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Dopaminergic signalling limits suppressive activity and gut
homing of regulatory T cells upon intestinal inflammation
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Evidence from inflammatory bowel diseases (IBD) patients and animal models has indicated that gut inflammation is driven by

effector CD4™ T-cell, including Th1 and Th17. Conversely, Treg seem to be dysfunctional in IBD. Importantly, dopamine, which is
abundant in the gut mucosa under homoeostasis, undergoes a sharp reduction upon intestinal inflammation. Here we analysed the
role of the high-affinity dopamine receptor D3 (DRD3) in gut inflammation. Our results show that Drd3 deficiency confers a stronger
immunosuppressive potency to Treg, attenuating inflammatory colitis manifestation in mice. Mechanistic analyses indicated that
DRD3-signalling attenuates IL-10 production and limits the acquisition of gut-tropism. Accordingly, the ex vivo transduction of wild-
type Treg with a siRNA for Drd3 induced a potent therapeutic effect abolishing gut inflammation. Thus, our findings show DRD3-

signalling as a major regulator of Treg upon gut inflammation.

Mucosal Immunology (2021) 14:652-666; https://doi.org/10.1038/s41385-020-00354-7

INTRODUCTION
Inflammatory bowel diseases (IBD) are a group of chronic
inflammatory disorders that affect the gastrointestinal tract, among
which Crohn'’s disease (CD) and ulcerative colitis (UC) are the most
common. Studies performed in UC and CD patients as well as in
animal models have indicated that gut inflammation in IBD is
driven mainly by Th1 and Th17 lymphocytes."? Moreover, Treg
lymphocytes, a subset of T-cells that exert suppressive activity and
play a fundamental role in maintaining intestinal homoeostasis in
steady-state conditions, is dysfunctional in IBD.? The administration
of exogenous Treg cells in mouse models of inflammatory colitis
might suppress the inflammation exerted by Th1 and Th17
lymphocytes;*® an effect that underlies on IL-10 and TGF-
secretion by these cells. Interestingly, the population of intestinal
Treg has been shown enhanced in the lesioned mucosa of IBD
patients in comparison to non-inflamed tissue and mucosa from
healthy subjects. Furthermore, after their isolation from lesioned
mucosa, these cells display normal suppressive activity in vitro,”®
thereby suggesting that Treg function is impaired just in situ by
environmental mediators present in the inflamed gut mucosa.

Cells located in the gut mucosa are exposed to dopamine that
can come from different sources, including some clostridial
bacteria of the gut microbiota,”'® the intrinsic enteric nervous
system, the intestinal epithelial layer,'' and some cells of the
immune system, including dendritic cells (DCs) and Treg.'”'®
Interestingly, gut inflammation in CD and UC patients involves an
abrupt reduction in the levels of dopamine,'® thereby affecting the
behaviour of cells that express dopamine receptors (DRs), including
Treg and effector T-cells. Of note, a decrease in the levels of
mucosal dopamine has also been described in the intestine of
animal models of inflammatory colitis,'""'> resembling the situation
observed in IBD.

Dopamine can stimulate five different DRs, termed DRD1-DRD5.
CD4" T lymphocytes from both human and mouse have been

found to express functional DRs.'® Importantly, the DRs display a
broad range of affinity for dopamine, from nM to uM, being DRD3
the receptor with the highest affinity (Ki = 27 nM)."" Therefore, the
functional relevance of each DR is dependent on the concentra-
tion of dopamine. Our previous studies addressing the role of DRs
expressed in CD4" T-cells in inflammation have shown that Drd3
deficiency in naive CD4" T-cells leads to impaired Th1 differentia-
tion and attenuated expansion of Th17 cells, thereby dampening
the severity of inflammatory colitis.'”'® Considering the decrease
of mucosal dopamine in the intestine (from =1000 nM in healthy
subjects to =100 nM in IBD patients'®'*) and that DRD3 might be
selectively stimulated by low-dopamine levels,' our previous
findings suggest that the low concentration of mucosal dopamine
associated to gut inflammation evokes the inflammatory potential
of CD4™" T-cells, thus favouring chronic inflammation.

Emerging evidence indicates that high dopamine levels exert a
strong anti-inflammatory effect in several animal models of
inflammation by stimulating low-affinity dopamine receptors,
including DRD1 and DRD2.2°>? In this regard, high dopamine
concentrations present in the intestinal mucosa of healthy
subjects would lead to DRD1 stimulation in macrophages,
attenuating the activation of the inflammasome NLRP3 and
thereby abrogating the production of inflammatory cytokines.?'
Moreover, high levels of dopamine lead to DRD2 stimulation,
which not only favours the production of IL-10 by CD4" T
lymphocytes,”® but also inhibits the increased motility and
dampens ulcer development in the intestine.* In fact, a genetic
polymorphism of the DRD2 gene associated with decreased DRD2
expression has been identified as a risk factor for IBD.*®
Accordingly, a study in mice showed that despite the percentage
of mucosal Treg lymphocytes did not change upon intestinal
inflammation, their suppressive function was impaired,® a condi-
tion associated with reduced mucosal dopamine.'® Moreover, the
administration of a DRD2 agonist, cabergoline, rescued the
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suppressive activity of Treg lymphocytes.® Altogether, these
findings suggest that DRD2-signalling in Treg cells favours the
suppressive function in the intestinal mucosa containing high
levels of dopamine.

Here we hypothesise that low-dopamine levels associated with
inflammation should selectively stimulate DRD3-signalling in Treg,
dampening their suppressive activity in the inflamed gut mucosa.
Thus, we aimed to analyse the role of DRD3-signalling in the
function of Treg cells using an animal model of inflammatory
colitis. Our results revealed that DRD3-signalling in Treg cells
attenuates their suppressive activity and strongly reduces their gut
tropism. Accordingly, Drd3-deficient mice were refractory to the
development of inflammatory colitis and the inhibition of DRD3-
signalling in Treg cells induced a potent anti-inflammatory effect
with therapeutic potential in gut inflammation.

RESULTS

Genetic Drd3-deficiency results in attenuated gut inflammation in
a mouse model of inflammatory colitis

By using an animal model of inflammatory colitis induced by the
transfer of naive CD4" T-cells into T-cell deficient mice, a model of
inflammation that depends exclusively of T-cell response, our
previous study show that Drd3 deficiency in CD4" T-cells resulted
in a significant attenuation in disease manifestation.'” Despite in
UC and CD T-cell response plays a central role driving gut-
inflammation, cells of the innate immune system play also a
relevant role contributing to the inflammatory process.”® Since in
human IBD both, the adaptive and the innate immune system
contribute to the disease development, we sought to analyse
the relevance of DRD3-signalling in a mouse model of inflamma-
tory colitis induced by the administration of dextran sodium
sulphate (DSS), a model that involves both, the innate and
adaptive immune response.’’?® To analyse the global role of
DRD3-signalling in the development of inflammatory colitis, we
first compared the development of inflammatory colitis induced
by DSS in Drd3-sufficient and Drd3-deficient mice. Strikingly, the
results show that Drd3 deficiency resulted in a complete
abrogation of disease manifestation, including the attenuation in
the loss of body weight (Fig. 1a), which corresponds the main
parameter to determine disease severity. An inhibited shortening
of colon length (Fig. 1b) and attenuated inflammation in the gut
mucosa as evidenced by histological analyses (Fig. 1c) were also
observed in Drd3-deficient mice when compared with Drd3-
sufficient mice. Because Drd3 deficiency has been previously
associated to behavioural alterations in mice, including depression
and anxiety,”® we tested whether differences in the loss of body
weight observed between Drd3-sufficient and Drd3-deficient mice
were due to an unequal consumption of drinking water upon the
DSS treatment. The results show that water consumption
was similar in both genotypes before and after starting the DSS-
administration (Fig. 1d), thus ruling out the possibility that
difference in body weight observed between wild-type and
knockout mice was due to an unequal water consumption.
Because DRD3 has been shown to be expressed not only in the
adaptive immune system, but also in neutrophils, eosinophils and
Natural Killer cells3® we next attempted to dissociate the
relevance of DRD3-signalling in the adaptive immune system
and outside the adaptive immune system in the development
of inflammatory colitis. For this purpose, we crossed Drd3 ™/~ mice
with Rag1™'~ mice to generate Drd3-deficient mice devoid of
adaptive immune system. The results show that Drd3~’~ Rag1~/~
as well as Drd3™* Rag1~’~ mice were susceptible to develop DSS-
induced inflammatory colitis and that both genotypes presented
loss of body weight with similar intensity (Fig. S1), thus indicating
that DRD3-signalling outside the adaptive immune system lacks
relevance in the development of gut inflammation. Since the
development of intestinal inflammation depends on the gut
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microbiota,' we next addressed the question of whether reduced
manifestation of inflammatory colitis observed in Drd3-deficient
mice was due to a different microbiota composition in comparison
with Drd3-sufficent mice. For this purpose, we compared the
development of DSS-inflammatory colitis in Drd3™* and Drd3~/~
mice that were previously co-housed or living in separated cages.
The results show that Drd3-deficient mice were resistant to disease
manifestation even after co-housed with Drd3-sufficient (Fig. S2).
Similarly, Drd3™* mice were susceptible to DSS-induced inflam-
matory colitis even when co-housed with Drd3™~ mice (Fig. S2).
Thus, these results ruled out the possibility that decreased colitis
manifestation observed in Drd3-deficient mice was due to their
microbiota. Together, these results indicate that DRD3-signalling
in the adaptive immune system plays an important role favouring
the development of inflammatory colitis irrespective the micro-
biota composition.

Drd3 deficiency in Treg cells exacerbates their anti-inflammatory
effect in inflammatory colitis

Our previous study shows that Drd3 deficiency in naive CD4" T-
cells, a subset devoid of Treg, results in a selective attenuation of
Th1-mediated immunity, but not Th17-mediated reactions, in a
model of antigen-specific immune response induced by the
immunisation with the ovalbumin (OVA) derived peptide OT-II
(pOTIl, which corresponds to OVAsz3330).'” Using the same
antigen-specific immunisation model induced by pOTIl, here we
observed that Drd3 deficiency in total CD4" T-cells, which includes
the subset of Treg cells, results in impaired Th1- and Th17-
mediated immunity (Fig. S3). Thus, together these results suggest
that Drd3 deficiency in Treg cells plays a relevant role in the
control of Th17-mediated immunity. Of note, Th17-mediated
immunity has been extensively involved in gut inflammation.?%*3

To analyse the role of DRD3-signalling in Treg in the control of
gut inflammation, we next aimed to determine DRD3 expression
in Treg cells. For this purpose, the levels of Drd3 transcripts were
quantified in Treg differentiated in vitro from naive CD4" T-cells
(iTreg) and generated in vivo (hereinafter called just Treg), which
were isolated from the spleen or mesenteric lymph nodes (MLN).
The results show that both iTreg and Treg display significant
expression of Drd3 transcripts, nevertheless the extent of Drd3-
transcription was higher in Treg (Fig. S4A, B). Moreover, Drd3-
mMRNA expression was selectively increased in Treg, but not in
conventional T-cells (Tconv), isolated from the MLN upon gut
inflammation (Fig. S4C). According to these results, the surface
expression of DRD3 was selectively increased in Treg cells
obtained from the colonic lamina propria (cLP) upon gut
inflammation (Fig. 2a and S5). To analyse whether DRD3-
signalling was relevant in the generation of Treg, we next
conducted experiments to determine the impact of Drd3
deficiency in the in vitro differentiation of naive CD4" T-cells into
iTregs and in the generation of Treg in vivo isolated from the
spleen. The results show a similar extent of iTreg generation when
compared the in vitro differentiation of Drd3-sufficient and Drd3-
deficient naive CD4" T-cells (Fig. S6A). Similarly, no differences
were detected in the frequency of Treg in the spleen of Drd3-
sufficient and Drd3-deficient mice (Fig. S6B). Thus, these results
suggest that DRD3-signalling does not play a relevant role in the
generation of Treg cells.

To determine the relevance of DRD3-signalling in the suppres-
sive potential of Treg in inflammatory colitis, we next evaluated
the extent of disease manifestation in DSS-treated mice that
received the adoptive transfer of Drd3-sufficient or Drd3-deficient
Treg cells. Since we expected to observe a higher therapeutic
effect in mice receiving Drd3-deficient Treg cells, considering a
previous study® we transferred a suboptimal amount of Treg (3 x
10° cells per mouse). According to our hypothesis, whereas Drd3-
sufficient Treg did not exert a significant therapeutic effect in the
development of inflammatory colitis, mice receiving the transfer
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Control

Drd3-deficient mice are unresponsive to DSS-induced inflammatory colitis. Drd3™" and Drd3™~ mice were exposed to 1% DSS in

the drinking water for 8 days and then switched to normal water and monitored for 3 additional days. a Body weight was periodically
registered throughout the whole time and the percentage of body weight change relative to initial weight was quantified. b On day 11, mice
were sacrificed and the colon length was determined. Top panel shows representative images of a colon obtained from each experimental
group. Bottom panel shows the quantification. ¢ Histological analysis. Top panel shows representative images of H&E staining (top images)
and alcian blue staining (bottom images) of distal colon sections. Bottom panel shows the quantification of histopathological score. d Water
consumption was monitored during 3 days either before or during DSS treatment. Data correspond to the volume of water consumed per
mice. a-d Values are expressed as mean + SEM. Data from 7 (a, b and d) or 5 (c) mice per group are shown. Two independent experiments
gave similar results. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by multiple Student’s t test. No significant differences were found in d

after the analysis by two-way ANOVA followed by Tukey’s post-hoc test.

of Drd3-deficient Treg displayed a strong attenuation in the loss of
body weight (Fig. 2b) and in the histopathological manifestation
(Fig. 2¢).

To evaluate the effect of DRD3-signalling in Treg cells in the
control of inflammatory effector T-cell subsets in the colon and
gut-associated lymphoid tissues (GALT), we analysed the fre-
quency of relevant T-helper cells in the cLP and MLN of DSS-
treated mice. Interestingly, the results show a selective reduction
of Th17 frequency in MLN in mice receiving Treg transfer of both
genotype (Fig. 2d). Nevertheless, mice receiving Drd3-deficient
Treg show a more significant reduction in Th17 frequency than
that observed in mice receiving Drd3-sufficient Treg cells (Fig. 2d).
On the other hand, mice receiving the transfer or wild-type or
knockout Treg displayed a strong and selective reduction of Th1
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frequency in the cLP (Fig. 2e). Altogether these results suggest that
DRD3-signalling in Treg plays a relevant role limiting their
suppressive activity. Because the CD3"CD4"CD25% subset of
T-cells (used in Fig. 2b as Treg) might contain not only Treg but
also some few activated effector T-cells, we repeated the
experiments from Fig. 2b, but transferring GFPTCD4™ Treg isolated
from Foxp39 reporter mice** instead using the CD3"CD4*CD25"
subset of T-cells. The results show that DSS-treated mice receiving
a suboptimal amount of Drd3-deficient GFPTCD4" Treg presented
a significant improvement of disease manifestation in comparison
with those DSS-treated mice receiving Drd3-sufficient GFPTCD4"
Treg or with those only treated with DSS but without Treg transfer
(Fig. S7). Thus, these results (Fig. S7) recapitulate those results
obtained in Fig. 2b. To evaluate whether DRD3-signalling in Treg is
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only relevant in conditions of acute inflammation (DSS-induced
colitis) or it is also extended to chronic inflammatory colitis, we
compared the suppressive potential of Treg from both genotypes
in a mouse model of intestinal inflammation induced by the
transfer of naive CD4" T-cells into lymphopenic mice.> For this
purpose, naive (CD62LTCD44 CD257) CD4" T-cells were isolated
from wild-type congenic (Cd45.2™*) mice and i.v. transferred into
Rag1~’~ recipient mice. Three weeks later, Drd3-sufficient or Drd3-
deficient Treg cells (CD4*GFP™) were isolated from Foxp39™
(Cd45.1'") mice and transferred into Rag?™'~ mice and the
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disease manifestation was monitored for 10 weeks. The results
show that mice receiving Drd3-deficient Treg displayed a lower
extent of body weight loss than that of mice receiving Drd3-
sufficient Treg (Fig. S8A). Altogether, these results (Fig. S7 and S8A)
reinforce the conclusion that DRD3-signalling in Treg cells plays a
relevant pro-inflammatory role favouring the development of
both acute or chronic inflammatory colitis.

Since GALT Treg cells play a major role in oral tolerance
induction,®® we wondered whether DRD3-signalling affects the
development of oral tolerance using an antigen-specific system.

o\
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Fig. 2 Drd3-deficient Treg display higher anti-inflammatory activity in vivo. a Drd3™* mice were exposed to normal drinking water or
water containing 1.75% DSS during 8 days, and then maintained with normal drinking water for four additional days. MNC were extracted
from cLP and surface DRD3 expression was analysed in Treg (ZAq~ CD3% CD4" Foxp3™) and Tconv (ZAq~ CD3" CD4" Foxp3?) as shown in
Fig. S5. Quantification of the percentage (top)oanel) and MFI (bottom panel) of specific DRD3 immunoreactivity. n = 6 mice/group. b—e Wild-
type mice received the iv. transfer of Drd3"" (black symbols) or Drd3 ™~ (red symbols) Treg cells (CD3" CD4* CD25" cells; 3 x 10° cells/
mouse) and then were exposed to 1.75% DSS in the drinking water for 8 days. Afterwards, DSS-containing drinking water was switched to
normal water and mice were monitored for 5 additional days. As controls, a group of mice did not receive Treg transfer (white symbols), whilst
another group did not receive neither Treg transfer nor DSS (blue symbols). n = 4-6 mice/group. b Body weight was periodically registered
throughout the time course of disease development and the percentage of body weight change relative to initial weight was quantified. The
frame of time where differences were found is indicated with a black line. Red brackets and asterisks indicate differences with the red curve,
whilst blue brackets and asterisks indicate differences with the blue curve. ¢ Histological analysis. Left panel shows representative images of
H&E staining (top images) and alcian blue staining (bottom images) of distal colon sections. Right panel shows the quantification of
histopathological score. MNC were isolated from the MLN (d) or the cLP (e) 13 days after Treg transfer and the production of IFN-y and IL-17A
was determined in CD4" T-cells by intracellular cytokine staining followed by flow cytometry. f, g Drd3™" or Drd3™"~ OT-Il mice were daily
supplemented with PBS (control) or OVA (2.5 mg) via oral during 5 days. One day after the last dose of oral OVA, mice were immunised with a
s.c. injection of OVA emulsified with CFA and 7 days later challenged with aggregated OVA in the left hind footpad and PBS in the right hind
footpad. f Footpad sizes were determined 48 h after the challenge. g Splenocytes were cultured in the absence or in the presence of pOT-II
(100 or 1000 ng/mL) for 48 h and IL-2 was determined in the culture supernatant by ELISA in triplicates. n =8 mice/group. a-g Values
represent mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by two-way ANOVA (a, b, f and g) or one-way ANOVA (c—e) followed by

Tukey's post-hoc test. n.s. no significant differences.

To this end, oral tolerance to OVA was induced in Drd3-sufficient
and Drd3-deficient OT-ll mice by feeding them with OVA oral
during 5 days. Afterwards, OVA-specific immune response was
determined by immunising these mice with OVA s.c. followed by a
challenge with aggregated OVA in the footpad one week later.
The extent of OVA-specific immune response was determined as
the degree of footpad swelling and the potency of T-cell
activation in response to pOT-Il ex vivo. The results show that
OVA oral induced a reduction of footpad swelling in Drd3-
sufficient OT-Il mice, although there was still a significant
difference in the size of the challenged footpad (left footpad) in
comparison with the control footpad (right footpad). Conversely,
no significant differences were observed in the size of control
footpad and challenged footpad in Drd3-deficient OT-Il mice
(Fig. 2f). Furthermore, the extent of IL-2 produced by splenocytes
in response to pOT-Il was lower in Drd3-deficient OT-Il mice than
that produced in Drd3-sufficient OT-Il mice (Fig. 2g), indicating
that Drd3 deficiency promotes a stronger attenuation of OVA-
specific T-cell response. Thus, these results suggest that DRD3-
signalling limits the oral tolerance induction.

The selective stimulation of DRD3 attenuates the suppressive
activity of Treg by limiting IL-10 production

To address the question of whether DRD3-signalling regulates
Treg function, we first compared the suppressive activity of Drd3-
sufficient and Drd3-deficient Treg using an in vitro suppressive
assay. Unexpectedly, we did not find any difference in the
suppressive activity in these Treg cells (Fig. 3a). As mentioned
above, Treg cells isolated from inflamed lamina propria of IBD
patients show impaired suppressive activity, nevertheless after
isolation they retain their suppressive activity in vitro,”® suggest-
ing that suppressive activity of Treg could be impaired just in situ
by mediators produced by the inflamed tissue. Accordingly, we
reasoned that suppressive activity of Drd3-sufficient Treg should
be affected in the presence of DRD3-agonists. To test this
possibility, we activated Drd3-sufficient Treg in the presence of
the selective DRD3 agonist, PD128907, and then assessed their
ability to suppress the proliferation of naive CD4" T-cells in vitro.
The results showed that selective stimulation of DRD3 significantly
reduced the ability of Treg to suppress CD4" T-cell proliferation
(Fig. 3b), indicating that DRD3-signalling limits Treg function.

To confirm that DRD3-stimulation attenuates Treg suppressive
activity using now the natural DRD3 ligand, dopamine, we
conducted in vitro suppression assays co-culturing wild-type
naive CD4" T-cells with Drd3-sufficient or Drd3-deficient Treg in
the presence of low-dopamine levels (100 nM, which stimulates
selectively DRD3), such as the situation found in inflamed gut
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mucosa, or in the presence of high dopamine levels (1000 nM,
which stimulates low-affinity and high-affinity DRs), conditions
similar to those found in healthy gut mucosa.'®'* The results show
that in the presence of 1000 nM dopamine, both Drd3-sufficient or
Drd3-deficient Treg exert similar suppressive activity attenuating
the proliferation of naive CD4* T-cells (Fig. 3¢, d). Nevertheless, in
the presence of 100 nM dopamine, the suppressive activity of
Drd3-sufficient Treg cells was significantly decreased in compar-
ison to Drd3-deficient Treg activity. Thus, these results confirm
once again that the selective DRD3-stimulation limits Treg
suppressive function.

To address the molecular mechanism underlaying the DRD3-
mediated attenuation of Treg suppressive activity, we next
evaluated how dopamine affected the density of Foxp3 expres-
sion, as the decreased expression density of this master
transcription factor has been associated to reduced Treg activity
and the development of autoimmune disorders.®” Interestingly,
we observed that only when exposed to 100 nM dopamine, but
not in the presence of 1000 nM dopamine, the density of Foxp3
expression was significantly reduced (Fig. 3e), thus suggesting that
the selective DRD3-stimulation induces a reduction on the density
of Foxp3 expression in Treg cells. Because one of the main
mechanisms used by Treg to suppress the activity of effector
T-cells is the production of IL-10°%, we also tested the possibility
that DRD3-signalling regulates IL-10 production by Treg cells.
According to the higher suppressive activity observed in Drd3-
deficient Treg, results obtained from in vitro assays show that Drd3
deficiency in the presence of dopamine 100nM resulted in
increased production of IL-10 by CD4"CD25" T-cells (Fig. 3f). To
evaluate whether DRD3-signalling affects IL-10 production by Treg
in vivo upon gut inflammation, we next analysed IL-10 production
in Treg isolated from MLN and cLP obtained from Drd3-sufficient
and Drd3-deficient mice exposed to DSS treatment. The results
show that both the frequency of IL-10-producing Treg cells as well
as the intensity of IL-10 production by Treg was higher in Drd3-
deficient Treg lymphocytes in comparison with Drd3-sufficient
Treg cells (Fig. 3g, h). To evaluate whether, in addition to IL-10,
DRD3-signalling affected other molecules involved in Treg
suppressive activity, we determined the production of TGF-f
and the surface expression of CTLA-4, CD39 and CD73 in Treg of
the MLN and cLP obtained from wild-type and knockout mice
treated with DSS. The results show that Drd3 deficiency does not
increase the expression of any of these molecules in Treg upon
inflammation (Fig. S9). Together, these results indicate that the
selective stimulation of DRD3, a situation given in the gut mucosa
upon inflammation, limits the suppressive activity of Treg cells by
impairing IL-10 production.
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Our results indicate that Drd3 deficiency provides protection
from inflammatory colitis only in Rag7-sufficient mice (Fig. 1 and
S1). Since the proper function of natural killer cells (NK) and innate
lymphoid cells (ILCs) has been shown to depend on RAG activity,*®
we evaluated whether Drd3 deficiency affects IL-10 production by
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these cells upon gut inflammation. Accordingly, inflammatory
colitis was induced by DSS in Drd3™" and Drd3~/~ mice and, at
the peak of disease manifestation, mononuclear cells (MNC) were
isolated from the MLN and cLP and IL-10 production was
quantified in NK and ILCs. The results show that Drd3-deficiency
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Fig. 3 DRD3-signalling reduces the suppressive activity and IL-10 production in regulatory T-cells. a, b naive Drd3"* CD45.1" CD45.2~
CD4" CD25~ T-cells (Tnaive) were loaded with 5 pM CFSE and activated with DCs and anti-CD3 Ab in the presence of CD45.1~ CD45.2™ Treg
(at different Tnaive:Treg ratios). 72 h later, Tnaive proliferation was quantified as the dilution of CFSE-associated fluorescence in the CD45.1

CD45.2~ CD4" population by flow cytometry. As a control to determine the maximal Tnaive proliferation, Tnaive were activated in the
absence of Treg (No Tregs). a Tnaive were co-cultured with freshly isolated Drd3"™" or Drd3~/~ Treg. b Prior to the co-culture with Tnaive,
Drd3*/* Treg were activated with anti-CD3 and anti-CD28 Abs either in the absence or in the presence of the DRD3-selective agonist
PD128907 (50 nM) and incubated for 48 h. a, b In left panels representative histograms of CFSE dilution profiles are shown. Markers show the
population of naive T cells displaying CFSE dilution. Numbers on the histograms represent the percentage of naive T cells displaying CFSE
dilution. In right panels, the extent of suppression is quantified as the percentage of inhibition of naive T-cells proliferation relative to maximal
proliferation (No Treg), where the percentage of suppression is 0 (dotted line). Data from three independent experiments are shown. ¢, d naive
Drd3*/™ CD45.1" CD45.2~ CD4" CD25~ T-cells (Tnaive) were loaded with 5uM CTV and activated with anti-CD3 and anti-CD28 Abs and co-
cultured with GFP* CD45.1~ CD45.2" nTreg (ratio Treg:Tnaive = 1:8) isolated from Drd3™* Foxp39% or Drd3 ™/~ Foxp39® mice in the presence
of 0, 100 or 1000 nM dopamine. After 72 h, the extent of Tnaive proliferation was determined as the dilution of CTV-associated fluorescence in
the CD45.1" CD45.2~ CD4" population by flow cytometry. c Representative histograms of CTV dilution profiles are shown. Markers show the
population of Tnaive cells displaying CTV dilution. Numbers on the histograms represent the percentage of Tnaive cells displaying CTV
dilution. d In right panels, the extent of Tnaive proliferation is quantified. Data from triplicate from a representative of three independent
experiments are shown. e Treg were isolated from the MLN from Drd3*/* Foxp39% mice and then activated with anti-CD3- and anti-CD28-
coated dynabeads (Treg:dynabead ratio = 1:2) in the presence of 0, 100 or 1000 nM dopamine and incubated for 48 h. Foxp3 expression was
determined as the MFI associated to GFP. Data from a representative experiment in triplicate are shown. f CD4" CD25™ T-cells were isolated
from Drd3™* or Drd3™’~ mice, and then activated with anti-CD3- and anti-CD28-coated dynabeads (Treg:dynabead ratio = 1:2) in the
presence of dopamine 100 nM for 48 h. Top panel: Treg cells were restimulated with PMA and ionomycin in the presence of brefeldin A, and
intracellular IL-10 was immunostained and analysed by flow cytometry. IL-10 production was quantified as the percentage of IL-107 CD4™
cells in the ZAgq™ gate. Bottom panel: IL-10 production was determined in the cell culture supernatant by ELISA. Data from three independent
experiments are shown. MNC were isolated from MLN (g) or cLP (h) of Drd3*/* Foxp39fp or Drd3~/~ Foxp39f" mice treated with 1% DSS. Cells
were restimulated ex vivo with PMA and ionomycin in the presence of brefeldin A. IL-10 production was quantified as the percentage (top
panels) or MFI (bottom panels) associated to IL-10 immunostaining in Treg. n = 3 (g) or 4-5 (h) mice/group. a, b, d-h Values represent mean +
SEM. *p < 0.05; **p < 0.01; ***p < 0.001 by two-way ANOVA (a, b and d) or one-way ANOVA (e) followed by Tukey’s post-hoc test or by unpaired

Student’s t test (f-h). n.s. no significant differences were found.

induced just a mild reduction on IL-10 production by NK cells or
by the global leucocyte population from the MLN (Fig. S10). In
addition, no differences were observed in the levels of IL-10
production by NK cells and leucocytes from the cLP or by ILCs
from the MLN or the cLP (Fig. S10). Thus, these results rule out the
possibility that IL-10 produced by ILCs or NK cells contributes to
the different susceptibility of Drd3*" and Drd3™~ mice to
inflammatory colitis manifestation.

Drd3-deficiency favours the acquisition of gut tropism in Treg cells
by enhancing the expression of the C-C chemokine receptor CCR9
The higher attenuation of colitis development exerted by Drd3-
deficient Treg can be due to two non-excluding possibilities:
1. To a higher suppressive activity, or 2. To an enhanced
recruitment of Treg into the gut mucosa. To address the second
possibility, we first evaluated the expression of key molecules
involved in gut homing, the C-C chemokine receptor CCR9, and
the integrin a4p7.*>*' For this purpose, we isolated Treg cells
from MLN of Drd3-sufficient and Drd3-deficient mice and
analysed the expression of CCR9 and a4f7. Importantly, the
results show that Drd3 deficiency resulted in a significant and
selective increase of CCR9, both in frequency and density of
expression in Treg cells in steady-state (Fig. 4a). Similarly, we
observed a higher CCR9 expression in Drd3-deficient Treg from
the MLN of mice undergoing chronic inflammatory colitis
(Fig. S8C, D). Of note, we observed no differences in the
expression of Foxp3 between Drd3-sufficient and Drd3-deficient
Treg obtained from the MLN in steady-state (Fig. S11). Interest-
ingly, the increased expression of CCR9 induced by Drd3
deficiency was also observed in iTregs differentiated from naive
CD4™" T-cells (Fig. S12).

To determine whether the alteration in the expression of
molecules associated to gut tropism induced by Drd3 deficiency in
Treg was also observed in the colonic mucosa upon acute
inflammation, we next compared the surface expression of these
homing molecules in Treg isolated from the cLP of wild-type or
knockout mice in steady-state or upon DSS treatment. Since
GPR15 has been involved in colonic tropism of Treg,”? we also
included the expression of this receptor in the analysis. The results
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show that density of CCR9 expression on colonic Treg was
significantly higher in Drd3-deficient mice under acute inflamma-
tory conditions, but not in steady-state. Conversely, Drd3
deficiency induced a lower a4f37 expression in colonic Treg upon
DSS treatment (Fig. S13). In addition, we observed no differences
in the expression of GPR15 on colonic Treg (Fig. S13), thus ruling
out the possibility that DRD3-signalling regulates GPR15
expression.

Afterwards, we wondered whether the higher CCR9 expression
observed in Drd3-deficient Treg cells is maintained or undergoes
changes upon T-cell activation. To address this question, we next
isolated Treg cells from the MLN of Drd3-sufficient and Drd3-
deficient mice and they were activated with anti-CD3/anti-CD28
coated dynabeads in the presence of retinoic acid (RA) and IL-2
and the dynamics of CCR9 and a4p7 expression was assessed at
different time-points during 7 days. According to the role of RA in
imprinting the gut tropism on Treg cells,** the expression of both
CCR9 and 04P7 was increasing along the time (Fig. 4b).
Furthermore, Drd3-deficient Treg cells maintained a higher
frequency and density of CCR9 expression along the time after
T-cell activation up to 7 days. Conversely, a4f37 expression was not
affected by Drd3 deficiency in Treg cells (Fig. 4b). It is noteworthy
that the density (MFI) of Foxp3 expression was also similar in Drd3-
sufficient and Drd3-deficient Treg cells isolated from the MLN,
both in steady-state (time cero), or after T-cell activation (Fig. 4b,
bottom right panel). Next, we attempted to determine whether
the selective increase of CCR9 expression induced by Drd3
deficiency was a general aspect of Treg cells from different
locations or it was a particular feature of Treg obtained from MLN.
Accordingly, we isolated Treg cells from the spleen of Drd3-
suffiicient and Drd3-deficient mice and then were activated
in vitro in the presence of RA and IL-2 and the dynamics of
CCR9 and 047 expression was assessed at different time points
during 7 days. Importantly, the results show that expression of
CCR9 and 0437 was similar in Drd3-sufficient and Drd3-deficient
Treg along the time (Fig. S14), suggesting that the regulation of
CCR9 expression exerted by DRD3-signalling seems to be confined
to GALT associated Treg cells. Since CCR9 expression is up-
regulated by RA*® we tested whether the effect of DRD3-
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signalling on CCR9 expression was dependent on RA receptor
(RAR) stimulation. For this purpose, wild-type or Drd3-knockout
Treg isolated from the MLN were activated ex vivo in the presence
of RA and DRD3-agonists or RAR-antagonist and CCR9 expression
was assessed. The results show that RA induced an up-regulation
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of CCR9 expression (MFI) in Drd3-deficient Treg, except when
incubated with a RAR-antagonist (Fig. S15). In addition, there was
a trend of reduction in the percentage of CCR9 expression in wild-
type Treg when treated with a selective DRD3 agonist or
dopamine 100 nM, even in the presence of RA (Fig. S15). These
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Fig. 4 DRD3-signalling attenuates the recruitment of regulatory T-cells into the gut mucosa upon inflammation. a Treg cells (CD4" GFP™)
were isolated from MLN of Drd3*+ Foxp3°® or Drd3~/~ Foxp39® mice and the expression of CCR9 and a4p7 was analysed in the alive (ZAq™)
CD4" GFP" population by flow cytometry. Representative dot plots of CCR9 and a4f7 expression are shown in the left panel. The percentage
of cells in the respective quadrants are indicated. In the right panel, CCR9 (left graphs) and a4p7 (right graphs) expression was quantified as
the percentage of positive cells (top graphs) or the MFI (bottom graphs). Each symbol represent data obtained from a single mouse (n = 6-10
per group). Mean + SEM are shown. b Treg cells (CD4" GFP™) isolated from MLN of Drd3*"* Foxp39® or Drd3~/~ Foxp39% mice were activated
with anti-CD3- and anti-CD28- coated dynabeads (Treg:dynabead ratio = 1:2) in the presence of RA and IL-2 for 7 days. The expression of
CCR9 and a4f7 was analysed every other day in the alive (ZAq~) CD4" GFP* population by flow cytometry. Quantification of the percentage
and MFI of CCR9 (left panels), a4f7 (middle panels) expression are shown. Quantification of the frequency of cells expressing both together
CCR9 and a4f7 is shown in the top-right panel. Quantification of the density of Foxp3 expression is shown in the bottom-right panel.
Values represent mean + SEM from triplicates. Data from a representative from three independent experiments are shown. c-e Treg cells
(CD4" GFP™) isolated from MLN of Drd3*/* Foxp39™ (Cd45.17'") and Drd3 ™/~ Foxp39% (Cd45.1"~ Cd45.2%~) mice were mixed at ratio 1:1 and
then i.v. transferred (10° total cells per mouse) into wild-type (Cd45.2*/™) recipients 4 days after initiated the treatment with 1.75% DSS. 24 h
later, mice were sacrificed and the arrival of Drd3™" (CD45.1" CD45.27) and Drd3™~ (CD45.1" CD45.2™) Treg was analysed in the spleen, MLN,
cLP and Peyer’s patches by flow cytometry. To normalise the recruitment of transferred Treg to different target tissues, the ratio of Drd3""-to-
Drd3~’~ Treg was analysed before the i.v. transfer (input). ¢ Representative contour-plots analysing the expression of CD45.1 versus CD45.2 in
the TCRB" CD4" gated population. The percentage of Drd3™* (black) and Drd3~/~ (red) Treg are indicated. d The extent of migration was
determined as the percentage of Treg present in the tissue normalised with the percentage of Treg present in the input (for each genotype).
Values represent mean + SEM; n = 8 mice per group. e The homing index was calculated as indicated in the top panel. Quantification of the
homing index for each target tissue analysed is shown in the bottom panel. Each symbol represents data obtained for a single mouse in the
corresponding tissue (n = 8). Mean + SEM are shown. *p < 0.05; **p < 0.01; ***p < 0.001 by unpaired Student’s t test (a and b), two-way ANOVA
followed by Fisher’s post-hoc test (d) or one-way ANOVA followed by Tukey’s post-hoc test (e). n.s. no significant differences were found.

results suggest that DRD3-mediated down-regulation of CCR9 is
independent of RAR-signalling.

To evaluate whether DRD3-mediated regulation of CCR9
expression was confined only to Treg or it was extended to other
T-cell subsets, we also evaluated the dynamics of acquisition of
gut homing molecules in Tconv isolated from MLN. Interestingly,
our results show that Drd3 deficiency also favours the up-
regulation of CCR9 expression in Tconv, although attenuates the
acquisition of a4f7 integrin in this subpopulation of T-cells
(Fig. S16). In addition, we analysed whether Drd3 deficiency
affected the proliferation and survival of Treg and we observed no
significant differences between genotypes (Fig. S17). Interestingly,
RA induced a slight decrease in the extent of Treg proliferation in
both genotypes (Fig. S17). Altogether, these results indicate that
DRD3-signalling attenuates the acquisition of gut tropism in Treg
cells found in the MLN.

Since DRD3-signalling has been involved in DCs function,™* we
wondered whether GALT DCs display a higher tolerogenic
function in Drd3-deficient mice, thus contributing to the
attenuated gut inflammation observed in Drd3-knockout mice.
To address this possibility, DCs isolated from the MLN of Drd3-
sufficient or Drd3-deficient mice were co-cultured with wild-type
naive CD4" T-cells and the extent of iTreg generation was
evaluated 5 days later. The results show that MLN DCs from both
genotypes promote iTreg generation in a similar extent (Fig. S18),
suggesting that GALT DCs do not contribute to the different
severity of inflammatory colitis observed between Drd3-deficient
and Drd3-sufficient mice.

To evaluate whether the resistance to gut inflammation
induced by Drd3 deficiency is actually dependent on CCR9
expression, we next compared how was the manifestation of DSS-
induced inflammatory colitis in Drd3-deficient, Ccr9-deficient and
double knockout mice. The results show that wild-type, Ccr9-
knockout and double knockout mice presented similar disease
manifestation, whilst Drd3-deficient mice remained refractory to
disease manifestation (Fig. S19). Remarkably, these data indicate
that resistance to gut inflammation induced by Drd3 deficiency
depends on CCR9 expression.

Lack of DRD3-signalling in Treg increases their recruitment into
the gut mucosa upon inflammation

Since Drd3 deficiency significantly modified gut-tropism in Treg
cells, we next sought to evaluate whether DRD3-signalling affects
Treg recruitment into the gut mucosa upon inflammatory
colitis. To this end, we transferred a mixture of Drd3-sufficient
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and Drd3-deficient Treg cells in mice undergoing DSS-induced
inflammatory colitis and 24 h later, we traced the destination of
Treg cells analysing different tissues by flow cytometry. The results
show that the fraction of Drd3-deficient Treg was significantly
higher than that of Drd3-sufficient Treg in the cLP as well as in
Peyer's patches (Fig. 4c, d). Conversely, there were no differences
in the distribution of Drd3-deficient and Drd3-sufficient Treg cells
in the spleen and MLN (Fig. 4c, d). Furthermore, to reinforce the
conclusion that Drd3 deficiency leads to a differential distribution
of Treg cells favouring the recruitment of these cells into the gut
mucosa, we also analysed the Homing Index (Fig. 4e, top panel) as
described previously.*” This analysis indicated that Drd3 deficiency
results in an increased recruitment of Treg cells into the cLP in
comparison to the spleen and MLN (Fig. 4e, bottom panel). Of
note, despite there is a marked trend of higher recruitment of Treg
into Peyer's patches led by Drd3 deficiency, there were no
significant differences in the recruitment of Drd3-deficient Treg
into Peyer's patches in comparison with the spleen and MLN,
probably due to the high dispersion of data obtained from Peyer’s
patches (Fig. 4e, bottom panel). Thus, taken together these results
indicate that Drd3 deficiency leads to enhanced recruitment of
Treg into gut mucosa under inflammatory conditions, especially
into the cLP.

Targeting Drd3-transcription in Treg cells as a therapeutic
approach to attenuate the development of inflammatory colitis
Because we observed a strong decrease of DSS-induced colitis
manifestation when Drd3-deficient Treg were transferred, we next
attempted to test the therapeutic potential of targeting DRD3
expression on Treg cells to ameliorate gut inflammation. For this
purpose, we generated retroviral vectors codifying for an shRNA
directed to reduce Drd3 transcription (RV-shDrd3), as described
previously.'” Prior to test the therapeutic potential of the
inhibition of Drd3 transcription in Treg cells, we optimised the
protocol of Treg transduction (Fig. S20) and confirmed that Foxp3
expression is not changed in Treg cells after transduction with RV-
shDrd3 (Fig. S21). Afterwards, we tested the therapeutic effect of
Treg cells transduced in optimal condition with RV-shDrd3, which
was compared with the effect of Treg cells transduced with
control retroviral vectors (RV-Control; codifying just for the
reporter gene GFP) in the development of DSS-induced inflam-
matory colitis. According to the higher IL-10 production observed
in the input (Fig. S22), the i.v. transfer of RV-shDrd3-transduced
Treg at the beginning of colitis-induction exerted a potent
therapeutic effect attenuating disease manifestation in comparison
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Fig. 5 The transference of Tregs transduced ex vivo with an shRNA for Drd3 into DSS-treated mice exterts a potent therapeutic effect
attenuating the development of inflammatory colitis. a-d Wild-type mice received the i.v. transference of 2 x 10° Tregs and immediately
were exposed to 1.75% DSS for 7 days. One group received Treg transduced ex vivo with retroviral particles codifying for a shRNA that
attenuates the expression of the Drd3 transcript and GFP as a reporter gene (RV-shDrd3; red symbols), whilst the other group received the
transference of Treg transduced ex vivo with retroviral particles encoding only for GFP (RV-Control; black symbols). GFP™ Treg were purified by
cell sorting before transference into recipient mice. a Body weight was daily determined and represented as % of body weight change respect
to the initial weight. b Disease activity index (DAI) was also daily determined, which considers loss of body weight, depositions consistence,
and the presence of blood in depositions. ¢ Histological analysis. Left panel shows representative images of H&E staining (top images) and
alcian blue staining (bottom images) of distal colon sections. Right panel shows the quantification of histopathological score. d Length of
colons was determined. Left panel shows representative images, whilst right panel shows the quantification. Values are mean + SEM from 6-8
(aand b) or 5 (c and d) mice per group. Data from two independent experiments are shown. e, f Treg (Cd45.1"/") transduced with RV-shDrd3
(red) or RV-Control (black) as indicated in a-d were i.v. transferred into wild-type (Cd45.2/") mice after 5 days of treatment with 1.75% DSS
(n =4 mice per group). e DAl was daily determined. f After 11 days of DSS treatment, mice were sacrificed and the percentage of transferred
Treg (CD45.1%) arriving to the cLP was quantified. a-f *P < 0.05; **p < 0.01; ****p < 0.0001 by unpaired Student’s t test.

when RV-control-transduced Treg were transferred (Fig. 5a—d). manifestation of DSS-treated mice that received the i.v. transfer
Importantly, the therapeutic effect exerted by RV-shDrd3- of transduced Treg 5 days after the beginning of DSS treatment.
transduced Treg cells was observed in multiple parameters, The results show that the transfer of RV-shDrd3-transduced Treg
including the attenuation in the loss of body weight (Fig. 5a), reduced the disease severity even when transferred after the
decreased disease activity index (DAI; Fig. 5b), reduced alterations initiation of gut inflammation (Fig. 5e). According to the lower
in the architecture of gut mucosa (Fig. 5c), and a lesser extent disease manifestation observed (Fig. 5e) and to the role of DRD3-
of colon shortening (Fig. 5d). To evaluate the therapeutic potential signalling attenuating in vivo Treg migration into the colon

of RV-shDrd3-transduced Treg at later time-points, when gut (Fig. 4c-e), a higher extent of infiltration into the colon
inflammation is already triggered, we analysed disease was observed for RV-shDrd3-transduced Treg in comparison with
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RV-control-transduced Treg (Fig. 5f). Interestingly, the analysis of
the input shows that the knock-down of Drd3 in Treg had no
effects in the levels of CCR9 expression (Fig. S22). It is likely that RA
contained in the culture to induce Treg differentiation promoted a
high CCR9 expression in vitro even in RV-Control transduced Treg.
However, it is probable that DRD3-signalling triggered in the
inflamed gut mucosa in vivo decreased CCR9 expression, and
thereby, reduced the extent of Treg infiltration into the cLP as
shown in Fig. 5f. Thus, these results show that the reduction of
DRD3 expression in Treg cells exerts a potent therapeutic effect
dampening gut inflammation.

DISCUSSION

Recent studies have shown that perturbation of dopamine levels,
in tissues that display high dopamine levels upon homoeostatic
conditions, is associated with inflammation.*® Accordingly, the
reduction of striatal dopamine levels observed upon neuroin-
flammation in animal models of Parkinson’s disease*” has been
associated with defective stimulation of low-affinity dopamine
receptors (DRD1 and DRD2)?*?" and with the selective stimulation
of the high-affinity dopamine receptor DRD3.*#° In this regard,
DRD1- and DRD2-signalling in astrocytes and microglial cells have
been associated with anti-inflammatory effects,*®*' whereas
DRD3-stimulation in these cells has been shown to promote
neuroinflammation.>®*' Similarly, DRD3-signalling in T-cells has
been shown to favour neuroinflammation in the context of
Parkinson’s disease.'®

Gut inflammation has been also associated with a marked
reduction of intestinal dopamine levels in both human IBD
patients and mouse models of inflammatory colitis.'*'> Similar to
the case of the striatum in Parkinson’s disease, high dopamine
levels and the consequent DRD2 stimulation have been associated
with decreased gut-inflammation,®’ whilst DRD3-stimulation in T-
cells has been described to potentiate effector response mediated
by Th1 and Th17 cells, promoting gut inflammation.'”” Never-
theless, despite Treg cells play a fundamental role in maintaining
mucosal homoeostasis in the intestine, the effect of perturbations
on dopamine levels in Treg function remained unexplored so far.

Since high dopamine levels seem to play a homoeostatic role in
dopaminergic tissues, here we attempted to analyse how the
reduction of dopamine levels participates in gut inflammation.
Our findings show that low-dopamine levels favour the selective
stimulation of the high-affinity dopamine receptor DRD3 in
regulatory T-cells attenuating their suppressive activity and
limiting their recruitment into the gut mucosa. Thus, our study
suggests that the reduction in dopamine levels associated to gut-
inflammation and the consequent switch in DRs stimulated in
mucosal Tregs represents one of the molecular changes
responsible of Treg unresponsiveness observed in the gut-
mucosa. Moreover, these changes in dopamine levels associated
to gut inflammation might explain why the Treg activity is only
impaired in situ, but not in vitro.> Accordingly, we observed that
DRD3-signalling attenuated Treg function in vivo using models of
inflammatory colitis (Figs. 1, 2, 5 and S8), and in vitro in the
presence of dopamine or a selective DRD3 agonist (Fig. 3b-d), but
not in vitro in the absence of DRD3-stimuli (Fig. 3a).

Previous evidence regarding DRs stimulation on Treg has shown
that dopamine reduces the suppressive activity of these cells
obtained from both human and mouse, with no relevant role for
DRD3-signalling in the regulation of Treg function.'>? In apparent
controversy with these studies, here we found genetic and
pharmacologic evidence indicating that the selective stimulation
of DRD3 expressed on Treg, results in the inhibition of Treg
suppressive function. In this regard, it is likely that the
simultaneous stimulation of DRD2 and DRD3 on Treg exerted by
the use of the non-selective agonist quinpirole®® observed by
Kipnis et al, has masked the inhibitory effect induced by the
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exclusive stimulation of DRD3.>? Conversely, we used here a
selective DRD3 agonist that has not previously tested in Treg,
PD128907, which display 7-to-54 folds preference by DRD3 over
DRD2.>**> On the other hand, in the study of Cosentino et al., the
contribution of DRD3 in the dopamine-induced inhibition of the
suppressive function of Treg was ruled out based on the absence
of effect seen upon treatment with a selective DRD3 antagonist.'>
However, is important to note that the antagonist concentration
used in that study was below the reported inhibition constant for
DRD3.%® Thus, the present work provides pharmacologic and
genetic evidence about dopaminergic regulation of Treg function
in vitro and in vivo exerted by DRD3-signalling, an important
effect that was previously unappreciated.

To address the mechanism underlying the defective suppres-
sive activity of Treg induced by DRD3-signalling we evaluated how
DRD3-stimulation affected the expression/production of mole-
cules involved in the immunosuppressive Treg function, including
CTLA-4, CD39, CD73, TGF-B and IL-10. Interestingly, with the only
exception of IL-10, none of the molecules evaluated was up-
regulated by Drd3 deficiency in Treg (Fig. S9). We found a selective
effect of DRD3-signalling attenuating IL-10 production (Fig. 3f-h),
which represents one of the main mechanisms by which Treg
limits gut inflammation. Indeed, the genetic deficiency of IL-10
results in spontaneous inflammatory colitis in mice.*® Of note, IL-
10 production by Treg has been described to be dependent on
the transcriptional regulator B-lymphocyte-induced maturation
protein-1 (Blimp1),>’ whose expression is induced in a cAMP-
dependent manner.”® In this regard, we have previously described
that DRD3-signalling in CD4" T-cells is coupled to the stimulation
of Gayg-protein, thus reducing intracellular cAMP levels.'®
Thereby, it is likely that the reduction of IL-10 production induced
by DRD3-signalling is mediated by limiting blimp-1 expression in
Treg, nevertheless, this possibility should be experimentally
validated.

Interestingly, our findings show that DRD3-signalling not only
attenuates Treg suppressive function in the intestine, but also
their recruitment into the gut mucosa. In this regard, dopamine
has been previously associated to changes in the migratory
pattern of cells from both the innate and adaptive immune
system. For instance, it has been recently described that DRD4-
stimulation in human macrophages acts at the epigenetic level in
the promoter of Ccr5, increasing CCR5 expression and their
migratory ability to infiltrate the brain.>® Conversely, DRD1-
signalling was identified as a repressor of CCR5 expression.”
Accordingly, the depletion of dopamine by the treatment of mice
with an inhibitor of dopamine-synthesis, a-methylparatyrosine,
exerted a significant reduction in the recruitment of peripheral
macrophages into the nigro-striatal pathway in a mouse model of
Parkinson’s disease.’® With regard to the role of dopamine in the
migratory pattern of the adaptive immune system, Watanabe et al.
have shown pharmacologic evidence suggesting that DRD3-
signalling potentiates CD8" T-cell migration towards CCL19,
CCL21 and CXCL12 using in vitro transwell assays.®’ According
to the role of CCR7 (receptor for CCL19 and CCL21) in the homing
of naive T-cells into lymph nodes across the body, the same
authors showed that the systemic administration of a DRD3
antagonist reduced the recruitment of naive CD8" T-cells into the
lymph nodes.®’ Interestingly, another study has shown pharma-
cologic evidence suggesting that DRD5-signalling attenuates
CCR4 expression in Treg and the consequent recruitment towards
CCL22-containing chamber in transwell assays.>? Here, we provide
in vivo evidence using genetic approaches demonstrating that
DRD3-signalling in Treg reduces CCR9 expression, thereby
dampening their recruitment into the gut mucosa. Altogether
these studies indicate that dopamine constitutes a master
regulator of leucocyte migration, exerting complex changes in
the migration pattern of immune cells, which depends on the
precise dopamine levels reached by specific tissues.
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CCR9 and 047 integrin constitute key homing molecules that
lead T-cells into the small intestine mucosa under homoeostatic
conditions.*’ However, it has been shown that the production of
CCL25, the endogenous CCR9 agonist, is strongly increased in the
colonic mucosa upon inflammation.®® Similarly, the expression of
the endogenous a437 ligand MadCAM-1 is highly up-regulated in
the vascular endothelium of the inflamed colonic mucosa.®®
Thereby, CCR9 and a4f7 drive the trafficking of T-cells into the
colonic mucosa in inflammatory colitis. Our results here show that
Drd3 deficiency leads to increased CCR9 expression without
affecting a4p7 expression on Treg cells obtained from the MLN,
the lymphoid organ where colonic tropism is imprinted (Fig. 4b).
Nonetheless, Drd3 deficiency in Tconv isolated from the MLN
resulted in up-regulation of CCR9 but down-regulation of a4p7
(Fig. S16). Thus, this differential regulation of gut homing
molecules by DRD3 signalling in Treg and Tconv makes DRD3 a
key therapeutic target for the treatment of IBD. In this regard, it is
expected that inhibition of DRD3-signalling should increase Treg
infiltration but decrease Tconv infiltration into the colonic mucosa
upon gut inflammation.

Since CCR9 and a4f7 are not only up-regulated in small
intestine inflammation, but also in colon inflammation,®?%* these
homing molecules constitute key molecular targets for both CD
and UC. Indeed, several drugs and humanised antibodies directed
to inhibit the CCR9-CCL25 and a4B7-MadCAM-1 interactions have
been used as therapeutic strategies for CD and UC.5>%® Never-
theless, these therapeutic approaches attenuate the trafficking not
only of Tconv, but also of Treg. Here we present data offering a
more attractive molecular target, DRD3, which upon its inhibition
selectively improves Treg infiltration into the inflamed gut
mucosa. Furthermore, the inhibition of DRD3 would abrogate
the inhibitory effect of low-dopamine levels on the suppressive
activity of Treg, thus improving the ability of these cells to
attenuate gut inflammation. Thereby, the data presented in this
study suggest DRD3 as a promising molecular target for IBD and
encourage to test the therapeutic potential of the inhibition of
DRD3-signalling in CD and UC patients.

METHODS

Mice

Wild-type C57BL/6 (Drd3"/*; Cd45.2™""), Ccar9’~ and Ragl™~’~
mice were obtained from The Jackson Laboratory. C57BL/6 Drd3 ™~
mice were kindly donated by Dr. Marc Caron.®” C57BL/6 Foxp3°™
reporter mice generated as described before** were obtained from
The Jackson Laboratory. Both OT-Il and B6.SJL-Ptprc® (Cd45.17/%)
were kindly provided by Dr. Maria Rosa Bono. Drd3™~ OT-ll,
Rag1™~ Drd3™/~, Cd45.1%'~ Cd45.2*"~, Foxp3°® Drd3~ and
Ccr9™”~ Drd3™/~ (double knockout) mice were generated by
crossing parental mouse strains. We confirmed these new
strains to be transgenic and Drd3 deficient or Ccr9 deficient by
flow cytometry analysis of blood cells and PCR of genomic
DNA, respectively. Mice from 8 to 10 weeks were used in all
experiments.

Reagents

mAbs for flow cytometry: anti-FoxP3 (clone FJK-16S) conjugated
to Phycoerythrin (PE)-Cyanine 7 (Cy7) and Allophycocyanin
(AlloPC), and anti-IFN-y (clone XMG1.2) conjugated to PE-Cy7,
anti-a4f37 (clone DATK32) conjugated to PE and anti-CCR9 (clone
CW.1.2) conjugated to AlloPC or to AlloPC-Cy7 were obtained from
eBioscience (San Diego, CA, USA). Anti-CD4 (clone GK1.5)
conjugated to AlloPC and AlloPC-Cy7; anti-CD25 (clone PC61)
conjugated to FITC; anti-CD44 (clone IM7) conjugated to PE; anti-
CD62L (clone MEL14) conjugated to AlloPC-Cy7; anti-IL-17A (clone
TC11-181710.1) conjugated to APC; anti-CD45.2 (clone 104)
conjugated to PE-Cy7; anti-CD45.1 (clone A20) conjugated to
Brilliant Violet (Bv)421; anti-TCRVa2 (clone B20.1) conjugated to PE
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and TCRVP5 (clone MR9-4) conjugated to AlloPC were purchased
from Biolegend (San Diego, CA, USA). mAbs for Cell Culture: the
followings mAbs low in endotoxins and azide free (LEAF) were
purchased from Biolegend: anti-CD28 (clone 37.51), anti-CD3¢e
(clone 145-2C11) and anti-IFN-y (clone AN-18). Carrier-Free
cytokines TGF-B1 and IL-2 were purchased from Biolegend.
Zombie Aqua (ZAq) Fixable Viability dye detectable by flow
cytometry was purchased from Biolegend. PMA, ionomycin and
RA were purchased from Sigma-Aldrich (San Luis, MO, USA). Cell
Trace CFSE, Brefeldin A and FBS were obtained from Life
Technologies (Carlsbad, CA, USA). The peptide derived from the
chicken ovalbumin (OVAsz,3.330. OT-Il peptide or pOT-ll) was
purchased from Genescript (Piscataway, NJ, USA). CFA and anti-
CD3/anti-CD28 conjugated dynabeads were purchased from
Thermo Scientific. BSA was purchased to Rockland (Limerick, PA,
USA). DSS was obtained from MP Biomedicals. DRD3 agonist,
PD128907, was purchased from TOCRIS. Cell trace violet (CTV) was
obtained from Invitrogen (Carlsbad, CA, USA). All tissue culture
reagents were bought from Life Technologies.

CD4" T-cell isolation, activation and differentiation in vitro

Total CD4" T-cells were obtained by negative selection of
splenocytes according to manufacturer instructions (Miltenyi).
Further purification of Treg (CD4*CD25M9") and naive CD4* T-cells
(CD4TCD62L7CD44 CD257) was achieved by labelling enriched
CD4" T-cells with the corresponding antibodies and subsequent
cell sorting using a FACS Aria Il (BD), obtaining purities over 98%.
Purification of Treg cells from Foxp39® mice was carried out by
isolating GFP*CD4™" cells by cell sorting. All in vitro experiments
were performed using complete RPMI medium (supplemented
with 10% FBS, 2 mM L-Glutamine, 100 U/mL Penicillin, 100 pg/mL
Streptomycin and 50 uM -mercaptoethanol). To assess prolifera-
tion, Treg or naive CD4™" T-cells were stained with 5uM CFSE or
5pM CTV and stimulated for 3 days with 50 ng/well of plate-
bound anti-CD3 mAb and 2 pug/mL soluble anti-CD28 mAb on flat-
bottom 96-well plates (Thermo Scientific). The extent of T-cell
proliferation was determined as the percentage of dilution of
CFSE- or CTV-associated fluorescence by flow cytometry.

To induce the differentiation to iTreg, freshly purified naive
CD4™" T-cells were activated with anti-CD3 and anti-CD28 mAb (as
indicated above) or in the presence of DCs (DCs-to-T-cell ratio of
1:5) and anti-CD3 mAb (1 ug/mL), in the presence of 5 ng/mL TGF-
1, 10 ng/mL IL-2 and 100 nM RA. At different incubation times,
the cells were assessed for gene and protein expression.

Flow cytometry

For intracellular cytokine staining analysis, cells were restimulated
with 1 pg/mL ionomycin and 50ng/mL PMA for 4h, in the
presence of 5ug/mL brefeldin A. Cell surface staining with
fluorochrome-coupled primary Ab was carried out in PBS with
2% FBS. For intracellular staining, cells were first stained with ZAq
Fixable Viability kit (Biolegend), followed by staining for cell-
surface markers and then resuspended in fixation/permeabiliza-
tion solution (3% BSA and 0.5% saponin in PBS). Samples
including the analysis of Foxp3 were resuspended in fixation/
permeabilization  solution  (Foxp3  Fixation/Permeabilization;
eBioscience) according to the manufacturer instructions. For
DRD3-immunostaining, cells were first incubated for 10 min with
rat anti-mouse CD16/32 Ab (1 ug per 100 uL; TrueStain FcX from
Biolegend) for blocking non-specific binding of immunoglobulin
to the Fc receptors. Afterwards, the rabbit IgG anti-DRD3 primary
antibody (ADR-003, Alomone labs) was directly used or pre-
incubated with the antigenic peptide DRD3;5.,5 (CGAENSTGVN-
RARPH) used to develop the antibody (in a mixture of 0.8 mg/ml of
anti-DRD3 antibody and 0.4 mg/ml of peptide) for 30 min as a
control to abolish the specific immunostaining. After washing
three times with PBS, cells were incubated 30 min at room
temperature with the secondary antibody goat anti-rabbit
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AlexaFluor488 antibody (1:200). Data were collected with a
FACSCanto Il (BD) and results were analysed with FACSDiva (BD)
and FlowJo software (Tree Star, Ashlan, OR, USA).

Quantitative RT-PCR

Total RNA extracted from cells using the Total RNA EZNA kit
(Omega Bio-Tek), was DNase-digested using the TURBO DNA-free
kit (Ambion) and 1pg of RNA was used to synthesise cDNA
utilising M-MLV reverse transcriptase, according to manufacturer’s
instructions (Life Technologies). Quantitative gene expression
analysis was performed using Brilliant Il SYBR Green QPCR Master
Mix (Agilent), according to manufacturer's recommendations.
Primers were used at a concentration of 0.5 pM. We used 40
PCR cycles as follows: denaturation 30s at 95°C, annealing 30s
at 60°C and extension 30s at 72 °C. Expression of target genes
was normalised to Gapdh. The sequences of the primers used
are the following: Drd3, sense 5'-GAACTCCTTAAGCCCCACCAT-3’
and antisense 5-GAAGGCCCCGAGCACAAT-3’; and Gapdh, sense 5'-
TCCGTGTTCCTACCCCCAATG-3' and antisense 5-GAGTGGGAGT
TGCTGTTGAAG-3'.

In vitro suppression assays

Treg (CD4TCD25M9") obtained from Cd45.1++ mice were activated
with 50 ng of plate-bound anti-CD3 and 2 pg/mL soluble anti-CD28
in the absence or presence of 50 nM PD128907 (TOCRIS). After
2 days, activated Treg were washed and serially diluted to incubate
with 5 x 10* CFSE-stained naive CD45.2" CD4" T-cells, 10 CD11c*
cells obtained by positive selection (Miltenyi) and 1 pg/mL anti-CD3
in round-bottom 96-well plates (Thermo Scientific). 3 days later, the
degree of proliferation was assessed in the CD4"CD45.2" popula-
tion by flow cytometry. When indicated, suppression assays were
performed with GFP*CD4™ Treg isolated from Foxp39® Cd45.2*"*
mice. In those cases, CD45.17CD45.2-CD4"CD25 ™ naive T-cells were
loaded with 5uM CTV and activated with plate-bound anti-CD3
mAb (50 ng) and soluble anti-CD28 mAb (2 pg/mL) and co-cultured
with Treg either in the absence or in the presence of dopamine
(100 nM or 1000 nM; Sigma-Aldrich). After 72 h, the extent of naive
T-cell proliferation was determined as the dilution of CFSE- or CTV-
associated fluorescence in the CD45.17CD45.2-CD4 " population by
flow cytometry.

Suppression of acute colitis induced by DSS

WT recipient mice were iv. injected with 3x10° Treg
(CD4"CD25"9") 1 day before starting the administration of 1%
or 1.75% DSS in the drinking water. DSS was given for a total
period of 8 days and then replaced with normal drinking water
until the end of the experiment. Body weight was recorded
throughout the time-course of disease development. The extent
of loss of the initial body weight was used as the main parameter
to determine disease severity. In some experiments, disease
activity index (DAI) was also determined as a second readout of
disease 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 three parameters were
scored with a scale between 0-4, as described before.®® Thus, DAI
scored from 0 (healthy) to 12 (severe colitis). At the end of the
experiment, mice were sacrificed to obtain spleen, MLN and cLP.
Tissue was digested and homogenised using gentleMACS™
dissociator and then filtered through cell strainers (70 pum pore).
To obtain MNC from cLP, cells were separated using centrifugation
in percoll.?> MNC were re-stimulated with PMA and ionomycin in
the presence of brefeldin A and different T-cell populations were
analysed by flow cytometry. Transverse sections of fixed colon
were cut to 5 pm with a cryostat, mounted on xylanized slides, and
H&E stained to assess intestinal inflammation by light microscopy,
as previously described.*
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Oral tolerance induction

Drd3™* or Drd3™'~ OT-ll mice were daily feed with 100 uL of PBS
alone or PBS containing 2.5 mg OVA via oral gavage during 5 days
as described.>

Delayed type hypersensitivity induction

Mice were anesthetized with 3% sevofluorane and then received a
s.c. injection of 250 ug OVA emulsified with CFA (200 ul emulsion
per mouse) in the tail base as described.>® After seven days, mice
were challenged with 100 ug of aggregated OVA (contained in
50pul in PBS) injected in the left hind footpad. OVA was
aggregated by incubating at 100°C for 2min as described.”®
The right hind footpad received 50 pl of PBS (as a control). The
thickness of both hind footpads was quantified 48 h later using a
caliper. The potency of the DTH response was quantified
comparing the thickness of left and right hind footpads.
Afterwards, mice were sacrificed and splenocytes were cultured
in 96-well plates (10° cells per well) in the presence of pOT-lI
(0, 100 or 1000 ng/mL) for 48 h and IL-2 was evaluated in the
culture supernatant as described.'?

Histological analysis

Mice were sacrificed and the colons were excised. A representative
piece of distal colon from each mouse was fixed in 10%
formaldehyde and processed for staining with alcian blue and
for hematoxylin and eosin (H&E) staining. Blinded histopathologic
evaluation of colons was performed considering inflammation,
extent of injury, crypt damage and the percentage of tissue
involved by Merken Biotech.

Adoptive transfer chronic colitis model

Rag1~’~ recipient mice received the i.v. transfer of 3 x 10° naive
(CD62LTCD44 CD257) CD4" T-cells isolated from wild-type
C57BL/6 (Drd3™"; Cd45.2™%) mice. After 3 weeks®® mice
received the i.v. transfer of 10° Treg cells (CD4" GFP™) isolated
from mesenteric lymph nodes of Drd3*/* Foxp39% (Cd45.1'*) or
Drd3™'~ Foxp39® (Cd45.17'") mice. The body weight of each
animal was recorded weekly. Ten weeks after Treg transfer, mice
were sacrificed to obtain spleen, MLN and cLP. Tissue was
digested and homogenised using gentleMACS™ dissociator and
then filtered through cell strainers (70 um pore). To obtain MNC
from cLP, cells were separated using centrifugation in percoll.®®
The frequency of Treg and CCR9 expression were assessed by
flow cytometry.

Retroviral transduction of Treg and naive CD4™ T cells

For silencing Drd3 expression, we used the retroviral vector
pBullet.”" We inserted a region coding gfp, the U6 promoter, an
shRNA directed to drd3 transcript (5-TGCCCTCTCCTCTTTGG
TTTCAACACAAC-3') and the H1 promoter, into pBullet vector via
Ncol and Sall restriction sites (Genscript, Piscataway, NJ). pBullet
vector drives the expression of the entire construct by the CMV
promoter upstream the Ncol site. This vector was transfected into
Phoenix-AMPHO cells. GFP™ cells were subsequently purified by
cell sorting to generate a stable cell line producing retrovirus
encoding shRNA for Drd3 (RV-shDrd3) in the supernatant. As a non-
silencing control, we generated Phoenix-AMPHO cells stably
secreting in the supernatant retroviral particles codifying only for
gfp (RV-Control). CD4" CD25M9" Treg cells were isolated from
Drd3™* mice, and then activated with anti-CD3- and anti-CD28-
coated dynabeads (at Tregs:Dynabeads ratio = 1:1) for 48 h. Then,
cells were washed and spinoculated with RV-shDrd3-containing or
RV-Control-containing supernatants into a retronectin-coated
plate (Takara Bio, Japan). Afterwards, cells were incubated with
anti-CD3- and anti-CD28- coated dynabeads (Tregs:Dynabeads
ratio = 2:1) for 72 h. Transduction was confirmed by GFP expres-
sion by flow cytometry.
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Statistical analyses

All values are expressed as the mean + SEM. Statistical analysis
were performed with two-tailed Student’s t test, when comparing
only two groups and with one-way ANOVA, when comparing
more than two groups (GraphPad Software). To analyse differ-
ences in experiments comparing different genotypes and different
treatments, two-way ANOVA test was performed. P values < 0.05
were considered significant.

Study approval

All procedures performed in animals were approved by and
complied with regulations of the Institutional Animal Care and Use
Committee at Fundacién Ciencia & Vida.
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