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Summary

The crosstalk between the immune and the neuroendocrine system is critical for intestinal
homeostasis and gut-brain communications. However, it remains unclear how immune cells
participate in gut sensation of hormones and neurotransmitters release in response to
environmental cues, such as self and microbial lipids. We show here that lipid-mediated
engagement of invariant natural killer T (iNKT) cells with enterochromaffin (EC) cells,

a subset of intestinal epithelial cells, promoted peripheral serotonin (5-HT) release via a
CD1d-dependent manner, regulating gut motility and hemostasis. We also demonstrated that
inhibitory sphingolipids from symbiotic microbe Bacteroides fragilis represses 5-HT release.
Mechanistically, CD1d ligation on EC cells transduced a signal and restrained potassium
conductance through activation of protein tyrosine kinase Pyk2, leading to calcium influx and
5-HT secretion. Together, our data reveal that by engaging with iINKT cells, gut chemosensory
cells selectively perceive lipid antigens via CD1d to control 5-HT release, modulating intestinal
and systemic homeostasis.
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Enterochromaffin (EC) cells are known as the major source of gut-derived serotonin (5-HT).
Luo et al. demonstrate that lipid-mediated engagement of invariant natural killer T (iNKT) cells
with EC cells regulates peripheral 5-HT release via a CD1d-dependent manner, indicating an
immunemediated selective neuroendocrine response to lipid antigens.

Introduction

Intercellular interactions are recognized to be critical for the maintenance of barrier
integrity, particularly at the intestinal mucosal surface of the epithelium. The involvement
of various gut microbiota introduces one more dimension for such interactions on the
barrier interface. As a major endocrine organ, different enteric endocrine cells are dispersed
within the intestinal epithelial cells (IECs), converting different stimuli from surrounding
cells and luminal microbes into chemical signals to regulate intestinal physiology.> One
subset of enteric endocrine epithelial cells is enterochromaffin (EC) cells, which is known
as the major source of gut-derived serotonin (5-hydroxytryptamine (5-HT)).23 5-HT is

a critical enteric hormone that exerts a broad spectrum of functions to control both
intestinal and systemic physiology. Within the gastrointestinal (GI) tract, 5-HT is involved
in gut motility, secretion and sensation.~8 Gut-derived 5-HT is also known to influence
extraintestinal compartments, regulating cardiac function, hemostasis, metabolism, and bone
development.’-11

Given that EC cells reside within the gut epithelium where a variety of immune cells can

be found, it is highly possible that immune cells contribute to EC cell homeostasis and
activation by direct interactions. Previous studies have demonstrated that T cells regulate
EC cell expansion to enhanced 5-HT amounts during enteric infection, suggesting the
important role of immune responses for EC cell biology in the gut.1213 In addition, immune
regulators such as cytokines, have also been documented to trigger either expansion or
activation of EC cells for intestinal homeostasis or inflammation.1415 Given the variety

of immune cells with different properties, detailed investigation to understand the role of

an immune-neuroendocrine axis for local and systemic physiology and pathophysiology is
necessary.

Invariant natural Killer T (iNKT) cells are known as a rare subset of T cells which
recognize CD1d-restricted self and microbial lipid antigens for immune homeostasis and
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host defenses.16:17 Previous studies suggest that the context of a lipid determines the
outcome of iNKT cell responses.18-20 For instance, in addition to endogenous lipid antigens
which induce iNKT cell activation and expansion, microbial inhibitory sphingolipids have
been demonstrated to negatively regulate iNKT cell homeostasis.?% The presence of iNKT
cell in the Gl tract has been associated with epithelium development and intestinal barrier
integrity.21:22 On the other hand, CD1d is an MHC class I-related protein that is found to

be constitutively expressed on intestinal epithelial cells (IECs).23-25 CD1d plays a key role
in presenting glycolipid antigens to iNKT cells, leading to iNKT cell activation and cytokine
release.26:27 Within the Gl tract, IECs have been suggested to present lipid antigens to iNKT
cells during infection, initiating anti-microbial defense.2829 Meanwhile, the engagement of
iNKT cells and antigen presenting cells (APCs) can also conversely regulate diverse APC
functions via CD1d, including both professional (dendritic cells) and unconventional (IECs)
APCs.21.30 Although it has been illustrated that within the Gl tract, crosslinked CD1d on
IECs leads to 1L-10 production for anti-inflammatory responses,3C a understanding of how
such engagements modulate intestinal homeostasis is still not complete.

Here we reveal an unexpected role of iINKT-EC cell interactions in regulating intestinal
5-HT release, impacting both intestinal and systemic homeostasis. Loss of iNKT cells

or deletion of CD1d in EC cells resulted in compromised peripheral 5-HT release.
Supplementation of conventional lipid antigen induced rapid release of 5-HT by CD1d
engagement on EC cells with iNKT cells. Mechanistically, we demonstrated that lipid-
mediated CD1d-ligation on EC cells induces proline-rich tyrosine kinase 2 (Pyk2)
activation, which in turn regulates voltage-gated potassium channel subfamily A member

2 (Kvl.2) by tyrosine phosphorylation. Additionally, single EC cell electrophysiology studies
uncovered that CD1d signaling restrained K*-conductance in a Pyk2 dependent manner,
promoting Ca?* influx and 5-HT release. Finally, in addition to conventional lipid antigens,
we demonstrated that inhibitory sphingolipids from microbe Bacteroides fragilis repressed
5-HT amounts /n vivo. Therefore, our data elucidate a previously unappreciated role of
iNKT-EC cell crosstalk in calibrating intestinal neuroendocrinal responses, revealing a
gatekeeping mechanism that the immune system collaborates with the nervous system to
selectively respond to environmental cues of lipid antigens.

iNKT cell regulates gut motility

During intestinal inflammation, immune responses often lead to noxious substances
elimination by activating peristalsis or diarrhea.3! To understand whether iNKT cells are
capable in regulating intestinal peristalsis, we carried out a murine oxazolone colitis model
mediated by iNKT cells for human ulcerative colitis (UC).32-34 Indeed, we observed
enhanced iNKT cell infiltration during inflammation (Figures SLA-S1D), associated with
elevated colonic tissue contraction in oxazolone-treated mice compared to ethanol-treated
control mice (Figures SIE-S1H). Hence, our data suggest that in addition to cytokine
production for host defense and immune homeostasis, INKT cell may also be involved in
controlling gut motility.
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In response to lipid antigens, iNKT cells are rapidly activated and release various of
cytokines.35 To further assess the role of iNKT cells in gut motility, we administered
synthetic glycolipid KRN7000 (a-GalCer) by daily intraperitoneal (i.p.) injection for a week
and observed decreased colonic transit time compared to those treated with PBS (Figure
1A), indicating that lipid-mediated iNKT cell activation influenced gut motility. Meanwhile,
we employed CdZd~ and 7Traj18"~ mice, which are known to lack in iNKT cells,36:37

and found that both mouse strains displayed prolonged intestinal transit time compared

to WT controls (Figures 1B and S2A). Colonic tissues from Cda~ and 7raj187~ mice
exhibited impaired peristaltic contraction compared to WT mice (Figures 1C and S2B).
Moreover, while lipid antigen promoted gut motility in WT mice, this effect was abolished
in either Cd1a~ or Traj18~ mice after a week of treatment with a.-GalCer (Figures S2C
and S2D), indicating that both CD1d-expressing APCs and iNKT cells were critical for

the lipid-mediated gut motility. We then evaluated how rapidly lipids modulate intestinal
peristalsis. By testing different intermediate time points, we found a shortened colonic
transit time of 10 min after a-GalCer administration (Figures 1D and 1E). We also noticed
that a -GalCer induced rapid colonic tissue contraction in WT mice but not in CdZa"~ or
Traj18"~ mice (Figure 1F). Collectively, these data suggest that lipid promotes instantaneous
peristaltic movement that requires iNKT cells.

IEC-derived CD1d is required for gut motility

The engagement of iINKT cells and CD1d-expressing APCs leads to rapid iNKT cell
activation and cytokine release,38 which could potentially impact gut motility. Meanwhile,
within the GI tract, CD1d can be found on dendritic cells (DCs) and IECs which plays

a critical role for gut immune homeostasis.?! To our surprise, we found that IEC-derived
CD1d (Vi/z¢recd1d1V™y specifically influenced intestinal peristalsis (Figures S2E and 2A).
Indeed, loss of CD1d in IECs impaired intestinal transit time (Figures 2B and S2F),
accompanied by diminished a-GalCer-induced rapid colonic contractive response (Figures
S2G, S2H, 2B and 2C), suggesting that iINKT cell activation was dispensable for gut
motility. By using Pir®CaMP3 mice, which carry a calcium indicator for enteric neuronal
activities,3® we noticed elevated neuronal activity in the myenteric plexus when we treated
isolated colonic tissue with a-GalCer (Figure 2D). Importantly, removal of the epithelium
layer from the colonic tissues abolished a-GalCer-mediated neuronal responses (Figures
2E-2G), indicating that IEC-derived CD1d was essential in mediating lipid antigeninduced
gut motility by activating enteric neurons.

Lipids induce 5-HT secretion from EC cells for gut motility

Our previous studies demonstrates that immune stimulation promotes EC cell-derived

5-HT release, leading to activation of enteric neurons and gut motility.1>40 Based on

this lead, we found rapid increase of serum 5-HT after a-GalCer administration (Figure
3A), indicating that lipid promoted 5-HT release. Consistently, we found reduced serum
5-HT amouts in both 77aj18~ and Vil1¢Ca1a"M mice compared to their control mice
(Figures 3B and 3C), suggesting that the interactions between IEC and iNKT cells were
critical for 5-HT release. To confirm the role of 5-HT in lipid-mediated gut motility, we
utilized Vi/1¢ Tph VM mice, in which gut-derived 5-HT biosynthesis is impaired.1541 With
addition of a-GalCer-enhanced peripheral 5-HT in WT mice, this effect was completely
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abolished in V#/1¢¢ Tph 1Tl mice (Figure 3D). Moreover, Vi/1¢e TphiVf mice displayed
delayed intestinal transit time compared to 7pAZf/fl control mice (Figures 3E and S3A), and
a-GalCer-induced gut motility was 5-HT dependent (Figures 3E and 3F). We also found
that colon tissues displayed impaired peristaltic contraction after treatment of 5HT3 receptor
(5HT3R) antagonist. Moreover, additional a-GalCer did not rescue the phenotype (Figures
S3B and S3C), suggesting that 5SHT3Rs dominantly contribute to lipid-mediated gut motility.

It is well established that EC cells generate the major body of peripheral 5-HT.242 By using
Chga™®R mice to selective target EC cells, 1> we further investigated the role of CD1d on
EC cells for 5-HT release (Figure S3D). Chga®®R Ca1d1VM mice exhibited normal amounts
of EC cells and 5-HT biosynthesis gene expression in colonic tissues as compared to control
mice (Figures S3E-S3G). Although Chgac"®ER Ca1a 1 mice displayed no change in iINKT
cells (Figures S3H-S3J), loss of CD1d in EC cells led to impaired serum 5-HT amouts and
colonic contractibility (Figures 3G, S3K and S3L). Importantly, while supplementation of
a-GalCer elevated 5-HT in control mice, it failed to induce 5-HT in Chga®¢cR ca1d1/!
mice (Figure 3G). Consequently, CD1d deficiency in EC cells resulted in impaired gut
motility induced by a-GalCer compared to the control mice (Figures 3H, 31 and S3M).
Collectively, these findings indicate that engagement of lipid antigens with CD1d in EC cells
induced rapid 5-HT release, subsequently promaoting intestinal peristalsis.

Lipid-mediated 5-HT release rapidly enhances platelet function for hemostasis

It has previously shown that gut-derived 5-HT in the periphery is mainly taken up by
platelets for their activation at sites of injury sites to promote hemostasis.4043:44 We

next investigated whether iINKT cells are required for 5-HT-mediated platelet activation

and hemostasis. We noticed that 77ajZ8~'~ mice displayed prolonged bleeding time with
normal platelet counts compared to WT mice (Figures S4A and S4B). Further, we found
less activated platelets from 77ajZ8'~ mice compared to WT mice, as measured by the
activation markers CD62P (P-selectin) and Jon/A (CD41 and CD61) (Figures S4C and
S4D), suggesting that INKT cells contributed to platelet activation during blood clotting.
Similarly, we found prolonged bleeding time associated with compromised platelet activities
in Chgat"®ER Cd1a 1M mice, but unchanged platelet counts compared to control mice
(Figures SAE-S4H). Lastly, we also showed that no CD1d was found on platelets, that did
not respond to a-GalCer activation directly (Figures S41-S4K), excluding the direct effect
of lipid antigen on platelets. Together, these data indicate that EC cellrestricted CD1d signal
was important for platelet activation.

Platelets are activated via the uptake of 5-HT in a short time.#945 We noticed elevated
platelet activity in WT mice but not 77a/187~ or Chga®®R Ca1d1V™ mice 10 min

after a-GalCer injection (Figures 4A-4F), suggesting that lipid-mediated platelet activity
depended on iNKT and EC cells. Consequently, we found that a-GalCer supplement
improved hemostasis in WT mice, while this effect was diminished in both 77/187~ and
Chga“"®ER Cd1d1"f mice (Figures 4G and 4H). To address whether lipid antigen-mediated
hemostasis depends on 5-HT, we employed V4/2¢¢ Tph17fl mice and observed that a.-
GalCer administration did not alter platelet activity in Vi/2¢€ Tph1Vf mice (Figures 41 and
4J). Accordingly, a-GalCer injection did not shorten bleeding time in Vi/1¢€ Tph1/fl mice
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(Figure 4K), indicating that 5-HT was essential for lipid-mediated hemostasis. Collectively,
our data suggest that lipid promotes EC cell-derived CD1d ligation for 5-HT release,
resulting in a rapid platelet activation for hemostasis.

intrinsically modulates 5-HT release from EC cells

To directly measure EC cell activation for 5-HT release, we disassociated EC cells from the
intestine of 7pAICFP mice. We positioned iNKT cells purified from V a14-J a 18 transgenic
(Va14'Tg) mice*® in contact with EC cells and monitored stimulus-evoked changes in
cytoplasmic Ca?* simultaneously in CFP* EC cells and adjacent biosensor cells with a
5-HT-gated ion channel (5HT3R) (Figure 5A). We observed robust a-GalCerevoked Ca%*
responses in WT EC cells when they were in contact with iNKT cells, followed by CaZ*
influx in adjacent biosensor cells (Figure 5B). Additionally, extracellular K*-mediated EC
cell depolarization induced Ca2* responses in both EC and biosensor cells, while 5-HT3R
agonist mMCPBG evoked a Ca2* response in biosensor cells but not EC cells (Figure

5B). Absence of iINKT cells in the system completely abolished a.-GalCer-induced Ca?*
responses from both EC cells and biosensor cells (Figures S5A, 5C-5E). Consistently, we
found enhanced interactions between iNKT cells and 5-HT* EC cells in the colonic tissue
from oxazolone treated mice compared with naive mice (Figures S5B and S5C). Further, we
found elevated peripheral 5-HT amounts during intestinal inflammation compared to mice
under steady state (Figure S5D). Thus, there is a positive correlation between the iINKT-EC
cell interactions and 5-HT production. Altogether, these data demonstrate that iINKT cells
enable EC cell activation for 5-HT release.

To discriminate whether CD1d-mediated EC cell activation occurs via cell intrinsic or
extrinsic mechanisms, we collected the supernatant from /n vitro cultured activated iINKT
cells and examined its effect for gut motility. Both /in vivo and in vitro tests showed no
changes in gut motility, indicating that CD1d probably exerted its function for 5-HT release
through cell intrinsic machinery (Figures S5E and S5F). Further, we isolated single EC cells
from 7ph1C7P mice loaded with or without cell tracker Far Red to distinguish WT from
Cdld- EC cells (Figure 5F). We positioned WT and CdZd"~ EC cells simultaneously in
contact with iINKT cells and found that a.-GalCer induced robust Ca2* influx in WT but

not Cdld~ EC cells, while both cells responded to extracellular K* (Figures 5G and 5H).
Given that TCR-CD1d interactions activate iNKT cells for cytokine release,3°47 our data
demonstrate that CD1d-mediated EC cell activation was through a cell intrinsic mechanism.
Finally, we isolated single EC cells from Cdd"~ TphiCFP intestinal organoids lentivirally
overexpressing full-length (WT LV) or intracellular domain truncated CD1d (CDId” LV)
(Figures S5G and 51). We observed that a-GalCer induced Ca2* influx in WT LV but not
CD1d” LV EC cells, indicating that CD1d intracellular tail contributed to EC cell activation
(Figures 5J and 5K).

Pyk2-Kv1.2 axis is required for CD1d-mediated EC cell activation

A previous study showed that CD1d signaling induces Tyr332 phosphorylation of the
CD1d intracellular domain, resulting in recruitment and activation of Pyk2.48 Indeed, by
stimulating human EC cell line BON-1 with crosslinked anti-CD1d, we found enhanced
phosphorylated Pyk2 (p-Pyk2) signal, accompanied with elevated 5-HT secretion (Figures
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6A and S6A). We also observed enhanced p-Pyk2 in primary EC cell-enriched murine
intestinal organoids stimulated with crosslinked anti-CD1d (Figure 6B), indicating that Pyk2
acted as a downstream signal of CD1d. Consistently, we observed that a.-GalCerevoked
Ca®* responses in WT EC cells in contact with iNKT cells were largely diminished in

the presence of p-Pyk2 inhibitor PF-431396 (Figures 6C and 6D). While we showed

CDA1d intracellular domain might be required for EC cell activation, it is also possible

that cytoplasmic tail truncation affects CD1d recycling,*® which in turn impairs antigen
capture instead of intracellular signaling. To this end, we lentivirally overexpressed

CD1d intracellular domain with Tyr332 phosphorylation mutation (CDd¥332A) in Cd1d~
TphICFP EC cells and found ablated a-GalCer-induced Ca2* influx compared to WT LV
cells (Figures 6E and 6F). These data suggest that CD1d intracellular tail is essential for
EC cell activation which depended on CD1d Tyr332-mediated recruitment and activation of
Pyk2.

It has been reported that Pyk2 activation inhibits K* currents due to tyrosine phosphorylation
of Kv1.2.50.51 |nhibition of Kv1.2 results in opening of voltage gated Ca2* channels.>0
Therefore, we hypothesized that CD1d-mediated activation of Pyk2 results in repression of
the Kv1.2 channel and an increased Ca2* influx in EC cells for 5-HT release. Indeed, we
detected that Kv1.2 was expressed on intestinal EC cells (Figure 6G). To investigate whether
the CD1d signal impacted Kv1.2 function, we performed coimmunoprecipitation on BON-1
cells and found that phosphorylated tyrosine was detected on both Pyk2 and Kv1.2 upon
CDA1d activation, while this modification was abolished with PF-431396 treatment (Figure
6H). Given the proximity between CD1d and Kv1.2 (Figure 61), our data indicate that
CD1d-induced Pyk2 activation in turn regulated Kv1.2 channel by tyrosine phosphorylation.

To further address the functional alteration of Kv1.2 on EC cells upon CD1d activation, we
carried out single EC cell electrophysiology studies on primary EC cells. Whole-cell patch-
clamp recordings showed that, in response to a series of voltage steps, outward currents
were reduced in the presence of TsTx-Ka., a selective blocker for Kv1.2 subunits,>2 followed
by a further reduction in the presence of tetraethylammonium (TEA, a potassium channel
blocker) (Figures S6B-S6E). Plus, TsTx-Ka treatment induced Ca2* responses from both
EC cells and 5-HT3R biosensor cells (Figure S6F) and enhanced 5-HT release from BON-1
cells (Figure S6G). Together, these data suggest functional surface expression of Kv1.2
channels in EC cells is required for 5-HT release.

To determine whether iNKT cell activation influences EC cell K*-conductance, EC cells
were first patched in cell-attached configuration and brought into contact with iINKT cells
(Figure S6H). Following a series of voltage steps, outward currents were observed in EC
cells that were subsequently reduced after a-GalCer application compared to control wash
(Figures 6J and 6K). In response to a +100 mV depolarizing step, there was a reduction

in the current amplitude (Figure 6L). However, PF-431396 treatment abolished this
difference of the outward currents between control and a-GalCer solutions (Figures 6M—
60). Collectively, these findings demonstrate that lipid antigen-mediated CD1d signaling
restrain EC cell K*-conductance in a Pyk2 dependent manner, leading to Ca2* influx and
5-HT release (Figure S6l).
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Bacteroides fragilis sphingolipids repress intestinal 5-HT secretion

Recent studies highlight a role for the microbiota in regulating peripheral 5-HT amount.53:54
However, it is unclear whether specific bacterial products, such as sphingolipids contribute
to host 5-HT amount. Bacterial sphingolipids have been reported to act as a negative
regulator for iNKT cell expansion.20 To further understand if lipids control the iNKT-EC
cell axis for 5-HT release, we carried out a mono-colonized mouse model of symbiotic
microbe B. fragilis as previously described.20 It has been shown that B. fragilis has a
homolog of the host gene that encodes serine palmitoyltransferase (SPT), the enzyme in the
eukaryotic sphingolipid biosynthetic pathway. Deleting this bacterial homolog renders the
B. fragilis mutant (called ASPT) unable to produce sphingolipids.29-25 Using monocolonized
WT (BFWT) or mutant B. fragilis (BFASPT) mice, we confirmed enhanced colonic iINKT
cells in BFASPT mice as previously described (Figures STA-S7C). Further, we noticed that
BFASPT mice exhibited comparable EC cells (Figures S7D and S7E) and 5-HT biosynthesis
gene expression (Figure S7F) compared to BFWT mice. Importantly, monocolonizing
BFASPT led to elevated serum 5-HT amount (Figure 7A). We also noticed that BFASPT
mice exhibited enhanced intestinal peristalsis compared to BFWT mice (Figures 7B and
S7G). Moreover, we found that BFASPT mice displayed shortened bleed time with normal
platelet counts compared to BFWT mice (Figures 7C and S7H). Enhanced platelet activation
was observed in BFASPT mice compared to control mice (Figures 7D and 7E).

Moreover, we assessed the effect of inhibitory component in B. fragilis sphingolipids,
GSL-Bf717,20 upon 5-HT release. We found that GSL-Bf717 exhibited an antagonistic
effect to a-GalCer-mediated rapid 5-HT release (Figure 7F). Accordingly, we observed
similar inhibitory effect of GSL-Bf717 on gut motility and hemostasis (Figures 7G and 7H).
Moreover, we noticed that a-GalCer-induced Ca2* responses in WT EC cells were largely
abolished in the presence of inhibitory lipid GSL-Bf717 (Figures 71 and 7J), suggesting that
GSL-Bf717 block EC cell-mediated 5-HT release as opposed to a-GalCer.

Discussion

The intestinal epithelium acts as the frontier of host defense and plays a critical role not
only in innate immune responses, but also in gut sensation.! EC cells within the intestinal
epithelium are known to function as a chemosensors, converting the environmental stimuli
into 5-HT for neuroendocrinal responses.®® While it has been suggested that immune

cells modulate EC cell activation and function, such crosstalk mostly occurs via secretory
mediators such as cytokines.1214.15 Our current work demonstrated a direct interaction
between iNKT cells and EC cells via CD1d that controls EC cell activation and 5-HT
secretion, consequently regulating the intestinal peristalsis and hemostasis. We further
showed that CD1d ligation triggers Ca2* influx for 5-HT release via a Pyk2-Kv1.2 signaling
cascade.

In both animal models and human patients with intestinal inflammation, extracellular and
circulating 5-HT amounts are increased.>’=5% 5-HT has also been identified to play a
pathogenic role during experimental colitis.9 While the underlying mechanisms regarding
how 5-HT is involved in inflammatory colitis is still unclear, our data suggest that
intestinal inflammation-mediated iNKT cell recruitment and expansion contribute to 5-
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HT enhancement via CD1d crosslink on EC cells. Besides the EC cells, many immune
cells, including mast cells, ILCs, and T cells, have been reported to express Tphl and 5-
HT.61-63 While our current work specifically focused on EC cell by utilizing Vi/1¢e Tph 17/
and Chgac™®R cd1d1VM mice, the contribution of other 5-HT producing cellular sources
warrants future studies. On the other hand, intestinal inflammation results in iNKT cell
activation and expansion by glycolipid antigens for effector cytokine release. In particular,
iNKT cell-derived IL-13 plays a critical role for the development of colitis.32 During
intestinal type 2 immune responses, 1L-13 promotes EC cell hyperplasia, leading to elevated
5-HT production, 1 suggesting that iNKT cell could modulate EC cell expansion and 5-HT
amouts via its cytokine production. Thus, our findings complement these previous studies
and illustrate that the INKT cell exerts dual roles in both EC cell expansion and a rapid
neural EC cell response of 5-HT release. However, we note that while oxazolone-induced
mouse colitis mimics many features of UC in humans,32:33.64 it still requires further
investigation to validate the precise role of iINKT cells in IBD patients.

iNKT cells are known as a rare population of immune cells in the gut that are involved

in bacterial-host symbiosis.22 Previous studies showed that CD1d plays a critical role

in bacterial colonization in the intestine. Both IECs and immune cells are involved

in regulating commensalism via CD1d-meditated presentation of intestinal lipids.21:22
Consequently, CD1d deficiency-mediated dysbiosis results in enhanced susceptibility

of intestinal inflammation.%> Moreover, 5-HT is known to participate in regulation of
microbiota composition for intestinal physiology,%8 suggesting an alternative role for CD1d
in controlling gut commensalism via impacting 5-HT release from EC cells. The gut
microbiota has also been shown to control host 5-HT biosynthesis, modulating peripheral
5-HT amouts.8” Our inducible CD1d deletion animal model suggests that, in addition to
CD1d-derived commensalism for 5-HT regulation, CD1d can also directly control EC
cell function of 5-HT secretion. Hence, we show here that CD1d controls mucosal 5-HT
amounts via both microbiota extrinsic and EC cell intrinsic mechanisms.

CD1d signal induces IL-10 production from IECs via a STAT3 dependent manner.30
Meanwhile, CD1d ligation also promotes degranulation of lysosome from Paneth cells,22
which is mediated via a Ca2* dependent machinery.%8:6% Our findings indicate that INKT
cell-mediated CD1d ligation on EC cells regulates rapid 5-HT release, which is also
governed by Ca2* influx.’? Therefore, crosslink of CD1d could lead to different outcomes
from 1ECs via either transcriptional regulation or transient neuroendocrine responses,
depending on cellular properties of different IEC subsets. Moreover, CD1d plays a key

role in a murine model for UC.3271 Consistent with the animal studies, IBD patients were
found to exhibit enriched intestinal CD1d-restricted NKT cells.28:72 Additionally, intestinal
iNKT cells possess both pro- and anti-inflammatory properties, which can be differentially
controlled by distinct CD1d expressing cells.21:30:73 While it is still unclear the molecular
mechanism by which the engagement of TCR and CD1d through specific antigen presenting
cells determines iINKT cell function, it is possible that different characteristics of glycolipids
contribute to the outcome of intestinal inflammation.

Pyk2 has been reported to be mainly expressed in neurons in the central nervous system
and plays a critical role in various neurological disorders.” Activation of Pyk2 is known to
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be controlled by intracellular Ca2* in neurons.>° Since we show that CD1d-mediated Pyk2
activation leads to repression of Kv1.2 and enhancement of Ca2* influx, the extracellular
Ca?* influx could further amplify Pyk2 activation, forming a positive feedback loop and an
autoregulatory role for EC cell activation. On the other hand, Pyk2 is known as a potential
causal gene for UC.”® Inhibition of Pyk2 phosphorylation reduces intestinal inflammation
by targeting pro-inflammatory macrophage.’® Considering abnormally elevated 5-HT is
observed in a range of gastrointestinal disorders,’”’® Pyk2 could be a potential target for
intervention of IBD associated disorders, like irritable bowel syndrome (IBS) with diarrhea.

While different components within B. fragilis sphingolipids exhibit distinct effects in
regulating iNKT cells,20:55:79 the whole B. fragilis has been shown to antagonize iINKT
cell function and suppress colonic NKT cell proliferation.2® Thus, GSL-Bf717 represents
an inhibitory property of B. fragilis sphingolipids, which is functionally opposite to the
sphingolipids produced by pathobiont Sphingomonas species® or sponge-derived a-GalCer.
However, the specific mechanism of GSL-Bf717 in regulating EC cell activation is still
unclear. It is possible that GSL-Bf717 functions as an antagonistic ligand or takes up the
CD1d binding pocket with high affinity. Alternatively, GSL-Bf717 could suppress EC cell
activation by interfering other surface proteins that mediate cell-cell interactions or local
cytokine release. Therefore, although B. fragilis glycosphingolipids and a-GalCer have
opposing effects on EC cell activation, we cannot rule out the possibilities that GSL-Bf717
represses 5-HT release via other mechanisms than directly inhibiting CD1d signaling.

Together, we have shown that EC-derived CD1d regulates the 5-HT release mediated by
lipid antigens for both local gut motility and systemic hemostasis. In addition to their
function in anti-microbial defense, INKT cells conduct signal via CD1d ligation in EC

cells to regulate peripheral hormone homeostasis. Furthermore, we elucidate that iNKT cells
facilitate the selective ligation of CD1d via lipid antigens to transduce CD1d signal upon

EC cells for 5-HT release, shedding light on how immune system and nervous system
collaborate for host defense. Our findings thus provide alternative approaches for 5-HT
related disorders by manipulation of CD1d or supplement of regulatory lipid antigens.

Limitations of the study

We show that Pyk?2 activation induces Kv1.2 channel repression. However, to directly
demonstrate that Pyk2-mediated Kv1.2 phosphorylation results in EC cell activation and
5-HT release, we need to identify and mutate Kv1.2 intracellular Tyr332 phosphorylation
sites. We can then perform the whole-cell patch-clamp recordings on EC cell with either
WT or mutant Kv1.2 for outward currents assessment under lipid antigen stimulation. This
way, we will be able to provide further evidence that Pyk2-Kv1.2 axis is essential for CD1d-
mediated 5-HT release. In addition, while our work demonstrates lipid antigens promote
5-HT release, further investigation is required to validate such iNKT-EC cell crosstalk and
signaling cascade in human system. Finally, besides the current study’s focus on EC cells
of 5-HT release, a potential role of CD1d signaling in other intestinal enteroendocrine cell
responses to lipid antigens of hormones release need to be addressed in future work.
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STAR Methods

Resource availability

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Chuan Wu (chuan.wu@nih.gov).

Materials availability—This study did not generate any new unique reagents.

Data and code availability—All data are available in the main text or the supplemental
information. This study did not generate any original dataset or code. Any additional
information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

Experimental model and subject details

Mice
C57BL/6J (WT), Cdld'~, Traj18'~, Vai4Tg, Cd11c", Rorc®’e, and Vi/I€€ mice were
purchased from Jackson Laboratory; Pirf5¢@MP3 mice were from Dr. Xinzhong Dong;

Tph1M1°% mice were from Dr. Gerard Karsenty; 7p/2CFP mice were from Dr. Andrew B.
Leiter; Cad1°% mice were from MMRRC; Chga“®Rmice were from EMMA.

Mouse lines were interbred in our facilities to obtain the final strains described in the text.
Mice were maintained at the National Cancer Institute facilities under specific pathogenfree
conditions. Mice were fed a standard chow diet and used at 7-12 weeks of age for most
experiments. All experiments were carried out in accordance with guidelines prescribed

by the Institutional Animal Care and Use Committee at the National Cancer Institute. For
Chga™®R Cd1d1V mice, 1mg Tamoxifen was i.p. injected daily for 5 days before the
experiments.

Germ free mice monocolonized with B. fragilis strain NCTC 9343 (BFWT) and its mutant
strain BFASPT were maintained in vinyl isolators in the animal facility as described
previously,29 in accordance with guidelines prescribed by the Institutional Animal Care and
Use Committee at Brigham and Women’s Hospital.

Oxazolone induced colitis

The mice were presensitized by epicutaneous application of 3% oxazolone (4-
ethoxymethylene-2-phenyl-2-oxazolin-5-one; Sigma-Aldrich) in a mixture of 100 pl acetone
and olive oil (4:1). 5 days later, the animals were challenged intrarectally (through a 3.5F
catheter) with 100 ul 1% oxazolone in 50% ethanol. The control mice will undergo the
same procedures but will be administrated with 50% ethanol. The tissues were harvest after
challenging at indicated time.

Bead expulsion assay

For colonic propulsion measurement, mice were deprived of the food with access to water
overnight for 12hrs on day 0. Before the experiment, the mouse was performed with
anesthesia (2.5% Isoflurane), a 2mm diameter glass bead was inserted into the rectum in
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the depth of 2cm from the anus with an oil-polished glass rod. Then the mouse was put
back into the cage, and the time of the bead expulsion was recorded. The distal colonic
transit time was determined by monitoring the time required for the expulsion of the

glass bead. Control and experimental groups were age and sex matched. For lipid peptide
administration, 200ng a-GalCer (Avanti Polar Lipids) was administered by i.p. injections
prior to the assay. For lipid inhibition, GSL-Bf717 was purified as described previously.2°
1pg GSL-Bf717 was pre-mixed with a-GalCer and i.p injected into the mice before bead
expulsion assay.

Carmine red assay

The mice were orally gavaged with 200uL sterilized 6% (w/v) solution of carmine red
(Sigma-Aldrich) in 0.5% methylcellulose (Sigma-Aldrich). Fecal output was monitored
every 30 min. The time from gavage to appearance of bright red dye was recorded as the
whole gut transit time.

CMMC (colonic migrating motor complex) recording

CMMC recording was performed according to previously described.84 Briefly, the entire
mouse colon was removed and transferred to a dish containing warm (35 £ 1°C) Krebs
solution: 120mM NaCl, 6mM KCI, 14.4mM NaHCO3, 1.2mM MgCly, 1.35mM NaH,POy,
12mM glucose, 2.5mM CaCl, (pH 7.4) bubbled with 95%04,/5%CO0O,. The contraction

of circular muscle during each CMMC was recorded using independent isometric force
transducers (AD instruments) connected via fine suture thread to hooks that pierced the
muscle wall at the proximal, middle and distal region of the colon. Each transducer

was connected to an input channel of the bridge amplifier (AD instruments). Data were
acquired using the PowerLab data acquisition system operated by LabChart software (AD
instruments). For the treatment of 5SHT3 receptor antagonist, 5uM Ondansetron (Tocris)
was injected into the lumen. For lipid peptide administration, 5uM a-GalCer (Avanti Polar
Lipids) was injected into the lumen.

GCaMP fluorescence imaging

The colon was removed and cut open along the mesenteric border from Pirf6CaMP3 mjce,
The tissue was pinned flat with mucosal side uppermost to the bottom of a 35mm dish
coated with Sylgard-184 (Dow Corning Corp., Midland, MI, USA). Tissue was bathed in
Krebs solution. The epithelium layer was removed under a dissecting microscope when
indicated. The time-lapse movies of whole mount calcium imaging data were acquired with
NIS-elements software using an inverted confocal microscope (Nikon). Data were processed
and analyzed using ImageJ software (NIH).85

Serotonin quantification

The serum samples or the cell supernatant were harvested. The measurements were
performed using Serotonin ELISA Kit (Enzo Life Sciences) according to the manufacturers’
protocols.
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Tail bleeding assay

The mice were anesthetized with a mixture of ketamine, xylazine and acepromazine. and
placed in prone position. A distal 10mm segment of the tail was amputated with a scalpel.
The tail was immediately immersed in a 50mL Falcon tube containing isotonic saline
prewarmed in a water bath to 37°C. Each animal was monitored for 20min even if bleeding
ceased, in order to detect any re-bleeding. Bleeding time was determined using a stop clock.
If bleeding on/off cycles occurred, the sum of bleeding times within the 20min period was
used. The experiment was terminated at the end of 20min to avoid lethality during the
experiment.

Platelet analysis

The platelets were purified from mouse plasma and resuspended with Tyrode’s Buffer
(134mM NacCl, 0.34mM NayHPO4, 3mM KCI, 12mM NaHCO3, 20mM Hepes pH 7.0,
5mM glucose, 0.35% bovine serum albumin). For flow cytometry analysis, the antibodies
anti-CD42b, anti-CD62P and Jon/A (anti-activated CD41/CD61) (Emfret), or anti-Cd1d
(Biolegend) were added. For platelet activation, 0.05U/ml thrombin (Sigma) was added
together with the antibodies and incubated at room temperature for 15mins. PBS was
added to stop the reaction and the platelets were analyzed by FACS within 30mins. All
flow cytometry data were acquired on a BD X-20 cell analyzer and analyzed with FlowJo
software.

Intestinal organoids generation

TphICP or Cd1a-~ TphiCFP mice aged 6-10 weeks were used to generate intestinal
organoids, as previously reported.86 Briefly, the small intestine was isolated and washed
with cold PBS and crypts were isolated following dissociation in EDTA. Isolated crypts
were suspended in Matrigel. Following polymerization, IntestiCult™ Organoid Growth
Medium (Stemcell) was added and refreshed every 3—-4days. Organoids were maintained
at 37°C, 5% CO2 and propagated weekly.

For lentivirus transduction, mouse Cd1d1 and its intracellular domain truncation were
cloned from cDNA clone (Sino biological) into pLV-IRES-mCherry, and transfected into
HEK293T cells together with pMD2.g and psPAX2 using lipofectamine 3000 (Invitrogen).
The supernatant was harvested 72hrs post transfection and concentrated by ultra-centrifuge.
The organoids were dissociated into single cells with TrypLE (Gibco) and mixed with virus
in culture for 6hrs at 37°C. Then the cells were collected and re-suspended in Matrigel for
culture. The fluorescence was checked after 48hrs.

iNKT cell culture

iNKT cells were purified from the splenocytes of Vai4 Tg mice with PBS-57-loaded
mCD1d tetramer (NIH Tetramer Core Facility) and anti-TCRp by BD Aria sorter, and
cultured with mouse T activator anti-CD3/CD28 magnetic beads (Gibco) in a 1:1 ratio plus
20U/mL IL-2 (PeproTech) and 10 ng/mL IL-7 (PeproTech) in complete RPMI. The cells
were split in 1:2 when 80-90% confluence for up to 2 weeks.
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Biosensor cell culture

5HT3R were amplified from mouse brain cDNA and cloned into pcDAN3.1-IRESmCherry.
The plasmid was transfected into HEK293T cells with lipofectamine 3000 (Invitrogen)
36hrs before imaging.

Calcium imaging

TphICFP organoids were dissociated into single cells with TrypLE (Gibco) and cultured

in DMEM containing 5% Heat Inactivated FBS, 1% Pen-step, 1% L-Glutamine, and 10
UM Y-27632. Cells were plated on coverslips coated with 5% w/v Matrigel. Cells were
maintained in standard culture conditions for 24—48hours. The CdZd"~ TphICFP cells were
labeled with CellTrace™ Far Red (Thermo Fisher) before the culture.

Before imaging, cells were loaded with 4uM Fura-2 AM (Invitrogen) in culture medium at
37°C for 45 min. Cells were then washed with calcium imaging buffer (135mM NaCl, 5mM
KCI, 2mM CaCl,, 0.5mM MgCl,, 0.5mM MgSOy, 0.44mM KHoPOy4, 0.34mM NayHPOy,
10mM HEPES, 10mM glucose, 30mM sucrose, pH 7.45) and analyzed 30min later.

After the coverslip with EC cells were put under the microscope, the iNKT cells or
biosensor cells were added into the imaging chamber. The single cell of iNKT or mCherry*
biosensor cells was patched and brought in contact with one CFP* EC cell.

Fluorescence at 340 nm and 380 nm excitation wavelengths (F340, F380) was recorded
using an inverted Nikon Ti-S microscope with NIS-Elements imaging software (Nikon
Instruments). The ratio of fluorescence intensities (F340/F380) was used to reflect [Ca2*];
values. The threshold of activation was defined as three standard deviations above the
average. 5uM a-GalCer, 200uM GSL-Bf717, 10uM PF-431396, 100uM KCI and 10uM
mCPBG were added during the recording as indicated.

Electrophysiology

Patch-clamp recordings of EC cells were made using a Multiclamp 700B amplifier (Axon
Instruments), Digidata 1440A digitizer (Axon Instruments), and pClamp 10.7 software
(Axon Instruments). Isolated EC cells from organoids were identified by CFP expression
and electrophysiological recordings were made using pipettes pulled from 1.5mm O.D

x 1.1mm 1.D borosilicate glass capillaries (Sutter Instruments) with resistance ranging
between 5-7 MQ. Recordings were performed at room temperature using extracellular
solution containing 140mM NaCl, 5mM KCI, 10mM HEPES, 10mM glucose, 1mM MgCly,
2mM CaCly, pH 7.4. The internal solution contained 140mM K-gluconate, 5mM NaCl,
1mM MgCI2, 0.02mM K-EGTA, 10mM HEPES, 10mM sucrose, pH 7.2. After obtaining
whole-cell configuration, EC cells were held at — 90mV and currents elicited from 500ms
voltage steps ranging between —100 to 100mV at 10mV increments were recorded. During
recordings, EC cells were positioned under a three-barreled, square glass tubing and
perfusion of solutions were made using a VCS-8, computer-controlled valve system (Warner
Instruments, USA) and a VCS-77CSP8 fast perfusion stepper (Warner Instruments, USA).
For K* recordings, the current-voltage relationship for each EC cell was obtained first under
constant perfusion of control wash solution containing external solution only, followed by
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50nM TsTx-Ka (Alomone labs), and 10mM tetraethylammonium (TEA, Sigma) diluted

in external solution prior to recording. One iINKT cell was first patched and brought in
contact with the EC cell, and the current-voltage relationship for each EC cell was obtained
similarly, first under constant perfusion of control wash solution containing external solution
only, then followed by 5uM a.-GalCer. During Pyk2 inhibition, both wash and a-GalCer
solutions contained 10uM PF 431396. Data were sampled at 10kHz and filtered at 2kHz.
Series resistance (Rs) was monitored during recording and not compensated. Recordings
that exhibited greater than 25% variability in Rs were discarded.

CD1d crosslinking

BON-1 cell line was obtained from Dr. Mark R. Hellmich from The University of Texas
Medical Branch. The cells were cultured in DMEM/F12 with 10% FBS. The cells were
crosslinked with the addition of 10ug/ml anti-CD1d antibody (51.1, eBioscience) for 1hr and
followed by washing and addition of 10ug/ml secondary rat anti-mouse 1gG2a antibody for
indicated time. 10pM PF-431396 were added together with the antibodies as indicated.

TphICFP organoids were broken from the Matrigel and culture in the growth media. The
crosslinking was performed by adding 10ug/ml anti-Cd1d antibody (1B1, Thermo Fisher)
for 1 hr. The organoids were then washed and added with 10ug/ml secondary donkey antirat
IgG antibody for 10 mins.

Intestinal histology and immunofluorescence staining

Mouse colon was fixed in 10% neutral formalin and stored in 70% ethanol. Intestinal
samples were then paraffin-embedded and cut into 10um longitudinal sections by Histoserv
Inc. (Germantown, MD). For immunofluorescence staining, slides were deparaffinized by
xylene and antigen retrieval was conducted for 20min in a 95°C-water bath in 10 mM
sodium citrate, pH 6.0 followed by a 15min incubation at room temperature. Slides were
washed, blocked in 5% bovine serum albumin, and stained with the indicated primary
antibodies and secondary antibodies conjugated to Alexa fluor 488, 633 or 594 (Thermo
Fisher). Slides were mounted in Fluoromount-G (Thermo Fisher), and 3—15 images were
taken per slide at 20X or 40X magnification along transections of the intestinal crypts for
each biological replicate (Zeiss). For 5-HT and ChgA staining, numbers of positively stained
puncta were scored blindly, normalized to total area of intestinal mucosa using ImageJ
software (NIH), and then averaged across biological replicates.

For mCD1d tetramer staining, the colon tissues were freshly embedded in O.C.T. compound
and the frozen section was incubated in PBS containing 1:10 dilution of PE labeled PBS-57
loaded CD1d tetramer (NIH Tetramer Core Facility) at 4°C overnight. Then the tissues were
washed three times with PBS, fixed with 4% paraformaldehyde (PFA) for 1 hr.

Flow cytometry

Intestine tissues were isolated and were incubated at 37 °C for 20 min in PBS media
containing 2% FBS, 5mM EDTA and 1mM DTT. To isolate intraepithelial lymphocytes,
cells derived from the epithelial compartment were purified from percoll centrifuge.

For lamina propria lymphocytes, the remaining tissues were cut into smaller pieces and
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incubated in RPMI-1640 containing 5% FBS, 1mg/ml collagenase D for 1h at 37 °C under
constant horizontal shaking. The digested tissues were filtered through a 40um strainer and
the lymphocytes were harvested for flow cytometry staining. PE-conjugated PBS-57loaded
mCD1d tetramer (NIH Tetramer Core Facility) and APC-anti-TCRp were added to identify
iNKT cells. All flow cytometry data were acquired on a BD LSRFortessa™ X-20 cell
analyzer and analyzed with FlowJo software.

Western blot

The cells were lysed in whole cell extract buffer (50mM Tris-HCI, pH 7.5, 150mM NacCl,
1% NP-40, 0.2mM EDTA, 10mM NagVOy,, 10% glycerol, protease inhibitors). Proteins
were separated by gel electrophoresis using 4-12% Bis-Tris gels (Genscript) followed by
transfer to nitrocellulose membrane. Membranes were incubated with 5% milk in TBST
(150mM NaCl, 20mM Tris-HCI, pH 7.5, 0.1% (v/v) Tween-20) for 60min and washed
once with TBST. Proteins of interest were detected by incubating membranes over night at
4°C in blocking buffer with primary antibodies, washing with TBST three times for 10min
and incubating with horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibody.
Blotting signaling was detected with SuperSignal™ West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher).

Immunoprecipitation

Cell lysates were incubated with 5ug anti-pTyr (Cell Signaling)) overnight at 4°C and

then added with Protein A/G Dynabeads (Invitrogen). Beads were washed extensively, and
proteins were eluted with loading buffer. The presence of proteins in immunocomplexes was
determined by immunoblot analysis.

Proximity-ligation assay.

The proximity-ligation assay was performed using a Duolink in situ detection kit (Sigma)
with a PLA probe anti-rabbit Plus and a PLA probe anti-mouse Minus. The colon

section was treated with xylene and antigen retrieval as described above. The procedures
for blocking and administrating the primary antibodies, proximity-ligation assay probes,
hybridization, ligation, amplification, detection, and mounting followed the manufacturer’s
recommended protocol. The slides were observed using a confocal microscope.

Quantitative RT-PCR

For gene expression detection, total RNA was isolated from whole cells using the Qiagen
miniRNA extraction kit following the manufacturer’s instructions. RNA was quantified and
complementary DNA was reverse-transcribed using the iScript kit (Biorad) following the
manufacturer’s instructions. The cDNA samples were used at 20ng/well in a 384 well plate
and run in triplicate. PCR reactions were set up using TagMan Universal PCR Master Mix
(Applied Biosystems) on an ABI Prism 7500 Sequence Detection System. Quantification of
relative mMRNA expression was normalized to the expression of B-Actin.
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Statistical analysis

Data were represented was mean + SEM. Statistical analyses were performed with Graphpad
Prism 5.0 (Graph Pad software, La Jolla, CA, USA) using an unpaired two-tailed Student’s
t-test for two groups. ANOVA was used for more than two groups followed by the Tukey
post hoc test. Statistical significance was defined as P < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
Lipid-induced gut motility is mediated by 5-HT
Enterochromaffin (EC) cell-derived CD1d is critical for 5-HT release
Pyk2-Kv1.2 axis is required for gut CD1d-mediated 5-HT release

Bacteroides fragilis sphingolipids repress intestinal 5-HT secretion

Immunity. Author manuscript; available in PMC 2024 July 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Luo et al.

Page 24

A . 4007 _»+ ®mPBS B goo, —2—

i, o a-GalCer D = Cdid--

g 3001 g% S elo 3 o Traj18™-

@ 200 5 400

> = O

£ 100 g 200

w L

0 0

C Cdid"- Traj187"

Gram

OBMM NNNNEN.

10 20 30 40 O 10 20 30 40 O 10 20 30 40

Time (min) Time (min) Time (min)
D E
NS NS
__ 6007 __** uWT - 600 *k m-WT
) oo O Cdid- 2 - o O Traj18-
18~

S 400{ —= S 4001 _**
2 2
3 200 2 200
x x
i |

0 0
a-GalCer -— + - + a-GalCer — + - +

Cdia*- Traj18"-

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Time (min) Time (min) Time (min)

Figure 1. INKT cell regulates gut motility
(A) WT mice were injected daily with a-GalCer or PBS for 7 days. Colonic transit

time was assessed by a bead expulsion assay (n=5 per group, representative data of three
experiments).

(B) Colonic transit time was measured by a bead expulsion assay in WT, CdZd~, and
Traf18"~ mice under steady state (n=6 per group, representative data of three experiments).
(C) Representative trace of colon contraction in WT, CdZa~, and 7raj18"~ mice under
steady state (n=3 per group, representative data of three experiments).

(D-E) (D) WT and Cdld"~, (E) WT and 77aj18"~ mice were injected with PBS or a-
GalCer. Colonic transit time was measured by a bead expulsion assay 10 min after injection
(n=5 per group, representative data of three experiments).
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(F) Representative traces of a.-GalCer-induced colon contraction in WT, CdZd-, and
Traj18"~ mice (n=3 per group, representative data of three experiments).

NS, not significant; *p<0.05, **p<0.01, (B, One-way ANOVA with Tukey’s multiple
comparison test; D, E, Two-way ANOVA with Tukey’s multiple comparison test; A,
Unpaired student’s #test; error bars represent SEM). Please also see Figures S1 and S2.
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Figure 2. IEC-derived CD1d is required for gut motility
(A) Colonic transit time was assessed by a bead expulsion assay in the indicated mouse

strains (n=6 per group, representative data of three experiments).

(B) Cd1d1"M and Vil1¢eCa1a 1V mice were injected with PBS or a-GalCer. Colonic
transit time was assessed by a bead expulsion assay 10 min after injection (n=6 per group,
representative data of three experiments).

(C) Representative traces of a-GalCer-induced colon contraction in Ca1d1 and
Vil1¢reCd1d1V™ mice (n=3 per group, representative data of three experiments).

(D) Representative image of GCaMP3 fluorescence signal of neurons on the myenteric
plexus of PirfeCaMP3 mice treated with a-GalCer and mCPBG (5-HT3R agonist) (n=3,
representative data of three experiments).

(E-G) Time-resolved responses of neurons Time-resolved responses (AF/F, color scale) of
neurons (one neuron per row) (E) with or (F) without epithelium and (G) pencentage
quantification of a-GalCer responding neurons in the myenteric plexus from PirfcCaMP3
mice. mCPBG was used as a positive control. Each dot represents percentage of responding
neuron in one mouse (n=4 per group, representative data of three experiments).
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NS, not significant; **p<0.01, ***p<0.001, (A, One-way ANOVA with Tukey’s multiple
comparison test; B, Two-way ANOVA with Tukey’s multiple comparison test; G, Unpaired
student’s ttest; error bars represent SEM). Please also see Figure S2.
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Figure 3. Lipids induce 5-HT secretion from EC cells for gut motility
(A) WT mice were injected with PBS or a-GalCer. Mice serum was collected at the

indicated time point, and 5-HT amounts were assessed by ELISA (n=4 per group,
representative data of three experiments).

(B-C) 5-HT amounts in (B) WT and 77a/187-, (C) Cd1d1V and Vi/z1¢eCd1a1M mice
serum under steady state were assessed by ELISA (n=5 per group, pooled data of two
experiments).

(D-E) Tph1f and Vil1¢e Tph 1T mice were injected with PBS or a-GalCer. (D) Mice
serum was collected 10 min after injection. 5-HT amounts were assessed by ELISA. (E)
Colonic transit time was measured by a bead expulsion assay 10 min after treatment (n=4
per group, representative data of three experiments).
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(F) Representative trace of a-GalCer-induced colon contraction in 7/ and

Vil1¢e Tph IV mice (n=3 per group, representative data of three experiments).

(G-H) Cd1d1"M and Chgat"ER Ca1a 1M mice were injected with PBS or a-GalCer. (G)
Mice serum was collected 10 min after injection. 5-HT amounts were assessed by ELISA.
(H) Colonic transit time was measured by a bead expulsion assay 10 min after treatment
(n=4 per group, representative data of three experiments).

(1) Representative trace of a-GalCer-induced colon contraction in CaZaf/ and
Chga™®R Ca1d1VM mice (n=3 per group, representative data of three experiments).

NS: not significant, *p<0.05, **p<0.01, (A, D, E, G, H, Two-way ANOVA with Tukey’s
multiple comparison test; B, C, Unpaired student’s #test; error bars represent SEM). Please
also see Figure S3.
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Figure 4. Lipid-mediated 5-HT release rapidly enhances platelet function for hemostasis
(A-F) Indicated mice were injected with PBS or a-GalCer. Platelet activities were assessed

by flow cytometry 10 min after injection. Representative histograms of fluorescence
intensity and quantification of geometric mean fluorescence intensity of CD62L and JON/A
for platelets treated with or without thrombin from (A-B) WT, (C-D) 7ra/187-, and (E-F)
Chga®™®R Cd1d1VM mice (n=8 per group, representative data of three experiments).

(G-H) (G) WT and 77gj18"~, and (H) Cd1d1V® and Chga®®ER Cd1d1™M mice were injected
with PBS or a-GalCer. Time to cessation of bleeding in response to tail injury was assessed
10 min after injection (n=8 per group, representative data of three experiments).

(1-3) Tph1V and Vil1¢ Toh 1V mice were injected with PBS or a-GalCer. Platelet
activities were assessed by flow cytometry 10 min after injection. (1) Representative
histograms and (J) Quantification of geometric mean fluorescence intensity of CD62L and
JON/A for platelets treated with or without thrombin (n=8 per group, representative data of
three experiments).

(K) Tph1f and vilzere Tpoh1VM mice were injected with PBS or a-GalCer. Time to
cessation of bleeding in response to tail injury was assessed 10 min after injection (n=8

per group, representative data of three experiments).
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NS: not significant, *p<0.05, **p<0.01, ***p<0.001, (G, H, K, Two-way ANOVA with
Tukey’s multiple comparison test; B, D, F, J, Unpaired student’s #test; error bars represent
SEM). Please also see Figure S4.
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Figure 5. CD1d reverse signal intrinsically modulates 5-HT release from EC cells
(A) Representative image of an EC cell (CFP, green) adjacent to a SHT3R-expressing

HEK?293 (mCherry, red) cell and an iNKT cell purified from Vai4 Tg mice for simultaneous
Ca?* measurements from EC cells and biosensor cells (n=6 per group, representative data of
three experiments).

(B-C) (B) Representative trace of CaZ* responses in WT EC cell and biosensor cell under
indicated stimulations with or (C) without iINKT cells. Scale bars, 0.3 ARatio (340/380), 35 s
(n=6 per group, representative data of three experiments).

(D-E) Quantification of a-GalCer responding (D) EC cells and (E) biosensor cells with or
without iNKT cells (n=6 per group, representative data of three experiments).

Max ARatio
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(F) Representative image of a 7p/ICFP EC cell and a CdZa~TphiCFP EC cell stained with
Far-Red simultaneously adjacent to an iNKT cell for Ca2* measurement (n=6 per group,
representative data of three experiments).

(G-H) (G) Representative trace and (H) Quantification of a-GalCer-induced Ca2* responses
in WT and Cd1a~ EC cells. Scale bars, 0.2 ARatio (340/380), 40 s (n=6 per group,
representative data of three experiments).

(1) Representative image of a CaZa™'~ TphiCFP EC cell lentivirally transduced with indicated
genes adjacent to an iNKT cell for Ca?* measurement (n=6 per group, representative data of
three experiments).

(3-K) (J) Representative trace and (K) Quantification of a-GalCer-induced Ca2* responses
in indicated EC cells. Scale bars, 0.3 ARatio (340/380), 30 s (n=6 per group, representative
data of three experiments).

**p<0.01, ***p<0.001, (K, One-way ANOVA with Tukey’s multiple comparison test; D, E,
H, Unpaired student’s #test; error bars represent SEM). Please also see Figure S5.
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Figure 6. CD1d-mediatd EC cell activation depends on Pyk2-Kv1.2 axis
(A) BON-1 cells were stimulated with crosslinked anti-CD1d. Immunoblot analysis of

pPyk2, Pyk2 and a-actin in these cells at the indicated time points (n=3, representative data
of three experiments).

(B) TphiCP EC-enriched intestinal organoids were treated with PBS or crosslinked
antiCD1d for 10 min and fixed. Representative immunofluorescence image for TPH1-CFP,
pPyk2, and DAPI. Scale bar, 100 um. Inset scale bar, 20 um (n=3 per group, representative
data of three experiments).

(C-D) (C) Representative trace and (D) Quantification of a-GalCer-induced Ca2* responses
in 7phICFP EC cells with or without PF-431396. K* was used as a positive control. Scale
bars, 0.2 ARatio (340/380), 35 s (n=6 per group, representative data of three experiments).
(E-F) Cd1d"~TphiCP EC cell lentivirally transduced with indicated genes adjacent to

an iINKT cell for Ca?* measurement. (E) Representative trace and (F) Quantification of
a-GalCer induced a Ca2* response in indicated EC cells. Scale bars, 0.2 ARatio (340/380),
30 s (n=6 per group, representative data of three experiments).
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(G) Representative immunofluorescence staining for 5-HT, Kv1.2 and DAPI in the colonic
tissues of WT mice. Scale bar, 10 um (n=3, representative data of three experiments).

(H) BON-1 cells were stimulated with crosslinked anti-CD1d. Co-immunoprecipitation (IP),
with antibody to anti-pTyr of proteins from lysates of BON-1 cells, detected by immunoblot
analysis with anti-Kv1.2 or anti-Pyk2 (n=3, representative data of three experiments).

(1) /n situ proximity-ligation assay (PLA) of colonic tissues from WT mice in the absence of
primary antibodies (No Abs) or in the presence of various combinations of anti-CD1d and
anti-Kv1.2; punctate staining (red) indicates the CD1d-Kv1.2 interaction. Scale bar, 10 pm
(n=3, representative data of three experiments).

(J) Representative K* currents in EC cells in the presence or absence of a-GalCer using

500 ms voltage steps ranging from —100 to 100 mV. EC cells were held at =90 mV during
voltage steps. Red traces show representative K* currents in response to voltage step to 100
mV. Scale bars, 200 pA, 50 ms (n=10, representative data of two experiments).

(K) Current-voltage relationship of the steady-state K* currents in EC cells in the presence
of wash solution or a-GalCer (n=10, representative data of two experiments).

(L) Steady-state K* current in EC cells in response to voltage step to 100 mV in the presence
of wash solution or a-GalCer (n=10, pooled data of two experiments).

(M) Representative K* currents in EC cells with PF-431396 in the presence or absence of
a-GalCer using 500 ms voltage steps ranging from —100 to 100 mV. EC cells were held

at —90 mV between voltage steps. Red traces show representative K* currents in response

to voltage step to 100 mV. Scale bars, 200 pA, 50 ms (n=9, representative data of two
experiments).

(N) Current-voltage relationship of the steady-state K* currents in EC cells in the presence
of PF-431396 with or without a-GalCer (n=9, representative data of two experiments). (O)
Steady-state K* current in EC cells in response to voltage step to 100 mV in the presence of
PF-431396 with or without a-GalCer (n=9, pooled data of two experiments).

NS: not significant, **p<0.01, ***p<0.001, (K, N, Two-way ANOVA with Tukey’s multiple
comparison test; D, F, Unpaired student’s #test; L, O, Paired student’s #test, error bars
represent SEM). Please also see Figure S6.
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Figure 7. Bacteroides fragilis sphingolipids repress intestinal 5-HT secretion
(A) Relative 5-HT amounts in BFWT and BFASPT mice serum under steady state were

assessed by ELISA (n=3, representative data of three experiments).

(B) Colonic transit time was assessed by a bead expulsion assay between BFWT and
BFASPT mice under steady state (n=5, representative data of three experiments).

(C) Time to cessation of bleeding in response to tail injury between BFWT and BFASPT
mice (n=5, representative data of two experiments).

(D-E) (D) Representative histograms and (E) Quantification of geometric mean fluorescence
intensity of CD62P and Jon/A for platelets treated with or without thrombin between BFWT
and BFASPT mice (n=8, pooled data of two experiments).

(F-H) WT mice were injected with a-GalCer with or without GSL-Bf717. (F) Mice serum
was collected at the indicated time point, and relative 5-HT amounts were assessed by
ELISA (n=3 per group); (G) Colonic transit time was assessed by a bead expulsion assay10
min after injection (n=6 per group); (H) Time to cessation of bleeding in response to tail
injury was assessed 10 min after injection (n=8 per group, representative data of three
experiments).
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(1-J) (1) Representative trace and (J) Quantification of a-GalCer-induced Ca?* responses in
TphICFP EC cells with or without GSL-Bf717. K* was used as a positive control. Scale bars,
0.2 ARatio (340/380), 35 s (n=6 per group, representative data of two experiments).
*p<0.05, **p<0.01, ***p<0.001, (G, H, One-way ANOVA with Tukey’s multiple
comparison test; F, Two-way ANOVA with Tukey’s multiple comparison test; A-C, E, J,
Unpaired student’s #test; error bars represent SEM). Please also see Figure S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

DyL.ight 649 anti-mouse CD42b Emfret Cat# M040-3, RRID: AB_2934080
FITC anti-mouse CD62P Emfret Cat# M130-1, RRID: AB_2890922
PE anti-mouse CD41/61(Jon/A) Emfret Cat# M023-2, RRID: AB_2833084

PE PBS-57-loaded mCD1d tetramer

NIH Tetramer Core Facility

N/A

PE anti-mouse Cd1d Biolegend Cat# 123509, RRID: AB_1236547
APC/Fire 750 anti-mouse CD45 Biolegend Cat# 103154, RRID: AB_2572116
BV421 anti-mouse CD326 (Ep-CAM) Biolegend Cat# 118225, RRID: AB_2563983

anti-Human CD1d

Thermo Fisher Scientific

Cat# 14-0016-82, RRID: AB_837139

rat anti-mouse 19gG2a

Thermo Fisher Scientific

Cat# RMG2a00, RRID: AB_2556584

anti-mouse Cd1d for crosslinking

Thermo Fisher Scientific

Cat# 14-0011-82, RRID: AB_467036

donkey anti-rat 19gG

Thermo Fisher Scientific

Cat# A18747, RRID: AB_2535524

APC anti-TCRB

Biolegend

Cat# 109211, RRID: AB_313434

PE anti-mouse NK1.1

Thermo Fisher Scientific

Cat# 12-5941-82, RRID: AB_466050

anti-mouse Pyk2

Cell Signaling Technology

Cat# 3292, RRID: AB_2174097

anti-mouse Phospho-Pyk2 (Tyr402)

Cell Signaling Technology

Cat# 3291, RRID: AB_2300530

anti-mouse phospho-Tyrosine

Cell Signaling Technology

Cat# 9411, RRID: AB_331228

anti-Serotonin

Abcam

Cat# ab66047, RRID: AB_1142794

anti-mouse ChgA

Abcam

Cat# ab15160, RRID: AB_301704

anti-mouse KV1.2 (KCNA2)

Alomone Labs

Cat# APC-010, RRID: AB_2313792

anti-mouse Cd1d for PLA Biolegend Cat# 140802, RRID: AB_10639731
Bacterial strains

Bacteroides fragilis An et al?0 N/A
Bacteroides fragilis ASPT An et al?° N/A

Chemicals, peptides, and recombinant proteins

Oxazolone (4-Ethoxymethylene-2-Phenyl-2-Oxazolin-5-

One) Sigma Cat# 862207
a-Galcer Avanti Polar Lipids Cat# 867000P
Gsl-Bf717 An et al® N/A
Sylgard-184 Ellsworth Adhesives Cat# 4019862
Intesticult™ Organoid Growth Medium (Mouse) Stemcell Technologies Cat# 06005
Corning™ Matrigel™ Gfr Membrane Matrix Corning Cat# 356231
TrypLE Thermo Fisher Scientific | Cat# 12604021
Carmine Red Sigma Cat# C1022-5G
1.5% Methylcellulose Solution Aldon Corporation Cat# MM0400
Thrombin Sigma Cat# T4648
Anti-CD3/CD28 Magnetic Beads Thermo Fisher Scientific | Cat# 11456D
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REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant Mouse 1L-2 PeproTech Cat# 212-12

Recombinant Mouse IL-7

R&D Systems

Cat# 407-ML-005/CF

Lipofectamine 3000 Thermo Fisher Scientific | Cat# L3000008
Celltrace™ Far Red Thermo Fisher Scientific | Cat# C34572
Y-27632 Selleckchem Cat# S1049
Fura-2 AM Thermo Fisher Scientific | Cat# F1201
PF-431396 Sigma Cat# PZ0185
mCPBG Sigma Cat# C144
Ondansetron Tocris Cat# 2891
Tstx-Ka Alomone Labs Cat# STT-360
Tetraethylammonium Sigma Cat# 86616

Fluoromount-G™, With DAPI

Thermo Fisher Scientific

Cat# 00-4959-52

Collagenase D Sigma Cat# 11088882001
4-12% Bis-Tris Gels GenScript Cat# M00653
Supersignal™ West Pico PLUS Chemiluminescent

Substrate Thermo Fisher Scientific | Cat# 34580
Protein A/G Magnetic Beads Thermo Fisher Scientific | Cat# 88802

Critical commercial assays

Serotonin ELISA kit

Enzo Life Sciences, Inc.

Cat# ADI-900-175

Duolink In Situ Orange Starter Kit Mouse/Rabbit Sigma Cat# DU092102
iScript RT Supermix for RT-gPCR Biorad Cat# 1708841
RNeasy Plus Mini Kit Qiagen Cat# 74136
Experimental models: Cell lines

BON-1 cells Dr. Mark Hellmich N/A

HEK293T ATCC Cat# CRL-3216

Experimental models: Organisms/strains

Mouse: Cdld- Jackson Laboratory Cat# 003814
Mouse: Traj18"~ Jackson Laboratory Cat# 030524
Mouse: Vai4Tg Jackson Laboratory Cat# 014639
Mouse: Cd11c Jackson Laboratory Cat# 008068
Mouse: Rorc® Jackson Laboratory Cat# 022791
Mouse: Vi/1ce Jackson Laboratory Cat# 021504
Mouse: PirtGcamps Kim et al®t N/A

Mouse: Tph1flox Yadav et al® N/A

Mouse: Tph1CFP Li et al®® N/A

Mouse: Cd1d1flox MMRRC Cat# 043942
Mouse: Chga"eER EMMA Cat# 09574
Oligonucleotides

Tphl - forward 5 ATGGATCCGAACTTGACGCC IDT N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Tph1 - reverse 5" GGGTCCCCATGTTTGTAGTTC IDT N/A
Slc6ad - forward 5° GCGACGTGAAGGAAATGCTGG IDT N/A
Slc6a4 - reverse 5° ATAGGGATGCAGATGACAGACG IDT N/A
Slci8al - forward 5 TCTCTGGCACCTATGCCCT IDT N/A
Slc18a1 - reverse 5° TGCCCACAAATTCATACATCACA IDT N/A
Ddc - forward 5° TAGCTGACTATCTGGATGGCAT IDT N/A
Ddc - reverse 5 GTCCTCGTATGTTTCTGGCTC IDT N/A
Maoa - forward 5° GCCCAGTATCACAGGCCAC IDT N/A
Maoa - reverse 5 GTCCCACATAAGCTCCACCA IDT N/A
Maob - forward 5° ATGAGCAACAAAAGCGATGTGA IDT N/A
Maob - reverse 5° TCCTAATTGTGTAAGTCCTGCCT IDT N/A
Actb - forward 5° GGCTGTATTCCCCTCCATCG IDT N/A
Actb - reverse 5° CCAGTTGGTAACAATGCCATGT IDT N/A
Recombinant DNA
pLV-EFla-IRES-mCherry Addgene Cat# 85132
psPAX2 Addgene Cat# 12260
pMD2.G Addgene Cat# 12259
pcDNA3.1-5HT3R-IRES-mCherry This paper N/A

Mouse Cd1d1 cDNA clone

Sino Biological

Cat# MG50188-M

Software and algorithms

GraphPad Prism version 8 Graphpad Software https://www.graphpad.com

FlowJo TreeStar https://www.flowjo.com/

ImageJ ImageJ https://imagej.net/\Welcome

pClamp 10.6 Molecular Devices https://www.moleculardevices.com/products/axon-
patch-clampsystem/acquisition-andanalysissoftware/
pclampsoftware-suite#gref

LabChart AD instruments https://www.adinstruments.com/products/labchart

NIS-elements Nikon https://www.microscope.healthcare.nikon.com/

products/software/nis-elements
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