce-
lona, Spain (Acta: 19/20). All authors had access to the
study data and had reviewed and approved the final
manuscript.

Statistical Analysis

All values were expressed as mean + SEM. Differences in
means between 2 groups were analyzed by 2-tailed Stu-
dent’s t test or, when data were not normally distributed,
with a nonparametric Mann-Whitney U test. Comparison
between multiple groups were analyzed using 1- or 2-way
analysis of variance (ANOVA) with time, treatment, or ge-
notype as the independent factor. When ANOVA showed
significant differences, pairwise comparison between means
was tested by Tukey’s (for 1-way ANOVA) or by Sidak’s (for
2-way ANOVA) post hoc test. When data were not normally
distributed, ANOVA on ranks was used (Kruskal-Wallis test
followed by pairwise comparison using Dunn test). A P
value <.05 was considered significant. Analyses were per-
formed with GraphPad Prism 6 software.
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