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Ketogenesis activates metabolically protective Y6
T cells in visceral adipose tissue

Emily L. Goldberg'? Irina Shchukina3, Jennifer L. Asher’, Sviatoslav Sidorov', Maxim N. Artyomov ©3

and Vishwa Deep Dixit"**

Ketone bodies are essential alternative fuels that allow humans to survive periods of glucose scarcity induced by starvation
and prolonged exercise. A widely used ketogenic diet (KD), which is extremely high in fat with very low carbohydrates, drives
the host into using p-hydroxybutyrate for the production of ATP and lowers NLRP3-mediated inflammation. However, the
extremely high fat composition of KD raises the question of how ketogenesis affects adipose tissue to control inflammation
and energy homeostasis. Here, by using single-cell RNA sequencing of adipose-tissue-resident immune cells, we show that KD
expands metabolically protective y8 T cells that restrain inflammation. Notably, long-term ad libitum KD feeding in mice causes
obesity, impairs metabolic health and depletes the adipose-resident y6 T cells. In addition, mice lacking y6 T cells have impaired
glucose homeostasis. Our results suggest that v T cells are mediators of protective immunometabolic responses that link fatty

acid-driven fuel use to reduced adipose tissue inflammation.

switch to fatty acid metabolism whereby the host produces

and uses ketone bodies to meet energetic demands. The KD
is an extremely high-fat, very low-carbohydrate diet in which ~90%
of calories come from fat and <1% of calories from carbohydrate,
thus limiting glucose availability and forcing this metabolic adapta-
tion towards fatty acid oxidation. Despite its very high caloric den-
sity, the consumption of KD is linked to weight loss and improved
metabolic health in obese individuals"* and reduced inflammation
in mouse models*™. In contrast, it is established that caloric excess,
especially the high-fat, high-carbohydrate western-type diet, is the
main cause of obesity and its associated chronic inflammatory dis-
eases. Obesity is a growing global epidemic that is associated with
increased risk of numerous chronic diseases, including stroke and
cardiovascular diseases, diabetes and certain cancers®. According
to the World Health Organization, nearly 2 billion people world-
wide are overweight and approximately one-third of these individu-
als are obese’. Thus, weight-loss diets, including KD, that force the
host to be driven into fatty acid oxidation and production of ketone
bodies represent a potential strategy to alleviate obesity-associated
diseases. It is, however, unclear how a calorically rich KD affects
adipose tissue inflammation.

Visceral adipose tissue contains a unique compartment of resi-
dent leukocytes that help maintain energy homeostasis but can
also cause inflammation during chronic caloric excess®. Notably,
in obese visceral fat the adipose-resident immune cell composi-
tion skews towards increased proportions of pro-inflammatory cell
types such as effector T cells and pro-inflammatory macrophages.
The influx of pro-inflammatory cells overwhelms the resident cells
present in adipose tissue in lean animals that typically maintain tis-
sue homeostasis’"*. This accumulation of pro-inflammatory leuko-
cytes facilitates systemic inflammation leading to loss of metabolic
homeostasis.

We have previously identified the NLRP3 inflammasome as a key
driver of obesity-related inflammation and disease'®. The NLRP3
inflammasome is a carefully regulated cytosolic innate immune

D iets with limited carbohydrate content induce a metabolic

sensor expressed in innate immune cells that provides a scaffold
for caspase 1 activation, enabling cleavage and secretion of IL-1f
and IL-18. Elevated NLRP3-dependent caspase 1 activation can be
detected in visceral white adipose tissue of obese mice, and Nirp3~~
mice are protected from obesity-induced inflammatory diseases
including glucose intolerance and hepatic steatosis'®. These findings
collectively highlight the NLRP3 inflammasome as a critical driver
of adipose tissue inflammation during obesity.

The ketone body B-hydroxybutyrate (BHB) inhibits NLRP3
inflammasome activation*", thereby linking innate immunity
and metabolism. Ketogenesis canonically occurs in the liver and is
induced when glucose becomes limited, for example during fast-
ing, or when consuming a very low-carbohydrate diet such as the
KD'. Hepatocytes lack the required enzyme for ketolysis, 3-oxo-
acid coenzyme-A-transferase 1 (Oxct1, SCOT), which allows ketone
bodies to be transported in the blood to other essential tissues such
as the brain, heart and skeletal muscle for oxidation and generation
of ATP. KD has been used clinically for decades to relieve seizure
burden in some drug-refractory epilepsy patients'” and was recently
demonstrated to increase median lifespan and improve cognitive
function in old mice’*”'. Improvements in lifespan and healthspan
by KD fits well with our recent findings that the ketone body BHB
inhibits the NLRP3 inflaimmasome in macrophages and neutro-
phils*", which we have previously linked to age-related inflamma-
tion and disease’>”. Similarly, macrophages are capable of directly
oxidizing ketone bodies such as acetoacetate, and this is important
for protection against high-fat-diet-induced liver fibrosis*. These
non-canonical functions of ketone bodies highlight an important
and previously unappreciated node in immune-metabolic regula-
tion of inflammation.

Because of its inhibitory effects on NLRP3 activation we won-
dered how KD feeding would affect visceral adipose tissue inflam-
mation. Here, we report that short-term KD feeding improves
metabolic control and activates a subset of tissue-resident yd
T cells. Transcriptomic analyses indicate that KD activates gene
signatures supporting a role for tissue repair and homeostasis in
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adipose-resident y3 T cells. Conversely, long-term continuous KD
feeding depletes yd T cells, induces obesity and glucose intolerance,
and consistent with these data, yd T cell-deficient mice exhibit even
worse metabolic outcomes. Overall our findings underscore the
importance of adipose-tissue-resident y8 T cells in maintenance of
inflammation and homeostasis.

Results

KD acutely improves glycaemia and increases fat mass. We
began by assessing the physiologic response to short-term (1 week)
KD feeding. As noted in previous studies””* KD feeding in mice
reduced non-fasting blood glucose levels, which mimicked the phe-
notype of fasting blood glucose levels (Fig. 1a). KD also elevated
circulating BHB, and there was no additive effect of KD + fasting on
BHB levels (Fig. 1b). Despite no net change in body weight (Fig. 1¢),
we did observe a modest but consistent increase in fat mass after
only 1week of KD feeding (Fig. 1d). In agreement with our previous
findings*", 1 week of KD feeding significantly reduced Nirp3 gene
expression in epididymal fat (Efat), and Il1b expression tended to
be lower in Efat of KD-fed mice (Fig. 1e). KD represents a unique
metabolic paradox in that it is extremely high in fat but promotes
fatty acid oxidation to generate ATP. We found that KD increased
expression of Oxct1, the rate-limiting enzyme in ketolysis and Cptla
(carnitine palmitoyltransferase I), a mitochondrial membrane
enzyme that permits long-chain fatty acid entry into the mitochon-
dria for oxidation (Fig. 1d). Induction of fatty acid metabolism
genes is generally associated with improved metabolic homeostasis,
despite our observation that whole-body fat mass was increased.
Taken together these data indicated that 1week of KD feeding
improves glycaemia and increases expression of genes associated
with fatty acid and ketone oxidation in Efat.

KD alters the adipose-resident immune compartment. Consider-
ing that adipose-resident immune cells regulate tissue homeostasis
and systemic inflammation, and that ketone bodies can regulate
immune cell function, we next wondered how KD affected the
adipose immune compartment. To broadly assess this, we performed
single-cell RNA sequencing (scRNA-seq) on exclusively tissue-
resident haematopoietic cells in Efat after 1 week of chow or KD
feeding. Tissue-resident cells were identified by intravenous (i.v.)
labelling to exclude all circulating cells by fluorescence-activated
cell sorting (FACS) before sequencing (Fig. 2a). We confirmed
visually by two-photon microscopy that i.v. labelling is detected even
in the microvasculature of the visceral adipose tissue, increasing
the confidence that our analysis broadly captured all true tissue-
resident CD45* cells (Fig. 2b).

The scRNA-seq of resident CD45* cells yielded data for 4,458
and 5,559 cells from chow (n=4 mice pooled) and KD (n=3 mice
pooled) groups, respectively, with the mean number of reads per
cell over 120,000 for both samples (Extended Data Fig. 1). Data
from chow and KD groups were pooled together to identify sub-
populations within the captured cells. Thirteen clusters were found
by a graph-based algorithm (Fig. 2c). Using known cell-type mark-
ers we identified macrophages (clusters 3, 8), T cells (clusters 2, 7,
11), natural killer cells (NK, cluster 1), NKT cells (cluster 4), B cells
(cluster 9), innate lymphoid cells (cluster 0), adipose-resident den-
dritic cells (DCs, clusters 5, 6) and migratory dendritic cells (cluster
12). Expression patterns of selected markers are shown in Fig. 2d,e
and Extended Data Fig. 2a. Cluster 10 represents proliferating cells
of mixed lineages (Extended Data Fig. 2b,c).

Side-by-side comparison of chow and KD samples revealed dra-
matic changes both in overall cellular composition and transcrip-
tional states of individual cell subtypes (Fig. 3a,b). In agreement
with our previous findings that BHB inhibits pro-inflammatory
macrophages, we observed pronounced loss of these cells (clusters 3
and 8) in the Efat of KD-fed mice (Fig. 3b). In agreement with our

NATURE METABOLISM

earlier results (Fig. le) and previous findings'’, scRNA-seq analy-
sis revealed global reduction in Il1b expression (Fig. 3c) as a con-
sequence of this macrophage loss (Fig. 3d and Extended Data Fig.
2d). The down-regulation of Nirp3 gene expression after 1week of
KD feeding (Fig. 1d) may also be linked to this reduction of mac-
rophages as clusters 3 and 8 show the most pronounced ‘NLRP3
inflammasome’ pathway gene signature (Fig. 3¢). Both natural killer
cells and innate lymphoid cells exhibited dramatic transcriptional
shifts (Fig. 3a) but we were particularly struck by the combined
transcriptional and numerical changes in adipose-resident B and
T cell subsets (clusters 9, 2 and 11), which all approximately dou-
bled after 1 week of KD feeding (Fig. 3b). Although they are a rela-
tively small population, the increase in yd T cells (cluster 11) by KD
(Fig. 3b) piqued our curiosity due to their recently reported role in
regulating adipose tissue thermogenesis.

Adipose 70 T cells are uniquely tissue-resident. We verified the
expansion of yd T cells observed in the scRNA-seq data by multi-
colour flow cytometry of the stromal vascular fraction of digested
Efat (Fig. 4a,b). These analyses also confirmed the loss of adipose
tissue macrophages and a loss of eosinophils that were not explicitly
identified in the scRNA-seq clustering, but no significant change in
T,cells (Extended Data Fig. 3). Ketogenesis and the 5 T cell expan-
sion were both independent of NLRP3 and FGF21 (Extended Data
Fig. 4), a pro-longevity peroxisome proliferator-activated receptor
o (PPARa)-dependent hormone induced during ketogenesis®®*.
Intravascular labelling revealed that nearly 100% of yd T cells
were tissue-resident, which was notable compared to other CD3*
cells and B cells (Fig. 4c,d). In addition, these data revealed that
in healthy adipose tissue, neutrophils (CD11b*Ly6G™) are present
in the vasculature and are not tissue-resident (Fig. 4d). Parabiosis
experiments also confirmed that, compared to yd T cells in the
spleen, bone marrow and lungs, which exhibited nearly 50% chi-
merism, Efat y8 T cells were uniquely tissue-resident, with nearly
0% chimerism (Fig. 4e,f). These data also indicated that yd T cells
do not passively migrate into visceral adipose tissue in adult mice.
Phenotypic characterization of the Efat yd T cells identified that
1week of KD preferentially expanded the CD44*CD27y8 T cell
subset (Fig. 4g), which has previously been identified as IL-17-
producing y5 T cells?”** although we did not observe an increase
in IL-17-competent y8 T cells (Fig. 4h). These data highlight the
unique tissue-residence of yd T cells in visceral adipose tissue that
were expanded by 1week of KD feeding.

KD enhances y8 T cell gene signatures associated with adipose
remodelling. Whole-mount tissue imaging revealed that yd T cells
are dispersed throughout visceral adipose tissue (Fig. 5a) and not
present within a specific neural or lymphoid niche. To gain further
insight into the function of adipose yd T cells we compared their
transcriptional profiles after 1week of chow versus KD feeding.
scRNA-seq analysis is restricted to only the most highly expressed
genes (on average ~1,500 per cell), thus limiting our ability to com-
pare rare populations such as y8 T cells. To overcome this limi-
tation, we performed whole-transcriptome analysis on bulk yd
T cells sorted from the Efat of chow- and KD-fed mice (Fig. 5b
and Extended Data Fig. 5a). Gene set enrichment analysis (GSEA)
indicated that KD feeding enriched pathways in adipose yd T cells
associated with extracellular matrix remodelling and tissue homeo-
stasis including ‘extracellular matrix organization, ‘semaphorin
interactions, ‘extracellular matrix receptor interactions’ and ‘core
matrisome’ (Fig. 5d and Supplementary Table 1). Of note, secre-
tion of extracellular matrix components has been implicated in the
pro-inflammatory and deleterious senescence-associated secretory
phenotype (SASP)-like phenomenon®! but we observed significant
down-regulation of genes previously reported to confer a SASP-like
phenotype® (Extended Data Fig. 5b, P=0.027). RNA-seq analysis
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Fig. 1| Metabolic response to 1week of KD feeding. a,b, Fasting and non-fasting (a) blood glucose and (b) BHB levels after 1Tweek KD (n=6) versus
chow (n=5) feeding. Statistical differences were calculated by two-way ANOVA with Sidak’s correction for multiple comparisons. ¢,d, Net body weight
change (¢) and total fat mass (d) before and after 1Tweek KD (n=5) versus chow (n=5) feeding. Statistical differences were calculated by paired two-
tailed Student's t-test. e, Inflammatory and metabolic gene expression in total Efat. Data are pooled from two independent experiments for a total of
n=10 chow and n=9 KD samples. Statistical differences were calculated by two-tailed unpaired t-test for each gene. a-d are representative of at least
three independent experiments. For all graphs, each dot represents an individual mouse. Data are represented as mean +s.e.m. Exact P values are shown

whenever possible, ****P < 0.0001.

identified 65 significantly differentially regulated genes (false dis-
covery rate (FDR) 5%, abs(log,fold change (FC))>0.75) in Efat y3
T cells from KD- versus chow-fed mice, with 45 up-regulated and 20
down-regulated genes (Fig. 5c and Extended Data Fig. 5a). Several
genes induced by KD, including S1pr1, Itgae and Lgals3, were related
to cell trafficking, migration and adhesion. Transcriptome analysis
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also indicated that KD increased y& T cell expression of Cptla
(Extended Data Fig. 5a), the enzyme required for transport of long-
chain fatty acids into the mitochondria for oxidation. In contrast,
although yd T cells express ketone metabolism enzymes, these were
not induced by KD feeding (Fig. 5f). Together these data suggested
that adipose-resident yd T cells are already primed for adipose
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Fig. 2 | Characterization of tissue-resident CD45* cell populations in Efat by scRNA-seq. a, Schematic depicting cell sorting strategy to isolate tissue-
resident haematopoietic cells in visceral adipose tissue. b, Two-photon microscopy showing i.v.-labelled CD45* cells in Efat, scale bar, 200 um. Insets
highlight (i) microvasculature; scale bar, 50 um and (ii) larger blood vessels within visceral adipose tissue; scale bar, 50 um. Vasculature is visualized in red
using a global membrane-Tomato reporter mouse, i.v.* (circulating, non-resident) cells are shown in green after i.v. injection of anti-CD45.2-A488. Images
are representative of two independent experiments. ¢, t-SNE plot of tissue-resident (i.v.”) CD45* cells from Efat. Clustering is based on merged analysis of
chow- and KD-fed mice. d, t-SNE plot as in ¢, displaying expression of selected lineage marker genes. e, Heat map of normalized gene expression values
of selected genes to identify major lineages. For c-e, expression values were obtained by pooling data from chow and KD samples (each containing n=4
chow and n=3KD pooled biological samples into one technical sample for each diet).

tissue remodelling and that activation of these tissue-protective cells
may contribute to the physiological effects of KD.

Prolonged ad libitum KD promotes obesity and adipose inflam-
mation. We were intrigued that short-term KD improved glycae-
mic control yet increased overall fat mass (Fig. 1d) and wondered
how long-term KD feeding would affect metabolic health. After
2-3months of ad libitum KD feeding, mice gained significantly
more weight compared to chow-fed controls (Fig. 6a) and exhib-
ited elevated fasting blood glucose (Fig. 6b). KD-fed mice remained
ketogenic (Fig. 6c) despite exceptional weight gain. Obesity in

KD-fed mice was driven by excessive whole-body fat accumulation
(Extended Data Fig. 6a—c) including in the liver (Extended Data
Fig. 6d,e). Analysis of insulin-induced AKT phosphorylation
in the livers of long-term KD-fed mice revealed an inverse rela-
tionship of weight gain/adiposity to insulin action (Extended Data
Fig. 6f). Collectively, all these obesity-related phenotypes were
associated with impaired glucose tolerance (Fig. 6d). When we
assessed changes in the adipose immune compartment of these
mice (Extended Data Fig. 6g) we found increased macrophages
(Fig. 6e) and reduced y8 T cells (Fig. 6f). Of note, y8 T cells were
previously reported to be depleted in blood of obese humans®
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Fig. 3 | KD alters the adipose-resident immune compartment. a, t-SNE plots (top) and bar charts (bottom) showing adipose-resident CD45* populations
from chow-fed or KD-fed mice. b, Bar chart showing population fold-changes in relative abundance of each cluster induced by 1week of KD feeding
compared to chow-fed mice. ¢, Violin plots of //1b expression within all cells from each group. P value was calculated using two-sided Mann-Whitney
U-test. Overlaid box plots show median and 25th-75th percentiles; whiskers extend no further than 1.5x IQR from either upper or lower hinge, as described
in Methods. d, t-SNE plots as in a displaying expression of //1b overlaid in red across all populations. e, t-SNE plot as in a showing average z-scores of genes
in the NLRP3 pathway. For a-e, data represent a single technical sample for each diet group, generated by pooling n=4 chow and n=3 KD independent
samples before sequencing.

and in the skin of genetically obese mice*. In agreement with the (Fig. 6g-i). Together these data indicate that long-term ad libitum
KD-induced obesity and insulin resistance, we found increased KD feeding in mice promotes obesity-related inflammation and loss
expression of pro-inflammatory genes Mcpl, Tnfa and IlIb  of glycaemic control.
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Fig. 4 | v8 Tcells in visceral fat increase in response to KD and are uniquely tissue-resident. a, Representative FACS plots of yd T cells from visceral fat
after Tweek of of chow versus KD feeding. Representative of at least three independent experiments. b, Quantification of y8 T cells in visceral adipose
after Tweek of KD (n=5) versus chow (n=4) feeding. Statistical differences were calculated by two-tailed unpaired t-test. ¢, Cartoon and representative
FACS plot of intravascular labelling, gated on total live CD45* cells in visceral adipose tissue. Data are representative of n=4 independent experiments.
d, Quantification of frequency of selected cell subsets identified as tissue-resident in visceral adipose tissue. Statistical differences were calculated by
one-way ANOVA with Dunnet's correction for multiple comparisons to compare each cell population to the CD3* y3 T cells. e, Cartoon and representative
FACS plot of y8 T cell chimerism in visceral adipose tissue 2 weeks after parabiosis. Gating here is shown within live CD45* CD3* y8 TCR+ CD11b~ B220-
CD8- CD4- cells. f, yd T cell chimerism in lymphoid and adipose tissues 2 weeks after parabiosis surgery. One-way ANOVA with Dunnet's correction

for multiple comparisons was used to determine whether each indicated population was statistically different from 50% chimerism. For e f, data were
collected from four parabiotic pairs, for a total of n=8 mice analysed. Data are representative of two independent experiments with similar results.

g, Representative FACS gating and quantification of CD44 and CD27 expression on visceral adipose tissue y8 T cells after Tweek of chow (n=4) or

KD (n=5) feeding. Statistical differences were calculated by two-tailed unpaired t-test. Data are representative of two independent experiments.

h, Quantification of IL-17-producing y8 T cells in visceral adipose tissue after stimulation with PMA +ionomycin in chow (n=5) versus KD-fed (n=6)

mice. Statistical differences were calculated by unpaired two-tailed t-test. Data are representative of two independent experiments. For all graphs, data are
represented as mean +s.e.m. and exact P values are shown.

Glycaemia is further impaired by chronic KD feeding in mice adipose tissue are activated by KD and might have important roles
lacking v T cells. The enrichment of extracellular matrix pathways  in adipose tissue remodelling and homeostasis. To test this hypothe-
in adipose yd T cells (Fig. 5d,e) suggested that y8 T cells in visceral sis, we fed KD to both wild-type (WT) and Tcrd~~ mice, which lack
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Fig. 5 | RNA-seq from bulk-sorted adipose v T cells reveals KD induces tissue-protective gene signatures in v T cells. a, Confocal microscopy image of
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and visualized in white. Scale bar, 250 um. Data are representative of n=4 individual mice from one experiment. b, Experimental design for bulk RNA-seq
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Efat after Tweek of KD feeding. Increased expression indicates increases induced by KD feeding. d, GSEA of top five significantly up-regulated and top
five significantly down-regulated pathways in Efat y8 T cells between chow-fed and 1week KD-fed mice. Increased expression indicates increases induced
by KD feeding. e, GSEA enrichment curves for the extracellular matrix organization pathway (reactome). f, Expression of ketone metabolism genes in
adipose tissue yd T cells, Tweek KD. Data were extracted from RNA-seq analysis (n=3 chow and n=3KD samples each containing n=2 pooled biological

replicates) and are represented as mean + s.e.m.

¥d T cells. Both WT and Tcrd~~ mice gain weight similarly during
KD feeding (Fig. 6j) and had similar body fat and lean mass compo-
sition (Extended Data Fig. 7a,b). Although Tcrd~~ mice tended to
have slightly elevated fasting blood glucose after 1 week of KD (Fig.
6k) their overall glycaemic control was not compromised (Fig. 61).
However, after prolonged KD feeding (2-3 months) Tcrd”~ mice
had significantly higher fasting blood glucose (Fig. 6m), further
impaired glucose tolerance (Fig. 6n), but unremarkable changes in
insulin sensitivity (Extended Data Fig. 7c,d) compared to WT mice
on long-term KD feeding. Moreover, we noted increased macro-
phages in the adipose tissue of yd T cell-deficient mice (Fig. 60).
It was previously reported that yd T cells help recruit T,cells to

reg
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adipose tissue”’. Indeed, Tcrd™~ mice also had fewer T,cells in vis-
ceral adipose (Fig. 6p), which is associated with increased inflam-
mation and metabolic dysregulation®. Tcrd~~ mice also contained
increased proportion of adipose tissue B cells but all other aspects
of their adipose immune compartment were similar to WT mice
(Extended Data Fig. 7e,f), thus supporting a hypothesis that y&
T cells are an important orchestrator of protective adipose tissue
remodelling and homeostasis.

Discussion
The acute metabolic benefits of KD are well-documented. The pre-
vailing dogma is that KD activates a metabolic switch from glucose
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metabolism towards fatty acid oxidation, engaging mitochondrial
metabolic programming. This metabolic state is associated with
numerous health benefits including extended longevity and reduced
inflammation. Accordingly, KD is reported to extend lifespan in
mice*®”' and BHB increases lifespan in Caenorhabditis elegans™.
BHB itself has potent signalling capabilities, including HDAC inhi-
bition’, posttranslational B-hydroxybutyrlation modifications on
lysine residues’ and biophysical inhibition of NLRP3 inflamma-
some assembly*", which are independent of metabolic changes dur-
ing KD feeding. There are therefore numerous mechanisms through
which KD might influence metabolic health and overall physiology.

While KD has gained public popularity for promoting weight
loss, our data also clearly indicate that in mouse models increased
fat storage is simultaneously induced as early as 1week after ini-
tiating KD feeding. This upregulation of fat accumulation ulti-
mately leads to obesity and loss of glycaemic regulation after several
months of ad libitum KD feeding in mice. Our findings are in agree-
ment with a previous report that long-term KD caused hepatic lipid
accumulation and glucose intolerance’”***, although these authors
did not observe weight gain in their mice. Our findings are in con-
trast with those from another study that reported stable weight loss
with increased energy expenditure after 12 weeks of KD feeding®.
This difference in body weight may have occurred because the KD
diets used in these studies contained only 4.5% of calories from pro-
tein whereas ours contained 10.4%. Recent studies in which humans
were fed isocaloric KD for 4weeks in an inpatient environment
showed that switching to KD actually increased C-reactive protein
and that baseline weight changes influenced glucose parameters®.
Thus, further controlled clinical studies are needed to fully dissect
the effects of KD on adiposity and inflammation.

Given our previous findings that KD inhibits NLRP3 activa-
tion*"” and that NLRP3 is an important driver of obesity-related
inflammation'® we were surprised to find such dramatic obesity and
glycaemic dysregulation in KD-fed mice. Although KD-induced
weight gain had been previously reported® and is due to excess
caloric intake?!, these experiments were performed in middle-aged
and old mice (124 months), which have impaired ketogenesis com-
pared to young mice’'. The simultaneous induction of divergent
metabolic processes such as fat breakdown occurring in the pres-
ence of increased fat storage is of high physiological importance and
deserves further scientific attention. Additionally, what determines
how different cells respond to a given metabolic manipulation, even
in the same tissue, has important systemic implications that are not
currently understood. These open questions are particularly rele-
vant given the recent findings that BHB can be produced from non-
canonical sources such as adipocytes* and intestinal stem cells*’ to

regulate local biological functions and that macrophages use aceto-
acetate to protect against liver fibrosis*.

vd T cells are a unique subset of T cells that rely on T cell recep-
tor (TCR) signals for development, but, in contrast to ap T cells, not
all yd T cells require TCR activation in the periphery*. Instead, Y3
T cells express cytokine receptors and pattern recognition recep-
tors that stimulate rapid activation and secretion of cytokines. These
innate-like T cells are most well known for their antimicrobial func-
tions in barrier tissues including skin, lung and intestine*>*. In con-
trast, homeostatic roles of yd T cells, especially in adipose tissue,
are less-studied. Although comprising only a small percentage of
the tissue-resident immune cells in visceral adipose (~5% of live
CD45* cells), they are almost exclusively tissue-resident with >95%
of y8 T cells remaining resident and non-circulating. This level of
residence in adipose tissue is higher than more canonical adipose-
resident cells such as macrophages, which have long been regarded
as regulators of tissue homeostasis and inflammation in lean versus
obese states. Contradictory findings in high-fat-diet-induced obe-
sity have indicated both protective’” and deleterious’** functions
of y8 T cells in visceral adipose tissue. In an unbiased single-cell
sequencing experiment, we discovered that KD-induced expan-
sion of yd T cells in visceral adipose tissue. Expansion of these cells
was accompanied by transcriptional programming changes associ-
ated with enrichment of tissue-reparative pathway signatures that
suggested to us y8 T cells have important homeostatic functions
in response to KD feeding intended to protect adipose integrity.
Accordingly, when Terd~~ mice lacking all y8 T cells were fed KD
for several months they had worse metabolic responses than WT yd
T cell-sufficient mice. Tcrd~~ mice did not exhibit metabolic defects
in response to KD after only 1week of feeding, indicating that y3
T cells are not required for the acute metabolic benefits of KD.
Rather, long-term KD feeding was required to reveal the functional
importance of yd T cells in visceral adipose tissue. It is likely that yd
T cells interact with other adipose-resident cells to coordinate their
homeostatic and protective responses and their loss in obese adi-
pose tissue suggests they become outcompeted and may be recipro-
cally regulated with macrophages, which increase in obese adipose
tissue. Notably, besides decreased T,.,cells, there were no differences
in other cells implicated in adipose tissue metabolic regulation,
such as ILC2 and eosinophils. Together, these findings highlight the
importance of the interactions between y3 T cells and T,cells, an
interaction that has previously been highlighted for thermogenic
regulation”, for maintaining adipose tissue integrity in response to
long-term metabolic insult of extremely high-fat feeding.

It is not clear how the y8 T cells become activated in response to
KD. It is possible they respond to the adipose tissue environmental

>

>

Fig. 6 | Loss of 76 T cells contributes to metabolic dysregulation induced by long-term KD. a-c, Body weight change (@) (n=5 biological independent
mice per group, representative of three independent experiments), fasting blood glucose (b) (n=5 biological independent mice per group) and non-fasting
blood BHB levels (¢) (n=5 biological independent mice per group) after 3months KD feeding. Statistical differences were calculated by paired two-way
ANOVA (a) and unpaired two-tailed t-tests (b,c). d, Glucose tolerance test after 3months of chow versus KD feeding (n=5 biological independent

mice per group, representative of three independent experiments). Statistical differences were calculated by paired two-way ANOVA. e f, Macrophage
(e) and y8 T cell quantification (f) in epidydimal adipose tissue after 4 months KD. Statistical differences were calculated by unpaired two-tailed t-test.
g-i, Inflammatory gene expression in whole epidydimal adipose tissue for Mcp1 (g), Tnfa (h) and I17b (i) for 4 months chow versus KD Efat. Statistical
differences were calculated by unpaired two-tailed t-test. Analysis in e-i is based on groups of n=8 chow and n=9 KD-fed mice and are representative

of two independent experiments. j, Body weight change in WT (n=10) versus Tcrd~~ (n=7) mice during long-term KD feeding. Statistical differences
were calculated by paired two-way ANOVA; NS, not significant two-way ANOVA P=0.6124 for genotype considered as source of variation. Data are
representative of three independent experiments. kI, Fasting blood glucose (k) and glucose tolerance test (I) after Tweek KD feeding in WT (n=8) versus
Terd~~ (n=7) mice. Statistical differences were calculated by unpaired two-tailed t-test (k) and paired two-way ANOVA (I). NS, not significant two-

way ANOVA P=0.7613 when genotype considered source of variation. m,n, Fasting blood glucose (m) and glucose tolerance test (n) after 3 months KD
feeding in WT (n=10) versus Tcrd~~ (n=7) mice. Statistical differences were calculated by unpaired two-tailed t-test (m) and paired two-way ANOVA
(n). Data are representative of three independent experiments. o,p, Quantification of macrophages (o) (n=7 WT and n=7 Tcrd~~) and T ,cells (p)
(n=10WT and n=7 Tcrd~~) after 2months KD feeding in WT and Tcrd~~ mice. Statistical differences were calculated by unpaired two-tailed t-tests.

All data are represented as mean +s.e.m. and each symbol represents an individual mouse. Exact P values are shown whenever possible, **P < 0.01,

**P<0.001,***P<0.0001.
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stress during KD feeding. Whether these activating signals come
from the adipose tissue itself, perhaps due to physiological changes
during increased fat storage or increased lipolysis, or whether they
respond to cytokines secreted by other adipose-resident immune
cells remains to be determined. It should be noted that in contrast
to our current work, a previous study using standard high-fat-diet-
induced obesity showed that yd T cells contribute to visceral adi-
pose tissue inflammation”. The different diet compositions and
metabolic programs induced by KD versus high-fat diet may be
important for instructing tissue-protective immune responses, and

it will be interesting to further explore these potential differences.
Given that KD and BHB have systemic effects beyond the adipose
tissue, future studies investigating these effects and how or whether
¥8 T cells are influenced in those tissues should be pursued. The
presence of y8 T cells is among the strongest predictors of posi-
tive outcome in cancer”. Thus, the approaches for expansion of yd
T cells in immunotherapy are considered to confer enhanced cancer
protection. Accordingly, both KD and yd T cells are being indepen-
dently explored for potential anti-cancer effects (several trials cur-
rently recruiting on www.clinicaltrials.gov); whether KD-induced
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¥d T cell expansion effects could synergize in cancer models war-
rants consideration. In conclusion, our data highlight that keto-
genesis induces expansion of tissue-protective y3 T cells in adipose
tissue during metabolic stress.

Methods

Mice. All mice were on the C57BL/6] (B6) genetic background. B6 and Terd ™/~
mice (stock no. 002120) were purchased from Jackson Laboratories and breeding
was maintained in the Dixit laboratory. Tcrd-CreER*R26-ZsGreen/*-Foxp3-**/*
mouse adipose tissue was generously provided by Y. Zhuang®. It should be noted
that no RFP* cells were detected by whole-mount tissue microscopy. Fgf21~/~
mice were generously provided by S.A. Kliewer (UTSW) and Nlrp3~~ mice have
been described previously'. For long-term feeding studies, B6 and Tcrd~'~ mice
were crossed to generate F1 heterozygous mice that were crossed for generating
littermate cohorts of B6 and Tcrd~'~ mouse cohorts, which were cohoused for the
duration of the studies. Standard vivarium chow (Harlan 2018S; 58% of calories
from carbohydrate, 24% of calories from protein, 18% of calories from fat,
3.1kcalg™) and KD (Research diets D12369B; 0.1% of calories from carbohydrate,
10.4% of calories from protein, 89.5% of calories from fat, 6.76 kcal g') were both
provided ad libitum. Of note, the amount of protein in each diet, by weight, is
similar (Supplementary Table 2). Mice were randomly assigned to experimental
diet groups between 7 and 12 weeks of age. Body composition was measured

in vivo by magnetic resonance imaging (EchoMRI, Echo Medical Systems). All
tissue collections were performed between 07:00 and 10:00 (Zeitgeiber ZT0-3).
Mice were housed under standard 12h light/dark cycles. Blinding of investigators
to diet group was not possible due to obvious visible differences between diets, but
groups (diet, genotype) were deidentified for data analysis to blind investigators to
this portion of each experiment. All animal procedures were approved by the Yale
Institutional Animal Care and Use Committee.

Parabiosis. Male mice were used for parabiosis experiments. Mice were weight-
matched and cohoused as pairs for 2 weeks before surgery. Surgeries were
performed under an isoflurane inhalation ventilator. Absorbable sutures were
used to join the olecranon and stifle of each mouse to that of its partner. The skin
from each mouse was then joined to that of its parabiont with absorbable sutures.
Surgeries were performed on thermal warming pads, and mice were provided
saline (1ml, subcutaneous (s.c.)), meloxicam (1 mgkg s.c. every 24 h for 3d) and
buprenorphine (0.05mgkg™" s.c. twice per day for 1d).

Glucose tolerance tests. Mice were fasted 16 h before glucose tolerance tests.
Glucose was given by intraperitoneal injection on the basis of body weight
(0.4gkg™") and blood glucose levels were measured by handheld glucometer. Blood
BHB concentrations were measured in the morning between 08:00 and 10:00
(ZT1-3) using Precision Xtra Ketone strips in whole blood.

Flow cytometry. Intravascular labelling was performed by i.v. injection of 2.5 pg
CD45.2-FITC diluted in 100 pl PBS. Mice were euthanized exactly 3 min after
injection for tissue collection. Adipose tissue was digested in HBSS+ 1 mgml™!
Collagenase I in a shaking 37 °C water bath. For intracellular cytokine staining cells
were stimulated at 37 °C with phorbol 12-myristate 13-acetate (PMA, 10ngml-!,
Sigma) +ionomycin (1 pM, Sigma) for 4h and protein transport inhibitor
(eBioscience) was added for the last 3 h of stimulation. Cells were stained with
live/dead viability dye (Invitrogen) and then for surface markers including CD45,
CD3, B220, yd TCR, CD4, CD8, NK1.1, CD11b, F4/80, Ly6G and Siglec F. All
antibodies were purchased from eBioscience or Biolegend and are described in
detail in the Reporting Summary. When needed, intracellular staining for Foxp3
was performed using the eBioscience Fix/Perm nuclear staining kit and IL-17
staining was performed using the BD Fix/Perm Kkit, otherwise cells were fixed

in 2% PFA. Samples were acquired on a custom LSR IT and data was analysed in
FlowJo. For cell sorting on BD FACSAria, samples were stained with live/dead,
CD45, CD3, yd TCR and a dump channel to exclude CD4, CD8 and CD11b.
Representative gating strategies are shown in Extended Data Fig. 8.

Adipose tissue microscopy. Epidydimal adipose tissue was imaged by two-photon
microscopy from Cre” mTmG mice after i.v. labelling with anti-CD45.2-A488.
Because these mice do not express Cre all cells are labelled with membrane-bound
Tomato red fluorescent protein. An upright, laser scanning two-photon LaVision
Biotec TriMScope (LaVision Biotec) microscope was used to collect mosaic images
(3% 3) at a depth of 80 um with z-steps of 5 um. Images were stitched in Fiji*>* and
represented as maximum intensity projection. Seven-week-old Tcrd-CreER* R26-
ZsGreen* female mice were treated with tamoxifen every other day for 3d, and
endometrial and inguinal adipose tissue was collected 4 weeks later. Adipocytes
were stained with LipidTox Far Red (LifeTech, 1:500 for 1 h at room temperature).
Images were immediately captured on a Leica SP5 Confocal Microscope.

scRNA-seq. Male WT mice were fed chow or KD for 1 week. After i.v.-labelling
epidydimal white adipose tissue was collected and pooled (1 g of fat used; n=4
chow mice, n=3 KD mice) to make a single technical sample for each diet, digested

and stained for viability (live/dead Aqua, ThermoFisher) and pan-CD45 to FACS
sort live tissue-resident haematopoietic cells. Cells were prepared for single-cell
sequencing according to the 10x Genomics protocols. Sequencing was performed on
a HiSeq4000. The Cell Ranger Single-Cell Software Suite (v.2.1.1) (available at https://
support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/
what-is-cell-ranger) was used to perform sample demultiplexing, barcode processing
and single-cell 3’ counting. Cellranger mkfastq was used to demultiplex raw base call
files from the HiSeq4000 sequencer into sample-specific fastq files. Subsequently,
fastq files for each sample were processed with cellranger counts to align reads to the
mouse reference (v.mm10-2.1.0). The default estimated cell count value of 10,000
was used for this experiment. Samples were subsampled to have equal numbers of
confidently mapped reads per cell. For the analysis, the R (v.3.4.2) package Seurat
(v.2.3)** was used. Cell Ranger filtered genes by barcode expression matrices were
used as analysis inputs. Samples were pooled together using the AddSample function.
The fraction of mitochondrial genes was calculated for every cell, and cells with high
(>5%) mitochondrial fraction were filtered out. Expression measurements for each
cell were normalized by total expression and then scaled to 10,000, after that log
normalization was performed (NormalizeData function). Two sources of unwanted
variation, unique molecular identifier counts and fraction of mitochondrial reads,
were removed with ScaleData function. The most variable genes were detected using
the FindVariableGenes function. PCA was run only using these genes. Cells are
represented with ¢-distributed stochastic neighbour embedding (t-SNE) plots. We
applied RunTSNE function to normalized data, first using ten PCA components. For
clustering, we used function FindClusters that implements shared nearest-neighbour
modularity optimization-based clustering algorithm on top ten PCA components
using resolution of 0.5. To identify marker genes, FindAllMarkers function was used
with likelihood-ratio test for single-cell gene expression. For each cluster, only genes
that were expressed in more than 10% of cells with at least 0.1-fold difference (log
scale) were considered. For heat-map representation, mean expression of markers
inside each cluster was used. To obtain differential expression between clusters,
MAST test was performed and P value adjustment was done using the Bonferroni
correction”. Only genes that were expressed in more than 10% of cells in cluster
were considered. Violin plots with overlaid box plots were used to compare selected
gene expression. Lower and upper hinges of the box plots represent the 25th and
75th percentiles. Whiskers extend to the values that are no further than 1.5 the
interquartile range (IQR) from either upper or lower hinge. The IQR is the difference
between the 75th and 25th percentiles. Box plots were created using the geom_
boxplot function in ggplot2 (ref. *°). Differential expression of genes in each cluster
between chow versus KD was not possible due to detection of highly expressed
macrophage genes in multiple lymphoid clusters that showed significant down-
regulation due to loss of macrophages in the KD sample (Extended Data Fig. 9a).

Bulk RNA isolation and transcriptome analysis. yd T cells were FACS sorted
from epidydimal fat and RNA was isolated using a Qiagen RNA isolation kit. RNA
was sequenced on a HiSeq2500. The quality of raw reads was assessed with FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Raw reads were
mapped to the GENCODE vM9 mouse reference genome®” using STAR aligner™
with the following options: —outFilterMultimapNmax 15 —outFilterMismatchNmax
6 —outSAMstrandField All —outSAMtype BAM SortedByCoordinate —quantMode
TranscriptomeSAM. The quality control of mapped reads was performed using
in-house scripts that employ Picard tools (http://broadinstitute.github.io/picard/).
The list of ribosomal RNA genomic intervals that we used for this quality control
was prepared on the basis of UCSC mm10 rRNA annotation file*” and GENCODE
primary assembly annotation for vM9 (ref. /). rRNA intervals from these two
annotations were combined and merged to obtain the final list of rRNA intervals.
These intervals were used for the calculation of the percentage of reads mapped to
rRNA genomic loci. Strand specificity of the RNA-seq experiment was determined
using an in-house script, on the basis of Picard mapping statistics. Expression
quantification was performed using RSEM®. For the assessment of expression

of mitochondrial genes, we used all genes annotated on the mitochondrial
chromosome in the GENCODE vM9 mouse reference genome”. PCA was
performed in R using the top 5,000 genes with the highest mean fragments per
kilobase per million values. R-log transformation was applied to the fragments per
kilobase per million expression values of the top 5,000 genes before PCA. Heat
map of significantly regulated genes (FDR 5%) was generated using Morpheus
(https://software.broadinstitute.org/morpheus). Gene differential expression was
calculated using DESeq2 (ref. ). Significance threshold was set at FDR < 5% and
abs(log,FC) of >0.75. Consistency with the scRNA-seq dataset was taken into
consideration when filtering parameters were selected to eliminate noise driven by
the low number of input cells (Extended Data Fig. 9b,c). Pathway analysis was done
using fgsea (fast GSEA) R-package® with the minimum of 15 and maximum of 500
genes in a pathway and with 1 million of permutations. For the pathway analysis,
we used the Canonical Pathways from the MSigDB C2 pathway set® v.6.1. The
elimination of redundant significantly regulated pathways (adjusted P <0.05) was
done using an in-house Python script in the following way. We considered all
ordered pairs of pathways, where the first pathway had normalized enrichment
score equal to or greater than the second pathway. For each ordered pair of
pathways, we analysed the leading gene sets of these pathways. The leading gene
sets were obtained using fgsea®. If at least one of the leading gene sets in a pair of
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pathways had more than 60% of genes in common with the other leading gene set,
then we eliminated the second pathway in the pair.

Quantification and statistical analysis. Statistical differences between groups
were calculated by unpaired two-tailed ¢-tests. For comparing groups over time,
mice were individually tracked and groups were compared using paired two-way
analysis of variance (ANOVA) with Sidak’s correction for multiple comparisons.
For all experiments, P<0.05 was considered significant.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Sequencing data associated with this study have been deposited to the Gene
Expression Omnibus with accession numbers GSE137073 and GSE137076. The
source data for Extended Data Figs. 6 and 7 are provided with the paper.

Code availability
Codes are publicly available in the relevant citations and custom script is available
on request.
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Extended Data Fig. 1| Workflow of single-cell RNAseq analysis. Normalized gene expression from Efat tissue-resident CD45* cells was used to identify
most variable genes for principal component analysis. Data were visualized by tSNE plots. Unique markers were used to identify the cell type/lineage
represented within each cluster.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Further identification of tissue-resident populations. (a) tSNE plot of tissue-resident immune cells from chow- and KD-fed
samples merged displaying expression of selected genes. (b) tSNE plot as in S2A showing average z-scores of genes in cell cycle pathway (Reactome
database). (¢) tSNE plot of proliferating cells only (cluster 10). Expression of selected markers is displayed. For (a-c) expression is based on pooled data
from chow and KD samples (each containing n=3 pooled biological samples into 1technical sample for each diet). (d) Violin plots of lI1b expression
within all cells from each cluster. Expression is pooled from chow (n=4 pooled biological samples into 1technical sample) and KD (n=3 pooled biological
samples into 1technical sample) and total number of cells in each cluster is indicated on the figure. Overlaid box plots indicate median and 25th-75th
percentiles; whiskers extend no further than 1.5xIQR from either upper or lower hinge, as described in Materials and Methods.
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Extended Data Fig. 3 | Adipose immune compartment changes induced by 1 week of KD feeding. Abundance of macrophages, eosinophils, and Tregs in
Efat of chow (n=4) vs KD-fed (n=5) mice. Statistical differences were calculated by 2-way ANOVA with Sidak’s correction for multiple comparisons. Each
symbol represents an individual mouse and all data are expressed as mean+SEM. Data are representative of at least 2 independent experiments. Exact
p-values are shown whenever possible, ****p<0.0001.
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Extended Data Fig. 5 | Workflow of bulk y8 T cell RNAseq analysis. (a) Differentially-expressed genes were identified within all annotated transcribed
murine gene loci. From this gene list we performed GSEA to distinguish pathways significantly altered by KD within epididymal adipose tissue y8 T cells.
Differential expression gene list was further filtered to identify genes of interest. (b) GSEA enrichment score curve of SASP-related genes.
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Extended Data Fig. 6 | Long term KD feeding causes obesity in mice. (a) Body weight, (b) lean mass, (¢) fat mass, and (d) liver mass were measured in
WT mice fed chow (n=8) or KD (n=9) for 4 months. For (a-d) Statistical differences were calculated by unpaired 2-tailed t-tests. Data are representative
of 3 independent experiments. (e) Representative H&E-stained liver sections after long-term KD. Sections are representative of 2 independent
experiments each with n=5 mice/group. (f) Western blot of liver AKT phosphorylation after insulin injection into fasted mice. Each lane represents an
individual mouse. In KD group mice are ordered from greatest to smallest body weight (ranging from 59-37g). (g) Profile of visceral adipose hematopoietic
compartment after 4 months chow (n=8) vs KD (n=_8) feeding. Statistical differences were calculated by 2-way ANOVA with Sidak’s correction for
multiple comparisons. All data are expressed as mean+SEM and each symbol represents an individual mouse. Exact p-values are shown whenever

possible, ****p<0.0001.
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p-values are shown whenever possible, ****p<0.0001.
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if filtered only by padj. (¢) tSNE plot with overlaid color that represents expression of down-regulated (left panel) and up-regulated (right panel) genes
identified from bulk RNAseq data when filtered by padj and log2FC. For all plots (a-c) data are derived from a single technical sample generated by pooling
n=3 independent samples prior to sequencing for each diet group.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|Z| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

Oods

The statistical test(s) used AND whether they are one- or two-sided
2N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

|Z| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

L] OO

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Flow cytometry data was collected on a BD LSR Il using DIVA software (v8.0.1). Western blots were imaged in a Bio-Rad ChemiDoc. gPCR
data was collected with LightCycler 480 version 1.5.0 SP3. Microscopy images were acquired on an upright, laser scanning two-photon
LaVision Biotec TriMScope (LaVision Biotec) microscope or a Leica SP5 Confocal microscope.

Data analysis For scRNAseq analysis, Cell Ranger Single-Cell Software Suite (v2.1.1) was used to perform sample demultiplexing, barcode processing,
and single-cell 3’ counting, followed by processing in R (v3.4.2) using package Seurat (v2.3). Boxplots for comparing gene expression were
made in ggplot2 (v3.2.1). For bulk RNAseq analysis read quality was assessed with FastQC (v0.11.8) and mapped using STAR aligner
(v2.7.3). Differential expression was calculated with DESeq (v1.38.0). Pathway signatures of RNAseq data were identified using Gene Set
Enrichment Analysis database. Overlapping pathways were eliminated using in-house Python (v3.7) script. Morpheus (Broad Institute)
was used to generate gene heat maps. Flow cytometry data were analyzed in FlowJo (TreeStar version X). Statistical differences and
graphs were calculated in GraphPad Prism version 7.01. Microscopy images were processed in ImageJ version 1.48.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Sequencing data associated with this study have been deposited to the Gene Expression Omnibus (GEO) with accession numbers GSE137073 and GSE137076
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes for feeding studies were based on power calculations from previous related experiments. Sample sizes for RNAseq experiments
were based on experience.

Data exclusions  No data points were excluded from the study.

Replication All experiments were independently performed at least three times, giving similar results, to confirm results except RNAseq, which was only
performed once either on pooled samples (scRNAseq) or on independent biological samples (bulk RNAseq).

Randomization  Mice were randomized to respective groups for all experiments.

Blinding It was not possible to blind investigators to diet groups due to visually obvios physical differences in the diets. Investigators were blinded to
genotype during experiments. Additionally, the investigators were blinded to all experimental group identifiers for data analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies g |:| ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology |Z |:| MRI-based neuroimaging

Animals and other organisms

Human research participants

XXOXNX[s
OOXOOK

Clinical data

Antibodies

Antibodies used live/dead Aqua viability dye (Invitrogen, cat# L34966, 1:1000)
CD45.2 (Invitrogen cat# 11-0454-85, clone 104, lot# 4322622, 2.5ug/100ul)
CD45 (Biolegend cat# 103147, clone 30-F11, lot# B278501, 1:200)
CD3 (Invitrogen cat# 25-0031-82, clone 145-2C11, lot# 1993626, 1:100)
B220 (Invitrogen cat# 48-0452-82, clone RA3-6B2, lot# 2016454, 1:200)
v6 TCR (Biolegend cat# 118108, clone GL3, lot# B265729, 1:100)
CD4 (Biolegend cat#t 100451, clone GK1.5, lot# B258998, 1:200)
CD8 (eBioscience cat# 11-0081-85, clone 53-6.7, lot# 4271604, 1:100)
NK1.1 (Invitrogen cat# 17-5941-81, clone PK136, lot# 2003461, 1:100)
CD11b (Invitrogen cat# 53-0012-82, clone M1/70, lot# 2067971, 1:200)
F4/80 (Invitrogen cat# 17-4801-82, clone BMS, lot# 1996380, 1:100)
Ly6G (Biolegend cat# 127639, clone 1A8, lot# B234355, 1:200)
Siglec F (BD cat# 552126, clone E50-2440, lot# 9108977, 1:100)
CD11c (Biolegend cat# 117317, clone N418, lot# B269974, 1:100)
CD44 (eBiosccience cat# 11-0441-85, clone IM7, lot# EO0300-1632, 1:100)
CD27 (Biolegend cat# 124223, clone LG.3A10, lot# B256672, 1:100)
ILC2 lineage dump antibodies:
FceR1a (Biolegend cat# 134324, clone MAR-1, lot# B235687, 1:100)
CD19 (Biolegend cat# 115528, clone 6D5, lot# B261756, 1:100)
Grl (Biolegend cat#f 127622, clone 1A8, lot# B266371, 1:100)
NK1.1 (Biolegend cat# 108730, clone PK136, lot# B242446, 1:100)
CD5 (Biolegend cat# 100636, clone 53-7.3, lot# B274276, 1:100)
F4/80 (Biolegend cat# 123130, clone BMS, lot# B203869, 1:100)
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Validation

CD11b (Biolegend cat# 101222, clone M1/70, lot# B259438, 1:100)
TER-119 (Biolegend cat# 116220, clone TER-119, lot# B247742, 1:100)
CD3 (Biolegend cat# 100216, clone 17A2, lot# B263796, 1:100)

CD11c (Biolegend cat# 117320, clone N418, lot# B244263, 1:100)
TCRbeta (Biolegend cat# 109224, clone H57-597, lot# B241002, 1:100)

All antibodies are commercially available and have been validated by the vendor as well as many previous publications.

CD45.2 (Invitrogen cat# 11-0454-85, clone 104): Tested by manufacturer by Staining of BALB/c splenocytes with 0.25 ug of
Mouse 1gG2a K Isotype Control FITC (Product # 11-4724-42) (open histogram) or 0.25 pg of Anti-Mouse CD45-2 FITC (filled
histogram). Used in 30+ publications according to manufacturer.

CD45 (Biolegend cat# 103147, clone 30-F11): C57BL/6 mouse splenocytes were stained with CD45 (clone 30-F11) Brilliant Violet
711™ (filled histogram) or rat 1gG2b, k Brilliant Violet 711™ isotype control (open histogram); Recent application references: Liu
F, et al. 2012. Blood. 119:3295; Pelletier AN, et al. 2012. J. Immunol. 188:5561.

CD3 (Invitrogen cat# 25-0031-82, clone 145-2C11): Staining of B6 splenocytes with anti-human/mouse CD45R (B220) PE and
0.5ug of Armenian Hamster IgG Isotype Control or 0.5ug of anti-mouse CD3e PE-Cy7; over 100 citations

B220 (Invitrogen cat# 48-0452-82, clone RA3-6B2): Staining of C57BL/6 splenocytes with Anti-Mouse CD3e FITC (Product #
11-0031-82) and 0.25 pg of Rat IgG2a kappa Isotype Control eFluor® 450 (Product # 48-4321-82) (left) or 0.25 pg of Anti-Human/
Mouse CD45R (B220) eFluor® 450 (right); 80+ citations

v6 TCR (Biolegend cat# 118108, clone GL3): C57BL/6 splenocytes stained with CD3 (145-2C11) APC and GL3 PE. Application
references: Kasten KR, et al. 2010. Infect. Immun. 78:4714; Stadanlick JE, et al. 2011. J. Immunol. 187:664; Van Belle AB, et al.
2012.J. Immunol. 188:462.

CD8 (eBioscience cat# 11-0081-85, clone 53-6.7): Staining of C57BL/6 splenocytes with 0.25 ug of Rat IgG2a kappa Isotype
Control FITC (Product # 11-4321-42) (open histogram) or 0.25 pg of Anti-Mouse CD8a FITC (filled histogram). 200+ citations
NK1.1 (Invitrogen cat# 17-5941-81, clone PK136): Staining of C57BL/6 splenocytes with staining buffer (autofluorescence) (open
histogram) or 0.06 pg of Anti-Mouse NK1.1 APC (filled histogram); 57 references.

CD11b (Invitrogen cat# 53-0012-82, clone M1/70): Staining of C57BL/6 bone marrow cells with staining buffer
(autofluorescence) (open histogram) or 0.25 ug of Anti-Mouse CD11b Alexa Fluor® 488 (filled histogram). Cells in the large
scatter population were used for analysis; 148 references.

F4/80 (Invitrogen cat# 17-4801-82, clone BM8): Staining of C57BI/6 resident peritoneal exudate cells with Anti-Mouse CD11b PE
(Product # 12-0112-82) and 1 ug of Rat IgG2a K Isotype Control APC (Product # 17-4321-81) (left) or 1 pg of Anti-Mouse F4/80
Antigen APC (right). Cells in the large scatter population were used for analysis; 267 references.

Ly6G (Biolegend cat# 127639, clone 1A8): C57BL/6 mouse bone marrow cells were stained with Ly-6G (clone 1A8) Brilliant Violet
605™ (filled histogram) or rat 1gG2a, « Brilliant Violet 605™ isotype control (open histogram). Data shown was gated on myeloid
cell population. Recent application references: Ma C, et al. 2012. J. Leukoc. Biol. 92:1199; McCartney-Francis, N, et al. 2014. )
Leukoc. Biol. 96:917; Her Z, et al. 2014. EMBO Mol. Med. 7:24

Siglec F (BD cat# 552126, clone E50-2440): Manufacturer states Reactivity: Mouse (QC Testing); ApplicationFlow cytometry
(Routinely Tested)

CD11c (Biolegend cat# 117317, clone N418): C57BL/6 mouse splenocytes stained with APC anti-mouse I-A/I-E (clone
M5/114.15.2) and PE/Cy7 N418 (top) or PE/Cy7 Armenian hamster IgG isotype control (bottom). Recent application references:
White CE, et al. 2015. J Immunol. 194:697; Lu X, et al. 2015. J Immunol. 194:2011.

CD44 (eBioscience cat# 11-0441-85, clone IM7): Staining of C57BL/6 splenocytes with 0.25 ug of Rat IgG2b kappa Isotype Control
FITC (Product # 11-4031-82) (open histogram) or 0.25 pg of Anti-Human/Mouse CD44 FITC (filled histogram); 137 references.
CD27 (Biolegend cat# 124223, clone LG.3A10): C57BL/6 mouse splenocytes stained with APC anti-mouse I-A/I-E (clone
M5/114.15.2) and PE/Cy7 N418 (top) or PE/Cy7 Armenian hamster IgG isotype control (bottom). Application references:
Gravestein LA, et al. 1995. Int. Immunol. 7:551; Gravestein LA, et al. 1996. J. Exp. Med. 184:675; Takeda K, et al. 2000. J.
Immunol. 164:1741; Welner RS, et al. 2009. J. Immunol. 183:7768; Vicetti Miguel RC, et al. 2012. J. Immunol. 189:3449; White
CA, et al. 2014. J Immunol. 193:5933; Iwata S, et al. 2015. Lupus. 24:695.

ILC2 lineage dump antibodies:

FceR1a (Biolegend cat# 134324, clone MAR-1): Mouse mast cell line MC/9 was stained with FceRla (clone MAR-1) Alexa Fluor®
700 (filled histogram) or Armenian hamster 1gG Alexa Fluor® 700 isotype control (open histogram). Application references: Obata
K, et al. 2007. Blood 110:913; Sokol CL, et al. 2008. Nat. Immunol. 9:310; Chen J, et al. 2009. J. Biol. Chem.. 284:5763

CD19 (Biolegend cat# 115528, clone 6D5): C57BL/6 mouse splenocytes were stained with CD19 (clone 6D5) Alexa Fluor® 700
(filled histogram) or rat 1gG2a, k Alexa Fluor® 700 isotype control (open histogram). Recent product citations: Perlot T, et al.
2012. J. Immunol. 188:1201; Olive V, et al. 2013. Elife. 2:822; Miyai T, et al. 2014. PNAS. 111:11780.

Gr1 (Biolegend cat# 127622, clone 1A8): C57BL/6 bone marrow cells stained with 1A8 Alexa Fluor® 700; Recent application
references: McCartney-Francis, N, et al. 2014. J Leukoc. Biol. 96:917; Her Z, et al. 2014. EMBO Mol. Med. 7:24

NK1.1 (Biolegend cat# 108730, clone PK136): C57BL/6 splenocytes were stained with CD49b (clone DX5) PE and NK1.1 (clone
PK136) Alexa Fluor® 700 (left) or Mouse IgG2a, k Alexa Fluor® 700 isotype control (right). PubMed citations: Kroemer A, et al.
2008. J. Immunol. 180:7818; Kim JY, et al. 2009. Exp Mol Med. 30:288; Bankoti J, et al. 2010. Toxicol. Sci. 115:422.; Lee H, et al.
2014. Invest Ophthalmol Vis Sci. 55:2885. PubMed

CD5 (Biolegend cat# 100636, clone 53-7.3): C57BL/6 mouse splenocytes were stained with CD5 (clone 53-7.3) Alexa Fluor® 700
(filled histogram) or rat 1gG2a, k Alexa Fluor® 700 isotype control (open histogram). Application references: Ledbetter JA, et al.
1979. Immunol. Rev. 47:63; Ledbetter JA, et al. 1980. J. Exp. Med. 152:280; Bourdeau A, et al. 2007. Blood doi:10.1182/
blood-2006-08-044370

F4/80 (Biolegend cat# 123130, clone BM8): Thioglycolate-elicited Balb/c peritoneal macrophages stained with BM8 Alexa Fluor®
700. Recent application references: Watson NB, et al. 2015. J Immunol. 194:2796; Hirakawa H, et al. 2015. PLoS One. 10:119360
CD11b (Biolegend cat# 101222, clone M1/70): C57BL/6 mouse bone marrow cells were stained with CD11b (clone M1/70) Alexa
Fluor® 700 (filled histogram) or rat 1gG2b, k Alexa Fluor® 700 isotype control (open histogram) (gated on total cells). Recent
application references: Norian LA, et al. 2009. Cancer Res. 69:3086; Charles N, et al. 2010. Nat. Med. 16:701.

TER-119 (Biolegend cat# 116220, clone TER-119): C57BL/6 bone marrow stained cell with TER-119 Alexa Fluor® 700 and anti-
mouse CD45 FITC. Recent application references: Chappaz S, et al. 2007. Blood 110:3862; Heuser M, et al. 2007. Blood 110:1639
CD3 (Biolegend cat# 100216, clone 17A2): C57BL/6 mouse splenocytes stained with 17A2 Alexa Fluor® 700. Recent application
references: Xiao J, et al. 2012. Arterioscler Thromb Vasc Biol. 32:386; Konnecke |, et al. 2014

CD11c (Biolegend cat# 117320, clone N418): C57BL/6 mouse splenocytes stained with N418 Alexa Fluor® 700 and M5/114.15.2
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PE. Recent application references: White CE, et al. 2015. J Immunol. 194:697; Lu X, et al. 2015. J Immunol. 194:2011
TCRbeta (Biolegend cat# 109224, clone H57-597): C57BL/6 mouse splenocytes stained with H57-597 Alexa Fluor® 700.
Application reference: Tsukumo S, et al. 2006. J.Immunol. 177:8365

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals All mice were on the C57BL/6J (B6) genetic background. B6 and Tcrd-/- mice (stock #002120) were purchased from Jackson Labs
and breeding was maintained in the Dixit lab. Tcrd-CreER+R26-ZsGreen/+-Foxp3-RFP/+ mouse adipose tissue was generously
provided by Dr. Yuan Zhuang. Males and females were used for 1 week KD experiments; only males were used for long-term KD
feeding experiments.
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Wild animals This study did not involve wild animals.
Field-collected samples This study did not involve field-collected samples.
Ethics oversight All animal procedures were approved by the Yale Institutional Animal Care and Use Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
g The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Adipose tissue was digested in HBSS + 1mg/mL Collagenase | in shaking 37°C water bath. For intracellular cytokine staining cells
were stimulated at 37°C with Phorbol 12-myristate 13-acetate (PMA, 10ng/mL, Sigma) + ionomycin (1uM, Sigma) for 4 hours,
and protein transport inhibitor (eBioscience) was added for the last 3 hours of stimulation. Cells were stained with live/dead
viability dye (Invitrogen) and then for surface markers including CD45, CD3, B220, y& TCR, CD4, CD8, NK1.1, CD11b, F4/80, Ly6G,
Siglec F as indicated. When needed, intracellular staining for Foxp3 was performed using the eBioscience Fix/Perm nuclear
staining kit and IL-17 staining was performed using the BD Fix/Perm kit, otherwise cells were fixed in 2% PFA.

Instrument Samples were acquired on a custom LSR Il and data was analyzed in FlowJo. For cell sorting on BD FACSAria.

Software Both LSR Il and FACSAria machines are equipped with DIVA software.

Cell population abundance  Gamma-delta T cells account for approximately 2-5% of the total hematopoietic compartment in visceral adipose tissue.

Gating strategy Full gating strategy is depicted in Supplemental Figure 8. All lineages were gated on FSC, SSC, CD45+ expression, and exclusion
live/dead viability dye.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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