










gd T cells, reflecting intraepithelial and LP
compartments (fig. S7A). Althoughwe did not
see differences in clustering in response to
diet, we observed that one of the clusters we
identified was enriched for genes found to be
differentially regulated by diet in our bulk-
sequencing dataset. Thus, this cluster may be
more sensitive to nutrient availability than
other enteric gd T cells (fig. S7, B and C).
We then asked what upstreammediators may

signal to gd T cells during a high-carbohydrate
diet. Our sequencing data did not reveal any
significant changes in cytokine expression in gd
T cells (fig. S8A). However, contact-dependent
signals, including components of Notch signal-
ing, were up-regulated in LP gd T cells during
a high-carbohydrate diet (fig. S8C). We found
that Jag2 (jagged canonical notch ligand 2), a
Notch ligand, was up-regulated in epithelial
cells in response to a high-carbohydrate diet,
suggesting that Notch signaling may mediate
communication between gd T cells and epithe-
lial cells in response to nutrient sensing (fig.
S8D). This notionwas further supported by our
imaging studies, which demonstrated that gd
T cells localize to the crypt base, where Notch
ligands are more highly expressed (22), during
high-carbohydrate feeding (fig. S6). To test
whether JAG2/Notch signaling is involved in
the induction of the carbohydrate transcriptional
program,mice were fed a high-carbohydrate diet
and treatedwith a JAG2-blocking antibody or
isotype control. Animals treated with antibody
to JAG2 showed diminished expression of the
carbohydrate transcriptional program as com-
pared with that of isotype control–treated ani-
mals. This suggested that the up-regulation of Jag2
on epithelial cells during a high-carbohydrate
diet played a role in the downstream induc-
tion of the carbohydrate transcriptional program
(fig. S9A). However, treatment with antibody to
JAG2 did not influence the frequency or number
of gd T cells in the IEL or LP compartments (fig.
S9, B to D), suggesting that Notch signaling may
influence gd T cell function but not survival.
Our sequencing data also revealed that LP

gd T cells up-regulated IL2Rb, the co-receptor
for interleukin-2 (IL-2) and IL-15, during high-
carbohydrate feeding. This raised the possibility
that IL-15 may regulate the gd T cell response
to nutrient sensing (fig. S10A). Animals treated
with a blocking antibody to IL-15 showed di-
minished expression of the carbohydrate tran-
scriptional program as compared with that of

isotype control–treated animals, suggesting
that IL-15 signaling is an important medi-
ator in this circuit (fig. S10B). Epithelial cell
IL-15 expression was not induced by a high-
carbohydrate diet, and animals treated with
antibody to IL-15 showed no difference in the
frequency of IEL or LP gd T cells. Thus, IL-15
appears to be a tonic signal that maintains gd
T cell function, rather than a nutrient-sensitive
signal (fig. S10, C and D).

gd T cells regulate carbohydrate transcriptional
program through control of IL-22

Because we did not find any differentially ex-
pressed cytokines in gd T cells in response to
diet, we assessed whether cytokines might be
differentially expressed in other cell types. We
found that IL-22—a cytokine known to play
important roles in regulating metabolism
and small-intestine epithelial cell prolifera-
tion (23–26)—was up-regulated in response
to a high-protein diet. IL-22 expression was
further increased in mice lacking gd T cells
(Fig. 4A). IL-22 was also up-regulated at the
protein level. ILC3s, but not T helper 17 (TH17)
cells, showed elevated IL-22 production in re-
sponse to a high-protein diet and in mice lack-
ing gd T cells (Fig. 4, B to C, and fig. S11). The
increased expression of IL-22 under conditions
in which we observed diminished expression
of carbohydrate-handling machinery suggested
that IL-22 may be a negative regulator of this
program. This was confirmed in experiments
in which small-intestine organoids were cul-
tured in different concentrations of IL-22.
Although small-intestine organoids do not
entirely recapitulate the full complement of
enterocyte subsets that we observed in vivo,
organoids treated with IL-22 showed alterations
in the frequency of enterocytes and stem cells
similar to the changes we observed in epi-
thelial cells isolated from mice fed different
diets (Figs. 2C and 4, D and E). Organoids treated
with IL-22 also showed dose-dependent down-
regulation of the carbohydrate transcriptional
program, confirming that this program is neg-
atively regulated by IL-22 (Fig. 4F). Mice fed
a high-protein diet and treated with antibody
to IL22 showed expression of the carbohydrate
transcriptional program at levels similar to
those of mice fed a high-carbohydrate diet
(Fig. 4G). Furthermore, treatment with an anti-
body to TCRgd was unable to suppress the
carbohydrate transcriptional program in Il22-

deficient animals (Fig. 4H). Thus, gd T cells
regulate the diet-dependent expression of
carbohydrate-handling machinery by suppress-
ing expression of IL-22.
Because tuft cells have recently been de-

scribed to play a critical role in regulating the
intestinal response to pathogens, we inves-
tigated their role in regulating the intestinal
response to nutrient sensing (14, 16, 17). We
found that Pou2f3−/− animals, which lack tuft
cells, had decreased expression of the carbo-
hydrate transcriptional program, which sug-
gested that tuft cells may be an upstream
regulator in this circuit (fig. S12, A andB). IL-25,
produced by tuft cells, is known to be a negative
regulator of IL-22 expression (27). However, we
did not see a significant increase in Il25 ex-
pression in intestinal epithelial cells during a
high-carbohydrate diet (fig. S12C). We therefore
investigated the role of other soluble mediators
known to be produced by tuft cells in regulating
this circuit. Tuft cells express cyclooxygenase
1 (COX1) and COX2 and are thought to produce
prostaglandins (28). Because we observed that
LP gd T cells up-regulate prostaglandin receptor
during high-carbohydrate feeding (fig. S12D),
we treated high-carbohydrate–fed animals with
a COX inhibitor, indomethacin. These animals
showed marked down-regulation of the carbo-
hydrate transcriptional program (fig. S12E) as
well as a trend toward reduced IL-22 (fig. S12F).
Thus, tuft cellsmaybe involved in the regulation
of the carbohydrate transcriptional program and
may control its expression through the produc-
tion of prostaglandins.

Discussion

Our studies have defined a role for gd T cells
in the regulation of epithelial transcriptional
response to diet and showed that diet can alter
the frequency of epithelial cell subsets. We found
that machinery required for carbohydrate diges-
tion, in both the small intestine and pancreas,
can be regulated on demand in response to
nutrient availability. IL-22, produced by ILC3s,
plays a critical role in the regulation of spe-
cialized epithelial cell differentiation and ex-
pression of digestive machinery, and gd T cells
can regulate its production. How gd T cells
regulate the production of IL-22 by ILC3s is an
important area for future study. A recent study
reported that gd T cell–deficient animals have
an increased number of another innate-
like lymphocyte, mucosal-associated invariant
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Fig. 2. Diet alters composition of epithelial compartment. (A) Expression
of carbohydrate transcriptional program in small-intestine epithelium and
pancreas in mice fed a high-carbohydrate diet for 5 days and subsequently
switched to a high-protein diet for 1 or 5 days. (B) t-Distributed stochastic
neighbor embedding (t-SNE) plots of major epithelial cell subsets with
10,000 cells displayed. (C) Frequency of epithelial cell subsets in (B) during
high-carbohydrate or high-protein diets. (D) Differential expression of
nutrient-handling machinery for carbohydrates, protein, and fat. A full list of

genes can be found in table S2. (E) Single-molecule FISH imaging of
indicated carbohydrate program transcripts in jejunum isolated from mice
fed high-carbohydrate or high-protein diet for 5 days. Scale bar, 100 mm.
P values in (A) were calculated by using Student’s t test. Data represent
mean ± SEM. *P < 0.05, **P < 0.01. Data in (A) are representative of at
least two independent experiments with n = 3 or 4 mice per group. Data in
(B) to (D) are from a single experiment, with four mice per group pooled
into two samples.

RESEARCH | RESEARCH ARTICLE
on M

arch 29, 2021
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


Sullivan et al., Science 371, eaba8310 (2021) 19 March 2021 6 of 12

A

B
C

D
E

F

H I
high carb high protein

G

hig
h 

ca
rb

hig
h 

pr
ot

0.0

0.2

0.4

0.6

0.8

1.0

fr
ac

tio
n 

of
 

T 
ce

lls

LP  T-cells

IEL  T-cells

γδ, IEL γδ, LP αβ, IEL αβ, LP

Lo
g2

 fo
ld

 c
ha

ng
es

(H
ig

h 
ca

rb
 / 

hi
gh

 p
ro

t)

−3

−2

−1

0

1

2

3

4

Sis

M
ga

m

Slc2
a2

Slc2
a5

Slc5
a1

0

50

100

150

re
la

tiv
e 

ex
pr

es
si

on

vs
. R

pl
13

 *
 1

03

5mM Glu

10mM Glu

25mM Glu

Sis

M
ga

m

Slc2
a2

Slc2
a5

Slc5
a1

0

1000

2000

3000

4000

5000

re
la

tiv
e 

ex
pr

es
si

on

vs
. R

pl
13

 *
 1

03

**

**

*

*

high carb
B6/J

high carb
Rag2–

Sis

M
ga

m

Slc2
a2

Slc2
a5

Slc5
a1

0

2000

4000

6000

8000

re
la

tiv
e  

ex
pr

es
si

on

vs
. R

pl
13

 *
 1

03

high carb
B6/J

high carb
Tcrb–

Sis

M
ga

m

Slc2
a2

Slc2
a5

Slc5
a1

0

5000

10000

15000

re
la

tiv
e 

ex
pr

es
si

on

vs
. R

pl
13

 *
 1

03

high carb
B6/J

high carb
Tcrd–

**

**

*
** **

Sis

M
ga

m

Slc2
a2

Slc2
a5

Slc5
a1

0

500

1000

1500

re
la

tiv
e 

ex
pr

es
si

on

vs
. R

pl
13

 *
 1

03

high carb
iso

high carb
anti-TCRgd

**

**

**
***

Representative GO terms

1

2

3

4

5

IEL LP IEL LP

-3 -2 -1 0 1 2 3

Log2 fold changes
(High carb / high prot)

Zinc-finger

Secreted

Ribonucleoprotein

Mitochondrion
Oxidative phosphorylation

Transcription regulation
DNA binding
Zinc-finger

Pleckstrin homology-like domain
Glycoprotein

50 10 15

-Log(P-value)

20

F

RESEARCH | RESEARCH ARTICLE
on M

arch 29, 2021
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


T (MAIT) cells, in the small intestine (29). This
study, aswell as our finding that gd T cells limit
intestinal ILC3s, suggest that gd T cells may
restrict other resident innate-like lymphocytes
in the intestine. The precise molecular mech-
anisms that dictate the interrelationships
between intestinal innate-like lymphocytes—
including MAIT cells, invariant natural killer
T cells (iNKT cells), ILCs, and gd T cells—
represent a broad and substantial area for
future investigation in mucosal immunity.
This work demonstrates a major role for

intestinal gd T cells outside of antimicrobial
defense and adds to emerging evidence of the
tissue homeostatic role of gd T cells (30–33).
Previous studies have pointed to a role for gd
T cells in the pathogenesis of metabolic dis-
eases, indicating that they influence the regula-
tion of blood glucose (34–36). Our finding
provides additional context to these reports,
suggesting that gd T cells may contribute to
these pathologies through direct regulation of
glucose uptake in the intestine. The relative
contributions of antigen recognition by the gd
TCR and recognition of other signals such as
butyrophilins to the tissue homeostatic func-
tion of gd T cells is an important area for
future study that could be aided by identifi-
cation of gd TCR antigens, which have largely
remained elusive (37–39).
Our finding that IL-22 can regulate carbohydrate-

handling machinery accords with recent re-
ports of its role in the regulation of lipid uptake
machinery in the small intestine (40–42). To-
gether, these findings may help to link the
demonstrated role of IL-22 in organismal
metabolism to its function in intestinal epi-
thelial homeostasis and raise the possibility
that IL-22 may mediate its effects on metab-
olism in part through its action on intestinal
epithelial cells (23–26, 40, 41). This has large
implications for understanding the link between
intestinal function andmetabolic homeostasis, as
well as for current efforts to apply IL-22 as a
therapeutic for intestinal injury and metabolic
disease. Additionally, IL-22 induction through
continuous exposure to enteropathogens may
contribute to diseases of nutrient malabsorption,
as occurs in environmental enteropathy (43).
Together with recent studies of intestinal re-

sponse to helminth, bacterial, and protozoan

infections (14–18, 20), our work suggests that
epithelial cell–lymphocyte circuits and epi-
thelial remodeling may be general features of
adaptability to environmental change in this
tissue. Our observation that nutrient uptake
can be regulated by lymphocyte control of
cytokine production links the regulation of
nutrient uptake to the regulation of barrier
defense. The finding that shared machinery
can regulate both of these crucial functions in
the small intestine may help explain how this
tissue adjusts the balance between defense and
nutrient uptake in the face of constant envi-
ronmental change. Whether nutrient uptake
can be regulated by other intestinal lympho-
cytes and cytokines in response to different
environmental signals is an intriguing ques-
tion for further investigation.

Materials and methods
Animals

All animal experiments were performed in ac-
cordance with institutional regulations after
protocol review and approval by YaleUniversity’s
Institutional Animal Care and Use Committee.
The following strainswere obtained from Jackson
Laboratories: C57BL/6J (stock no. 000664),
Tcrd−/− (stock no. 002120), Tcrb−/− (stock no.
002118), Il22−/− (stock no. 027524).Rag2−/−mice
were provided by D. Schatz (Yale University),
Tcrd-GFP mice were provided by D. Mucida
(Rockefeller University), Trpm5−/− mice were
provided by W. Garrett (Harvard University),
and Pou2f3−/−mice were provided by C.Wilen
(Yale University). Germ-free C57BL/6mice were
bred andmaintained in Class Biologically Clean
isolators. Dietary interventions and other exper-
imental procedures were performed in micro-
isolator cages (Isocage P; Techniplast). Females
aged 7 to 12weekswere used for all experiments
and were euthanized by cervical dislocation
at ZT8.
For antibody treatment experiments, animals

were injected intravenously with 500 mg of anti-
Thy1 (clone 30H12; BioXCell #BP0066) or anti-
keyhole lymphocyanin isotype control (clone
LTF-2; BioXCell #BP0090); or 200 mg anti-TCRb
(clone H57-597; BioXCell #BE0102), anti-TCRgd
(cloneUC7-1365: BioXCell #BE0070), or Armenian
hamster isotype control (BioXCell #BE0091)
on days −1, 0, 2, and 4 of each experiment.

One hundredmicrograms of anti-IL-22 (clone
IL22JOP; ThermoFisher #16-7222-82) or Rat
IgG2a isotype control (clone eBR2a; Thermo-
Fisher #16-4321-82)was injected intraperitoneally
on days 0, 2, and 4 of each experiment.
SGLT1 inhibitor phloridzin (SigmaAldrich)

was administered subcutaneously every 12 hours
for the duration of each experiment. Animals
received 5 mg of phloridzin or vehicle (10%
EtOH, 15% DMSO, 75% PBS) per injection.
Acarbose (Cayman Chemical Co) was admin-
istered by daily gavage for the duration of the
experiment. Animals received 25 mg acarbose
or PBS per treatment. To quantify glucose
uptake, animals were fasted for 4 hours and
then administered 30 mg of D-glucose by
gavage. Blood glucose was measured every
5 min following injection using a OneTouch
handheld glucometer. For metabolic cage ex-
periments, animals were individually housed
in Promethion High-Definition Multiplexed
Respirometry Cages (Sable Systems Interna-
tional). After 3 days of acclimatization, spe-
cial diets were introduced, and animals were
monitored for VO2 and VCO2 for 5 days. Pu-
rified, specialized animal dietswere purchased
from Envigo. Diet ingredients and nutritional
information are summarized in table S5. Diets
were sterilized by irradiation.

Epithelial cell and lamina propria isolation
(for qPCR and flow cytometry)

Single-cell suspensions of small intestine epi-
thelium and lamina propria were prepared as
described (44). Briefly, the small intestine was
isolated and opened longitudinally. Its contents
were then rinsed in PBS following removal of
Peyer’s patches. The tissue was then cut into
2-3-mm segments and incubated in RPMI
media (ThermoFisher) containing 5mMEDTA,
145 mg/ml DTT, and 3% FBS at 37°C with 5%
CO2 for 20 min with agitation. Pieces of intes-
tine were then washed in RPMI containing
2 mMEDTA to separate the epithelial fraction.
Epithelial cell RNA was isolated from this
fraction. In cases where IELs were stained,
the epithelial fraction was subjected to 30%
Percoll density gradient by centrifugation (Sigma
Aldrich). Lamina propria digestion was per-
formed using 100 mg/ml Liberase (Roche) and
500 mg/ml DNAse (Sigma Aldrich) in RPMI
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Fig. 3. gd T cells are required for induction of carbohydrate transcrip-
tional program. (A) Expression of the carbohydrate transcriptional program
in small-intestine organoids cultured with indicated varying concentrations of
glucose. (B to E) Expression of the carbohydrate transcriptional program in
small-intestine epithelial cells from mice fed high-carbohydrate diet under
indicated genotypes and treatment conditions. (F) Heatmap showing fold
changes in transcript levels in LP or IEL gd or ab T cells isolated from the
small intestine of mice fed a high-carbohydrate or high-protein diet. Genes
were grouped by means of K-means clustering and functionally analyzed with
DAVID (54). Full gene lists are available in table S3 (n = 3 or 4 mice per
group). (G) Transcriptomic reprogramming of gd T cells in LP. Violin plots

show the changes in RNA expression between high-carbohydrate and high-
protein diets. The plots were scaled with the same area. The white dot
indicates the median. (H) Representative images of cleared ileal tissue from
Tcrgd-GFP mice fed a high-carbohydrate or high-protein diet. Dotted lines
indicate the border used to delineate the IEL from LP regions. gd T cells
are pseudocolored red. Scale bar, 100 mm. (I) Quantification of LP and
IEL gd T cells from cleared tissue images. n = 3 or 4 mice per group. Data
represent mean ± SEM. P values in (A) to (E) were calculated by means of
Student’s t test. *P < 0.05, **P < 0.01. Data are representative of at least two
independent experiments, except in (F) and (G), which represent a single
sequencing experiment.
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Fig. 4. gd Tcells regulate carbohydrate transcriptional program through the suppression of IL-22. (A) Il22
transcript expression in whole small intestine from wild-type or Tcrgd−/− mice fed a high-carbohydrate or high-protein
diet. (B) Representative intracellular cytokine staining and (right) quantification of IL-22 production in small-intestine
ILC3s from mice fed high-carbohydrate or high-protein diets. (C) (Left) Representative intracellular cytokine staining
and (right) quantification of retinoid-related orphan receptor–gT (RORgT) expression and IL-22 production in small-
intestine ILC3s from mice fed a high-carbohydrate diet and treated with antibody to TCRgd or isotype control.
(D) Frequency and (E) t-SNE plots showing epithelial subtypes in small-intestine organoids treated with IL-22 or control
media. (F) Expression of the carbohydrate transcriptional program in small-intestine organoids treated with indicated
concentration of IL-22. (G) Expression of the carbohydrate transcriptional program in small-intestine epithelium of
mice fed a high-carbohydrate or high-protein diet and treated with antibody to IL22 or isotype control. (H) Expression
of carbohydrate transcriptional program small-intestine epithelial cells isolated from IL-22–deficient mice fed a high-
carbohydrate diet and treated with antibody to TCRgd or isotype control. n = 3 or 4 mice per group. Data represent
mean ± SEM. P values [except in (E)] were calculated by means of Student’s t test. P values in (E) were calculated by
means of Dirichlet-multinomial regression. *P < 0.05, **P < 0.01, ****P < 0.0001. All data are representative of at least
two independent experiments, except (D) and (E), which represent a single sequencing experiment.
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for 30 min at 37°C with 5% CO2. Digested tis-
sue was sequentially strained through 70 mM
and 40 mM strainers, washed in RPMI contain-
ing 3% FBS, and cells stained for further anal-
ysis. Epithelial cells used for scRNAseq were
isolated as described (18). Small intestines were
isolated, opened longitudinally, and rinsed in
cold PBS. Two-millimeter tissue fragments
were incubated in 20 mM EDTA in PBS for
2-3 hours. The single-cell suspension was then
passed through a 40-mm filter and stained for
isolation by fluorescence-activated cell sorting
(FACS) (Astrios) for droplet-based scRNA-seq
(described below).

Flow cytometry

Single-cell suspensions were treated with anti-
CD16/32 (Fcblock) (ThermoFisher #14-9161-73)
and stained with ZombieYellow Fixable Live/
Deaddye (Biolegend #423104) and the following
antibodies at a concentration of 1 mg/ml except
where otherwise indicated: PE-Cy7-anti-CD326/
EpCAM(clone 9C4; Biolegend #118216), BUV395-
anti-CD45 (clone 30-F11; BDBiosciences #564279),
PE-anti-TCRgd (clone GL3; ThermoFisher #12-
5711-82), APC-anti-TCRb (clone H57-597; Bio-
legend #109212), PE-Cy7-anti-TCRb (clone H57-597;
Biolegend #109221), FITC-anti-CD90.2 (clone
30-H12; BD Biosciences 553012) at 2.5 mg/ml,
APC-anti-CD90.2 (clone 5302.1; ThermoFisher
17-0902-81), BV605-anti-CD4 (clone RM4-5;
Biolegend #100547), 7AAD (ThermoFisher
#V35123), anti-PE-anti-CD31 (clone 390; Thermo-
Fisher #12-0311-82), AlexaFluor 647-anti-IL-22 at
2 mg/ml (clone IL22JOP; ThermoFisher #17-7222-
80), PE-anti-RORgt at 2 mg/ml (clone B2D;
ThermoFisher #E14326-107). “Lineage” stain-
ing was performed using PE-Cy7-Streptavidin
at 0.5 mg/ml (ThermoFisher #25-4317-82) or
BV421-Streptavidin at 0.33 mg/ml (BD Biosciences
#563259)andthe followingbiotinylatedantibodies
at 1.67 mg/ml: anti-CD3 (clone 145-2C11; Thermo-
Fisher #13-0031-85), anti-CD5 (clone 53-7.3; BD
Biosciences #553018), anti-CD8a (clone 53-6.7;
ThermoFisher #13-0081-82), anti-CD19 (clone
1D3; BDBiosciences #553784), anti-CD11b (clone
M1/70; ThermoFisher #13-0112-85), anti-CD11c
(clone N418; ThermoFisher #13-0114-82), anti-
CD45R (clone RA3-6B; Biolegend #103204),
anti-CD49b (clone DX5; BD Biosciences #553856),
anti-F4/80 (clone BM8; ThermoFisher #13-4801-
85), anti-FcER1 (clone MAR-1; ThermoFisher 13-
5898-85), anti-Gr1 (clone RB6-8C5; ThermoFisher
#13-5931-85), anti-Nk1.1 (clone PK136; Thermo-
Fisher #13-5941-82), anti-Ter119 (clone TER-119;
ThermoFisher #13-5921-81). Stimulation and
intracellular cytokine staining were performed
as previously described (44). Cells were stimu-
lated for 2 hours at 37°Cwith 50 ng/ml phorbol
12-myristate 13-acetate (Sigma Aldrich) and
3.35 mM ionomycin (Cell Signaling Technologies)
in the presence of GolgiPlug (BD Biosciences).
Staining for intracellular cytokines and tran-
scription factors was performed using FoxP3/

Transcription Factor Staining Buffer Set (Thermo-
Fisher). Flow cytometry was performed using a
BD LSRII analyzer equipped with the following
lasers: 355 nm (UV), 405 nm (violet), 488 nm
(blue), and 633 nm (red). Data were analyzed
using FlowJoX (BD Biosciences). Gates were
drawn according to fluorescence minus one
(FMO) controls.

Cell sorting
For bulk T cell RNA-seq

Stained cells were sorted using a BD FACSAriaII.
Cells were gated on live, CD45+, EpCAM−, single-
cells, and sorted into TCRb+TCRgd− and TCRb−

TCRgd+ populations. Cells were collected in
RLT lysis buffer (Qiagen) containing 1% beta-
mercaptoethanol.

For plate-based scRNA-seq

Cells were sorted using parameters described
above. Single gd T cells were sorted into indi-
vidual wells of a 96-well plate containing TCL
lysis buffer (Qiagen) with 1% b-mercaptoethanol.
Immediately after sorting, plates were spun
down and frozen at−80°C until library preparation.

For droplet based scRNAseq

FACS (Astrios) was used to sort cells into
Eppendorf tubes containing PBS with 0.1%
BSA and stored on ice until library prepara-
tion. Cells were gated on live, single CD31−

Ter119− CD45−EpCAM+ cells.

qPCR analysis

Total RNA was purified from epithelial cells
usingDiretZol RNAMiniprep Plus Kit (Zymo).
Total RNA was purified from organoids using
RNEasy Plus Micro Kit (Qiagen). Total RNA
was quantified by NanoDrop (ThermoFisher)
and added to reverse transcriptase reaction
using SMART MMLV Reverse Transcriptase
(Takara Bio) according to the manufacturer’s
instructions. qPCRwas performedwith PerfeCTa
SYBR Green (Quanta Bio) using BioRad CFX96
platform. Expression was calculated relative to
Rpl13a. A list of primers is provided in table S6.

Intestinal organoid cultures

Crypts were isolated fromwhole small intestine
as follows. The small intestinewas extracted and
rinsed in cold PBS. The tissue was opened
longitudinally and sliced into small fragments
roughly 0.2 cm long. The tissue was incubated
in 20 mM EDTA-PBS on ice for 90 min, while
shaking every 30 min. The tissue was then
shaken vigorously and the supernatant was
collected as a fraction in a new conical tube.
Next, the tissue was incubated in fresh EDTA-
PBS and a new fraction was collected every
30 min. Fractions were collected until the
supernatant consisted almost entirely of crypts.
The final fraction (enriched for crypts) was
filtered through a 70-mm filter, washed twice
in PBS, centrifuged at 300g for 3 min, and

dissociated with TrypLE Express (Invitrogen)
for 1 min at 37°C. Following crypt isolation
from the whole small intestine of both male
and female mice, the single-cell suspension
was resuspended in Matrigel (BD Bioscience)
with 1 mMJagged-1 peptide (Ana-Spec). Roughly
300 crypts embedded in 25 ml of Matrigel were
seeded onto each well of a 24-well plate. Once
solidified, the Matrigel was incubated in 600 ml
culture medium (Advanced DMEM/F12, Invi-
trogen) with streptomycin–penicillin and gluta-
matax and supplemented with EGF (100 ng/ml,
Peprotech), R-Spondin-1 (600 ng/ml, R&D),
Noggin (100 ng/ml, Prepotech), Y-276432 di-
hydrochloridemonohydrate (10 mM, Tochris),
N-acetyl-1-cysteine (1 mM, Sigma-Aldrich), N2
(1X, Life Technologies), B27 (1X, Life Technol-
ogies), and Wnt3A (25 ng/ml, R&D Systems).
Fresh media was replaced on day 3 and or-
ganoids were passaged by dissociation with
TrypLE and resuspended in new Matrigel on
day 6 with a 1:3 split ratio.

Intravital imaging

The terminal ilea of live Tcrgd-GFP mice were
imaged as described previously (20). Animals
were anesthetized using isoflurane before sur-
gery and injected intravenously with Hoechst
dye. Ten minutes after induction of anesthesia,
animals were placed on a platform heated to
37°C. A small incision was made in the ab-
domen and a loop of terminal ileum was ex-
posed and opened longitudinally. The contents
were then removed. The platform was then
transferred to a FV1000MPETwinuprightmulti-
photon (Olympus) heated stage, and images
collected with time lapse of ±30 s with a total
acquisition time of 20 min.

Whole-mount tissue imaging

Imaging of terminal ileum and duodenum
was performed as previously described (20).
Tissues were isolated from TCRgd-GFP after
intravenous injection of Hoechst dye. Con-
tents were removed, and tissue was fixed in
4% PFA overnight at 4°C. Tissues were washed
in PBS and placed in FocusClear (Celeplorer
Labs Co) solution for 30 min at room temper-
ature. Samples were then mounted on 3D
printed slides, and imaging was performed
on an Olympus FV1000 upright microscope
with a 25X 1.05 NA Plan water-immersion
objective and a Mai-Tai DeepSee Ti-Sapphire
laser (Spectraphysics).

T cell imaging analysis

T cells located in the lamina propria (dense
nucleated area below epithelial basementmem-
brane) where manually counted with Fiji Cell
Counter, area scanned from each tissue was
509×509 mm over 41 z-stacks of 5-mm step size,
starting in the tip of the villus down to the
crypts. The total T cell count was performed
with Fiji TrackMate v5.1 (45) based on a cell
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size of 10 mm and GFP signal threshold of 1500
units over all z-planes. Total nucleated cells
were countedwith Fiji TrackMate v5.1 with cell
size of 10 mmand DAPI signal threshold of 500
units over all z-planes.

RNA FISH

An RNAscope Multiplex Fluorescent V2 (ACD,
323100) detection kit was used according to the
manufacturer’s instructions. Paraffin-embedded
sections were boiled in the target retrieval
solution at approximately 100°C for 15min
and incubated in Protease Plus solution at 40°C
for 15min. Probes for the following genes in
Mus musculus were used: Mm-Sis (573021),
Mm-Slc2a2-E11-C2 (439891-C2), andMm-Slc5a1-
C3 (468881-C3), and slides were stained with
DAPI. Images and z-stacks were acquired with
a 40X 1.3 NA oil immersion objective (Zeiss)
using a Zeiss LSM900 confocal microscope
withAiryscan 2 andZen software (Zeiss).When
indicated,maximum intensity projectionswere
generated using Zen.

Statistics

With the exception of sequencing analysis, all
statistical analyses were performed in GraphPad
Prism7. Statistical information is included in
figure legends.

Plate-based single-cell RNA-seq and analysis

Plate-based single cell RNA-seq was performed
as previously described (15). RNA-seq libraries
were constructed following SMART-seq2 pro-
tocol (46). RNA clean-up was performed using
RNACleanXP beads (Agencourt). Reverse tran-
scription was performed using Maxima H-
Reverse Transcriptase (ThermoFisher) followed
by whole transcription amplification (WTA)
using KAPA HiFi HotStart PCR ReadyMix
(KAPA Biosystems). Cleanup of WTA products
was performed using AMPure XP beads
(Agencourt). DNAquantificationwas performed
using a High Sensitivity DNA Qubit kit and
Qubit analyzer (Life Technologies). Fragment
sizes were assessedwith a high-sensitivity DNA
chip (Agilent). Indexing and library prepara-
tion was performed using the Nextera XTDNA
Library Prep Kit (Illumina). The libraries were
sequenced on Illumina NextSeq 500 (38×38 bp
paired-end run). A total of 1536 cells were
sequenced.
Nextseq 500 base call files were demultiplexed

into FASTQ files using bcl2fast2 (Illumina).
FASTQ files were used to quantify transcripts
for each single cell using kallisto (47) Transcript
TPMs for each gene were summed to obtain
gene level TPMs. Amatrix containing the TPMs
for each gene for each cell was used as input for
the single-cell RNA-seq analysis software pack-
age Seurat (48). Genes were excluded from the
analysis if they had the prefix “GM” or were
expressed in fewer than 10 cells. Cells were
included in the analysis if they had nonzero

TPMs for the Tcell associated genes Ptprc,
Cd3d, and Cd3e and expressed at least 1000
genes. After quality control, a total of 361 cells
were included in the analysis. Seurat was used
to classify cells into clusters and to determine
what marker genes defined the clusters. The
Seurat FindClusters function was run using a
resolution parameter of 0.6. t-SNE and Violin
Plots were created using Seurat.

Bulk RNA-seq and analysis

RNA was isolated from sorted T cells using
RNEasy Plus Micro Kit (Qiagen), and library
preparation performed using SMART-seq2 pro-
tocol as described above. RNAwas isolated from
epithelial cells usingDirectZol RNAMiniprep
Plus Kit with on-column DNAse digestion ac-
cording to the manufacturer’s instructions
(Zymo). Sequencing libraries were constructed
using Illumina TruSeq Library Prep Kit and
sequenced on Illumina NextSeq 500 (38×38 bp
paired-end run).
Sequencing reads were aligned to themm10

mouse transcriptome (GRCm38 ensembl; cDNA
and ncRNA) and quantified by Kallisto (v0.45.0)
with ak-mer index 25 and60bootstrapping (47).
The expression of transcript was calculated in
TPM (transcripts per million). When multiple
transcripts match to the same gene, the expres-
sion of the gene is calculated by summing the
TPM of all matched transcripts. TPMs of 3 to
4 biological replicates were averaged for each
sample. Statistical analyses for differentially
expressed genes were performed by Sleuth (49).

Droplet-based scRNA-seq and analysis

Single-cell suspensions were loaded onto
3′ library chips as per the manufacturer's
protocol for the Chromium Single Cell 3′ Li-
brary (V3) (10X Genomics; PN-120233). Briefly,
single cells were partitioned into Gel Beads in
Emulsion (GEMs) in the Chromium instrument
with cell lysis and barcoded reverse transcrip-
tion of RNA, followed by amplification, enzy-
matic fragmentation and 5′ adaptor and sample
index attachment. Each 10X channel contained
either one mouse or a pool of three mice for
each condition to account for variations be-
tween samples and were loaded on Chromium
Single Cell Platform. In addition, both the epi-
thelial fraction and the lamina propria fraction
were loaded to the same 10X channel with 7:1
ratio, receptively. An input of 10,000 single cells
per sample was added to each channel with a
recovery rate of approximately 5000 cells per
sample. Librarieswere sequenced on an Illumina
Nextseq.

Processing FASTQ reads into gene
expression matrices

Cell Ranger v2.0 and Cumulus v0.7.0 (50) were
used to demultiplex the FASTQ reads, align
them to the mm10 mouse transcriptome, and
to generate the feature-countmatrix for the cell-

hashing data, using the “cumulus_hashing_
cite_seq” workflow described in the Cumulus
documentation.
The output of this pipeline is a digital gene

expression (DGE)matrix for each sample, which
records the number of UMIs for each gene that
are associated with each cell barcode. As de-
scribed previously (51), DGE matrices were
filtered to remove low quality cells, defined as
cells in which fewer than 500 different genes
were detected. A total of 122,492 cells were
used for downstream analysis. To account for
differences in sequencing depth across cells,
UMI counts were normalized by the total number
of UMIs per cell and converted to transcripts-
per-10,000 (henceforth “TP10K”).

Cell clustering overview

To cluster single cells into distinct cell subsets,
we followed a previously outlined general pro-
cedure (15) with additionalmodifications. This
workflow includes the following steps: par-
titioning cells into epithelial, stromal, and im-
mune compartments, followed by clustering
the cells within each compartment, which en-
tails the selection of “variable” genes, batch
correction, dimensionality reduction (PCA),
and graph clustering. Each step of this work-
flow is detailed below.

Partitioning cells into epithelial, stromal,
and immune compartments

Cells were partitioned into epithelial, stromal,
and immune compartments based on the ex-
pression of known marker genes. First, we
clustered the cells by their gene expression
profiles (with the clustering procedure below).
The clusters were scored for the following gene
signatures: epithelial cells (Epcam, Krt8, and
Krt18), stromal cells (Col1Aa1, COl1a2, COl6a1,
COl6a2, Vwf, Plvap, Cdh5, and S100b), and
immune cells (Cd52, Cd2, Cd3d, Cd3g, Cd3e,
Cd79a, Cd79b, Cd14, Cd16, Cd68, Cd83, Csf1r,
and Fcer1g). Signature scores were calculated
as the mean log2(TP10K+1) across all genes in
the signature. Each cluster was assigned to
the compartment of its maximal score and all
cluster assignments were manually inspected
to ensure the accurate segregation of cells.
Finally, the cells within each compartment were
assembled into three DGEmatrices, comprising
all epithelial cells, all stromal cells, and all im-
mune cells. The epithelial cells were retained for
further downstream analysis.

Variable gene selection

To identify variable genes within a sample, we
first calculated the mean (m) and the coefficient
of variation (CV) of expression of each gene.
Genes were then grouped into 20 equal-
frequency bins (ventiles) according to theirmean
expression levels. LOESS regression was used to
fit the relationship, log(CV) ~ log(m), and the 1500
genes with the highest residuals were evenly
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sampled across these expression bins. To extend
this approach to multiple samples, we per-
formed variable gene selection separately for
each sample to prevent “batch” differences
between samples from unduly impacting the
variable gene set. A consensus list of 1500
variable genes was then formed by selecting
the genes with the greatest recovery rates
across samples, with ties broken by random
sampling. This consensus gene set was then
pruned through the removal of all ribosomal,
mitochondrial, immunoglobulin, and HLA
genes, which were found to induce unwanted
batch effects in some samples in downstream
clustering steps.

Batch correction

We observed substantial variability between
cells that had been obtained from different
mice, which likely reflects a combination of
technical and biological differences. In some
cases, these “batch effects” led to cells cluster-
ing first by mouse, rather than by cell type or
cell state.
To eliminate these batch differences, we ran

ComBat (52) with default parameters on the
log2(TP10K+1) expression matrix, allowing
cells to be clustered by cell type or cell state.
Importantly, these batch-corrected data were
only used for the PCA and all steps relying on
PCA (e.g., clustering, diffusion map, t-SNE
visualization); all other analyses (e.g., differ-
ential expression analysis) were based on the
original expression data.

Dimensionality reduction, graph clustering,
and t-SNE visualization

We ran low-rank PCA on the variable genes of
the batch-corrected expression matrix, chosen
as described above. We then applied Pheno-
graph (53) to the k-NN graph defined using
PCs 1 to 20 and k = 250, which was selected
through close inspection of the data. Finally,
the Barnes–Hut t-distributed stochastic neigh-
bor embedding (t-SNE) algorithm was run on
the PCs with perplexity = 20 and for 1000
iterations to produce two-dimensional embed-
dings of the data for visualization.

Identifying statistically significant
differences in cell proportions

A major concern with the comparison of cell
proportions in scRNA-Seq data are that they
are not independent of each other. Because all
proportions sum to 1, an increase in the pro-
portion of one cell subset will necessarily lead
to a decrease in the proportions of other cell
subsets. To account for these dependencies, we
used aDirichlet-multinomial regressionmodel,
which tests for differences in cell composition
between conditions (e.g., high-carbohydrate
diet versus high-protein diet), while account-
ing for the proportions of all of the other cell
subsets.
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