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Summary:

Adipose tissue invariant natural killer T (iNKT) cells are phenotypically different from other INKT
cells because they produce IL-10 and control metabolic homeostasis. Why that is the case is
unclear. Here, using single-cell RNA-sequencing we found several adipose iNKT clusters, which
we grouped into two functional populations based on NK1.1 expression. NK1.1NEG cells almost
exclusively produced 1L-10 and other regulatory cytokines, while NK1.1POS iNKT cells
predominantly produced IFN-y. Mechanistically, biochemical fractionation revealed that free fatty
acids drive IL-10 production primarily in NK1.1NEG iNKT cells via the IRE1a-XBP1s arm of the
unfolded protein response. Correspondingly, adoptive transfer of adipose tissue NK1.1NEG iNKT
cells selectively restored metabolic function in obese mice. Further, we found an unexpected role
for NK1.1POS iNKT cells in lean adipose tissue, as IFN+y licenses natural killer cell-mediated
macrophage killing to limit pathological macrophage expansion. Together, these two iNKT cell
populations utilize non-redundant pathways to preserve metabolic integrity.

Introduction

Restraining local inflammation is essential for proper adipose tissue function, and an
increase in adipose inflammation during overfeeding drives obesity-related metabolic
disorders like type 2 diabetes and cardiovascular disease (Gregor and Hotamisligil, 2011).
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To ensure homeostasis, the adipose tissue of lean animals is replete with anti-inflammatory
immune cells such as alternatively activated (M2-like) macrophages, regulatory T cells
(Tregs) and eosinophils that preserve metabolic tenor (Kohlgruber and Lynch, 2015). These
immune cells cross-regulate each other and interact with the adipose microenvironment, thus
maintaining a dynamic immunometabolic dialogue within the tissue. (DiSpirito and Mathis,
2015).

Invariant natural killer T (iNKT) cells are highly enriched in the visceral adipose tissue of
lean mice and humans, constituting between 10-30% of all adipose tissue-resident T cells
(Lynch et al., 2015; Lynch et al., 2009; Schipper et al., 2012). iINKT cells are innate-like a8
T cells that utilize a semi-invariant T cell receptor (TCR) to recognize lipid antigens in the
context of the antigen-presenting molecule CD1d (Godfrey et al., 2010). While these cells
are typically associated with proinflammatory immune responses during microbial infection,
we found that adipose tissue iNKT cells are highly anti-inflammatory and essential for
metabolic homeostasis (Lynch et al., 2012). Mice that lack iNKT cells gain weight more
rapidly when placed on a high-fat diet (HFD) and have poorer metabolic function compared
to wild-type (WT) counterparts (Ji et al., 2012; Lynch et al., 2012). Furthermore, activation
of adipose iNKT cells with their prototypical lipid antigen a.-galactosylceramide (aGalCer)
drives weight loss and reverses metabolic disorder in obesity (Lynch et al., 2016; Lynch et
al., 2012). Mechanistically, INKT cells protect against metabolic disease by limiting adipose
tissue inflammation through regulatory cytokine production. Several reports have shown that
adipose tissue INKT cells produce IL-10, IL-4, IL-13, and IL-2, which serve to expand and
enhance the functions of alternatively activated M2-like macrophages, Tregs and adipocytes
(Huh et al., 2017; Ji et al., 2012; Lynch et al., 2016; Lynch et al., 2015; Lynch et al., 2012;
Sag et al., 2014; Schipper et al., 2012). Thus, iNKT cells play a central and unique role in
adipose tissue, by controlling the phenotype and functions of several important adipose
tissue-resident cells (LaMarche et al., 2019). Interestingly, several studies have observed the
opposite of these results; namely, that adipose tissue iINKT cells are proinflammatory and
drive metabolic dysfunction (Satoh et al., 2016; Wu et al., 2012). The mechanisms behind
these divergent findings are currently unknown.

We previously observed that adipose tissue iINKT cells are phenotypically distinct from
iNKT cells in other organs. For example, these cells lack expression of the Promyelocytic
Leukemia Zinc Finger (PLZF) transcription factor, which is highly expressed in iNKT cells
in all other organs and thought to be required for iINKT cell development (Lynch et al.,
2015). Additionally, they produce IL-10, a characteristic not seen in other iNKT cells from
other tissues, which is critical for iINKT cell-mediated control of adipose tissue inflammation
(Lynch et al., 2012). IL-10 expression is driven by the E4BP4 transcription factor (encoded
by Nfil3), which is not expressed by other INKT cells at steady state (Lynch et al., 2015;
Motomura et al., 2011). However, the mechanism by which adipose tissue iNKT cells
express E4BP4 and upregulate IL-10 production is not known. Nor is it known whether there
is functional heterogeneity within the adipose tissue INKT compartment.

Here, we address these questions by using single-cell transcriptomics, biochemical
fractionation of adipose tissue, and /7 vivo functional studies. We found that the first INKT
cells to arrive in the adipose tissue in perinatal mice expressed PLZF, but then rapidly
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downregulated this transcription factor as mice mature. Single-cell RNA-sequencing
(ScRNA-seq) of adipose iNKT cells revealed surprising heterogeneity, with distinct clusters
characteristically distinguished by expression of NK1.1. Unexpectedly, we found that the
anti-inflammatory cytokine I1L-10, as well as the majority of regulatory cytokines previously
attributed to the bulk adipose tissue iNKT compartment, were produced by NK1.1NEG iNKT
cells, which represent 50% of the total adipose iNKT cell population. NK1.1POS iNKT cells,
in contrast, produce large amounts of TNF and IFNy, two cytokines reported to drive
adipose inflammation and tissue dysfunction during obesity. Importantly, we found that
iNKT cell exposure to adipose tissue-derived free fatty acids (FFAS) drove E4ABP4
expression and IL-10 production downstream of the inositol-requiring enzyme 1 a (IREla)-
XBP1s arm of the unfolded protein response (UPR). This pathway was predominantly active
in NK1.1NEG iNKT cells 7 situ, accounting for their preferential production of 1L-10.
Correspondingly, only adoptive transfer of NK1.1NEG adipose iNKT cells into obese
adipose tissue restored metabolic control and reduced local inflammation.

We also uncovered an independent role for IFNy-producing NK1.1POS iNKT cells in
promoting adipose tissue homeostasis in lean animals. We found that iNKT cell-derived
IFNy transactivates adipose natural killer (NK) cells and facilitates their cytotoxicity against
adipose tissue macrophages (ATMs). Mice lacking either iNKT cells or IFN+y exhibited
defective NK cell cytotoxic capacity resulting in ATM accumulation at steady state, which
was associated with greater adipose tissue inflammation and metabolic dysfunction. Specific
activation of adipose tissue iINKT cells drove NK cell-mediated killing of ATMs in an IFNy-
dependent manner. Collectively, these findings provide new insights into the signals that
govern adipose tissue iNKT cell function and define the mechanisms by which these cells
exert control over adipose tissue-resident immune cells.

Adipose tissue iNKT cells downregulate PLZF as mice age

Three thymically imprinted iNKT cell lineages have been described in mice, each defined by
graded expression of PLZF: Thi-like NKT1 cells, which are PLZF-OThetPOSRORy TNEG:
Th17-like NKT17 cells, which are PLZF'NTThetNEGRORyTPOS; and Th2-like NKT2 cells,
which are PLZFH TbetNEGRORy TNEG (Lee et al., 2013). The discovery of PLZF-negative
adipose tissue iINKT cells raised the possibility that this novel population was similarly
imprinted in the thymus. However, sScRNA-seq of thymic iNKT cells has so far failed to
identify a PLZF-negative precursor of the adipose tissue iNKT cell lineage (Engel et al.,
2016). Therefore, we hypothesized that iINKT cells might home to adipose tissue in a PLZF-
positive state and subsequently downregulate PLZF over time.

Previously, we used fate-mapping mice to determine if adipose tissue iNKT cells derived
from a PLZF-positive precursor; however, the majority of hematopoietic cells transiently
express low levels of PLZF during development, so it was not possible to answer this
question (Lynch et al., 2015). To determine if INKT cells home to adipose tissue in a PLZF-
negative state, or if they downregulate PLZF after arrival, we analyzed the first iNKT cells to
arrive in the adipose tissue during perinatal development. The earliest time point at which
we could identify iNKT cells in white adipose tissue was nine days after birth (data not
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shown). Strikingly, at this age adipose tissue iNKT cells uniformly expressed high levels of
PLZF. Importantly, PLZF levels then dropped to barely detectable levels by adulthood
(Figure 1a). In contrast, PLZF expression did not change significantly in splenic iNKT cells
over the same time period (Figure 1b). When we analyzed biaxial co-expression of PLZF
against Tbet and RORyT, the data were consistent with all three populations of TbetH!,
PLZFH! and RORyTPOS cells being present in the adipose tissue of neonatal mice. By
adulthood, however, the PLZFH! population had dropped to near zero numbers, while the
relative frequencies of the Thet™! and RORyTPOS populations remained unchanged (Figure
1c). To further examine this phenomenon, we adoptively transferred splenic iINKT cells,
which express high levels of PLZF, into congenically marked mice and recovered the
transferred cells from recipient spleen and adipose tissue two weeks later (Figure 1d).
Transferred cells recovered from spleen maintained high PLZF expression, while those
recovered from adipose tissue had uniformly downregulated PLZF (Figure 1e), suggesting
that exposure to the adipose microenvironment drives PLZF downregulation. Collectively,
these data indicate that adipose iINKT cells do not derive from PLZF-negative precursors,
but rather downregulate PLZF expression /n situ from tissue cues.

ScRNA-seq identifies transcriptionally distinct adipose tissue iNKT cell populations

Past studies of adipose tissue iNKT cells assumed that they were a homogeneous PLZF-
negative lineage. Given our new finding that all iNKT cells downregulate PLZF upon
adipose tissue ingress, we next asked whether there was unappreciated heterogeneity within
this cellular compartment. To address this question, we performed droplet-capture based
scRNA-seq of iNKT cells from the adipose tissue of 8-week-old male C57BL/6 mice,
compared with splenic iNKT cells. iNKT cells grouped largely by tissue of origin using
Uniform Manifold Approximation and Projection (UMAP) (Figure S1a), consistent with our
previous microarray analysis that identified adipose tissue iINKT cells as a transcriptionally
distinct from other tissue populations (Lynch et al., 2015). Importantly, several defining
transcriptional characteristics of the bulk adipose tissue iNKT cell population (Lynch et al.,
2015) were present among all adipose cells that we analyzed, including uniformly high
expression of the activation-associated genes Ca69and Nr4al (Figure S1b). However,
UMAP and Seurat V3 analysis also revealed unexpected heterogeneity within adipose tissue
iNKT cells and highlighted four transcriptionally distinct cell clusters (Figure 2a). Similar to
our flow cytometric studies, we observed a large population of 7hx21 (Thet)-expressing
NKT1 cells, and a smaller cluster of Rorc-expressing NKT17 cells (Figure 2b). We recently
identified a role for IL-17A producing y6 T cells in adipose Treg expansion and
thermogenesis (Kohlgruber et al., 2018), and these NKT17 cells may serve a similar
function. Another cluster (“Cycling”) was dominated by genes encoding cell cycle-related
proteins, which is consistent with our observation that adipose tissue iNKT cells are highly
proliferative (Figure S1c). Unexpectedly, the NKT1 cells segregated into two clusters, which
we labeled “NKT1-A” and “NKT1-B”. Half of the NKT1-A cells expressed K/rgZ while the
NKT1-B cells expressed KirbIc (encoding NK1.1) (Figure 2c¢). When we performed
differentially-expressed gene (DEG) analysis, we found that each cluster had an easily
identifiable transcriptional signature defined by genes encoding cytokines (eg Cc/5, 1117a),
surface markers (eg Kilrk1, 1/18rap), and transcription factors (eg Maf, Satb1) (Figure 2d and
Table S1).
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NK1.1 expression defines functionally distinct populations of adipose tissue iNKT cells

During thymic development, iNKT cells sequentially upregulate CD44 and NK1.1,
correlating with enhanced proinflammatory cytokine production capacity (Pellicci et al.,
2002). Several studies have shown that NK1.1POS and NK1.1NEG iNKT cells in peripheral
organs are distinct populations that do not interconvert (McNab et al., 2007). As NK1.1
(KirbIc) expression discriminated the two large NKT1 sub-clusters (Figure 2c), we
hypothesized that this marker might define functionally distinct populations of adipose
tissue INKT cells.

While the majority of peripheral INKT cells in C57BL/6 mice express NK1.1, we found that
adipose tissue was enriched for NK1.1NEG iNKT cells (33.5 + 2.9% in spleen versus 48.02
+ 2.7% in adipose tissue) (Figure S2a), which was stable with age (Fig. S2b). Earlier work
has shown that iINKT cells rapidly but temporarily downregulate NK1.1 in response to
strong antigen-driven stimulation by aGalCer (Wilson et al., 2003). Given that iNKT cells
may receive chronic, low-grade TCR stimulation from adipocytes at steady state (Huh et al.,
2013; Satoh et al., 2016), we analyzed NK1.1 expression in adipose tissue iNKT cells from
adipocyte-specific CD1d knockout mice (CD1d744D). In these mice, adipose tissue iNKT
cells expressed significantly lower levels of the NFAT-driven transcription factor Nur77, but
their expression of NK1.1 was unchanged compared to controls (Figure S2c). Additionally,
the expression of Nur77 or CD69 did not differ between NK1.1POS and NK1.1NEC adipose
tissue iINKT cells (Figure S2d), suggesting that these populations do not represent two
different activation states. We furthermore found that the frequencies of these populations
were dynamically regulated by physiological signals in adipose tissue. Namely, fasting,
which drives adipose lipolysis downstream of B-adrenergic signaling, drove an expansion of
NK1.1NEG adipose tissue iNKT cells (Figure S2e), while, in contrast, the frequencies of
these populations were not affected by overnutrition in the form of short-term HFD (Figure
S2f).

Next, we queried whether NK1.1POS and NK1.1NEG adipose tissue iNKT cells differed in
their ability to produce key cytokines that regulate adipose tissue functions. Sorting and
activating these populations from Va 14 transnuclear (TN) mice, which contain enriched
numbers of iINKT cells, revealed distinct cytokine profiles. NK1.1POS iNKT cells
dominantly produced IFNy and TNF, which have been described to drive inflammation and
adipose tissue dysfunction during obesity (Gregor and Hotamisligil, 2011; O’Sullivan et al.,
2016), while NK1.1NEG iNKT cells produced the metabolically protective cytokines IL-4,
IL-13, IL-2, and IL-17 (Brestoff et al., 2015; Ji et al., 2012) (Kohlgruber et al., 2018; Lynch
et al., 2015) (Figure 2e and Figure S2g). We verified these results in WT mice by flow
cytometry after INKT cell activation (Figure 2f). Furthermore, we analyzed stromovascular
fraction (SVF) cells from IL-10 eGFP reporter mice and found that this regulatory cytokine
was dominantly produced by the NK1.1NEC population (Figure 2g). NK1.1 expression did
not change during this short time frame (Figure S2h). Collectively, these results demonstrate
that NK1.1 expression discriminates adipose tissue iNKT cell populations that produce
different classes of cytokines.
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Exposure to adipose tissue lipids drives E4BP4 expression and IL-10 production in iNKT

cells

We were intrigued by our observation that IL-10 is differentially produced among adipose
tissue iINKT cells. Single-cell analysis revealed that A/fi/3, encoding the IL-10-inducing
transcription factor EABP4, was highly expressed in NK1.1NEG iNKT cells, but much less
so in the NK1.1POS population (Figure 3a). In fact, only half of the NKT1-B cluster
(containing the majority of NK1.1POS cells) highly expressed this transcript (Figure 3b).
Given that non-adipose iINKT express no E4BP4, we first sought to determine what factors
drove E4BP4 expression in the bulk adipose tissue INKT compartment. We reasoned that
understanding this mechanism would give us insight into why this protein was more highly
expressed in the NK1.1NEC population.

We hypothesized that E4ABP4 and IL-10 could be induced by exposure to the adipose
microenvironment. To test this, we adoptively transferred Va14 TN splenic iNKT cells,
which lack E4BP4 and do not produce IL-10, into congenically marked mice and recovered
the transferred cells from the spleen and adipose tissue one week later. Surprisingly, INKT
cells recovered from adipose tissue robustly upregulated E4BP4 expression compared to
those recovered from spleen (Figure 3c). Correspondingly, these cells produced IL-10 upon
aGalCer stimulation (Figure 3d). To rule out the possibility that these results were due to
homing of a specialized progenitor population to the fat, we directly cultured splenic iINKT
cell lines with congenically marked adipose tissue overnight and found that virtually all
iNKT cells cultured with fat robustly upregulated E4BP4 (Figure 3e) with no signs of
increased proliferation or death of a singular population (data not shown). Collectively, these
data indicate that exposure to the adipose microenvironment drives E4BP4 expression in
adipose iNKT cells.

Next, we sought to determine what factors in the adipose microenvironment induced E4BP4
in iINKT cells and endowed them with regulatory capacity. We found that this was unrelated
to TCR stimulation, as splenic iNKT cells transferred into CD1d-deficient mice still
upregulated E4BP4 in adipose tissue (Figure 3f). Supporting this, adipose tissue iNKT cells
from Cd1d144P mice expressed similar levels of E4BP4 (Figure S3a) and produced similar
levels of IL-10 (Figure S3b) as WT controls. Additionally culture of iNKT cells with CD1d
KO adipose tissue sufficiently drove E4BP4 upregulation (Figure S3c). Thus, it is unlikely
that cognate CD1d-TCR interaction drives E4ABP4 expression in adipose iNKT cells.

To determine if exposure to fat induced E4BP4 via a cell-cell contact mechanism or through
a soluble factor, we cultured iNKT cells in the presence of control media or cell-free adipose
tissue-conditioned media and found that conditioned media induced robust upregulation of
E4BP4 in all iNKT cells (Figure 3g). We then separated the adipose-conditioned media into
aqueous (protein) and organic (lipid) fractions and found that all E4BP4-inducing activity
was in the lipid phase (Figure 3h). Together, these results implicate nonantigenic lipids in
adipose tissue in driving E4ABP4 expression in iNKT cells.
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FFAs induce regulatory iNKT cells via the IRE1la-XBP1s arm of the Unfolded Protein

Response

We hypothesized that E4ABP4, and IL-10 are induced in adipose iNKT cells as a consequence
of their residence in a lipid-rich microenvironment. Indeed, adipose tissue contains the
highest concentration of extracellular lipids in the body, 85% of which are the FFAs
palmitate, oleate, and linoleate (Tan et al., 2015). Consistently, we noted that iINKT cells in
adipose tissue contained over twice as many intracellular lipids as splenic iNKT cells, as
measured by LipidTox staining (Figure 4a). To model this lipid-rich microenvironment, we
cultured splenic INKT cells with 200 uM palmitate, which reflects physiological
concentrations in adipose tissue and was sufficient to increase intracellular lipid content by
roughly two-fold (Figure S4a). Strikingly, we found that exposure to palmitate drove a rapid
upregulation of Nfil3 (E4BP4) and //10expression in splenic INKT cells (Figure 4b). We
confirmed this upregulation by flow cytometry by culturing whole splenocytes from IL-10
eGFP reporter mice with palmitate and then stimulating them with the protein kinase C /
NFAT activating cocktail PMA/I and analyzing eGFP fluorescence in iNKT cells (Figure
4c). This was specific to INKT cells, as other T cells did not upregulate IL-10 production in
response to palmitate (Figure 4c). Interestingly, we also found that exposure to palmitate
induced splenic iINKT cells to downregulate PLZF (Figure S4b and S4c).

To understand why exposure to FFAs induces regulatory iNKT cells in fat, we analyzed
transcriptional differences between splenic and adipose tissue iINKT cell populations from
our sScRNA-seq dataset (Table S2). Interestingly, after Gene Ontogeny (GO) analysis we
found that adipose tissue iINKT cells were highly enriched with transcripts associated with
apoptosis and cellular stress (Figure 4d). /n vivo analysis with the FAM-FLIVO reagent,
which labels cells with active caspases, confirmed this; at any point in time an average of
10% of adipose tissue iINKT cells were undergoing apoptosis, compared to 1% in the spleen
(Figure 4e).

In addition to its role in the immune system, EABP4 has been extensively characterized as an
apoptosis-associated factor induced in several different cell types subjected to physiological
stressors (Beach et al., 2011; Yu et al., 2002; Zhao et al., 2013). A potential connection
between the role of E4ABP4 in stress and in adipose tissues was found when it was reported
that exposing iNKT cells to palmitate activated the IRE1la-XBP1s axis of the UPR, one of
three homeostatic pathways engaged by cells undergoing apoptotic or endoplasmic
reticulum (ER) stress. (Ko et al., 2017). Here, ER stress drives activation of the RNAse/
kinase IRE1la, which then splices a single mRNA XBP1 into its active translatable form
XBP1s, encoding a potent transcription factor. While one study recently probed the role of
the kinase domain of IRE1a in iNKT cells (Govindarajan et al., 2018), the role of the
RNAse domain and downstream XBP1 signaling has remained largely unexplored. We
found that the XBPI gene was highly upregulated in adipose tissue iINKT cells over splenic
iNKT cells (P adj = 4.73E-212, MAST test) (Figure 4f).

Given that the Nfil3 gene was recently described to be an XBP1s target gene in T cells
(Pramanik et al., 2018), we hypothesized that ER stress driven by intracellular lipid
accumulation may drive E4ABP4 expression and subsequently IL-10 production in iNKT
cells. Thus, to interrogate the role of the IRE1a-XBP1s axis, we cultured iNKT cells with
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palmitate in the presence or absence of the chemical compound 4u8c, which specifically
inhibits the RNAse domain of IRE1la and thus XBP1 splicing. Exposure to physiological
levels of palmitate drove XBP1 splicing in iNKT cells, which was blocked by 4u8c
treatment (Figure 4g, left). Strikingly, 4u8C treatment also completely blocked N/fi/3and
/110 upregulation in response to palmitate, demonstrating that this pathway was completely
driven by IRE1a-XBP1s (Figure 4g, middle, right). This effect was mirrored when we
exposed palmitate-treated cells to the chemical chaperone 4-phenylbutyrate (4-PBA), which
nonspecifically attenuates ER stress (Figure S4d). Conversely, when we pharmacologically
induced ER stress with tunicamycin, both Nfi/3and //70were rapidly upregulated in INKT
cells (Figure 4h). Thus, exposure to adipose tissue FFAs drives E4BP4 and IL-10 expression
downstream of IRE1a-XBP1s, thereby endowing adipose iNKT cells with regulatory
functions.

We next sought to determine why, despite existing in the same environment, NK1.1P9S and
NK1.1NEG iNKT cells differed in their expression of EABP4 and production of IL-10. We
hypothesized that these two populations differed in their engagement of the IRE1la-XBP1s
signaling and started by analyzing the initiating signal of this pathway; namely, intracellular
lipid accumulation. Strikingly, LipidTox staining revealed that NK1.1POS iNKT cells
contained significantly lower levels of intracellular lipids than did NK1.1NEG cells (Figure
4i, left). From a developmental standpoint, NK1.16POS iNKT cells have been shown to be
highly resistant to apoptotic stress-inducing stimuli compared to NK1.1NEG iNKT cells
(Engel et al., 2016). Consistent with this, in the adipose tissue NK1.1POSiNKT cells
underwent apoptosis at half the rate of NK1.1NEG counterparts (Figure 4i, middle).
Correspondingly, when we analyzed IRE1a signaling by flow cytometric staining for
XBP1s, we found that this pathway was less engaged in NK1.1POSiNKT cells (MFI ~ 25%
of NK1.1NEG) (Figure 4i, right). Collectively, these results demonstrate that adipose FFAs
drive INKT production of I1L-10 via the IRE1a-XBP1s arm of the UPR, and that this
pathway is reduced in NK1.1POS iNKT cells, likely due to both an lower intracellular lipid
content and a developmental propensity to resist stressful stimuli.

NK1.1NEG adipose tissue iNKT cells selectively restore glycemic control and reduce
inflammation in obesity

The majority of reports have shown that adipose tissue iINKT cells protect against metabolic
disease during obesity by producing the regulatory cytokines IL-10, IL-4, IL-13, and IL-2 (Ji
etal., 2012; Lynch et al., 2015; Schipper et al., 2012). As NK1.1NEG iNKT cells
predominantly produced these cytokines, we hypothesized that the NK1.1NEG iNKT cell
population was responsible for the protective metabolic effects. To test this, we placed Ja.18-
knockout (Ja18 KO) mice, which lack iNKT cells, on a HFD for 8 weeks, and then
adoptively transferred either NK1.1P9S or NK1.1NEG adipose iNKT cells obtained from
lean Va.14 TN mice, or a vehicle control, into obese mice, and two weeks later, performed
metabolic testing (Figure 5a). Transfer of either cell type did not significantly alter whole
body mass or fat pad mass (data not shown). However, we found that transfer of NK1.1NEG
iNKT cells restored glycemic control in obese mice, as measured by fasting blood glucose
(Figure 5b) and glucose tolerance test (Figure 5c), but that transfer of NK1.1POS iNKT cells
had no effect. Furthermore, transfer of NK1.1NEG iNKT cells drove the expansion of
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CD301* M2 macrophages and the contraction of CD11c* M1 macrophages in obese adipose
tissue (Figure 5d). Mice receiving NK1.1NEG iNKT cells also had a smaller average
adipocyte size compared to those receiving NK1.1POSiNKT cells or vehicle control (Figure
5e). Thus, in the context of obesity NK1.1NEG iNKT cells selectively reverse metabolic
dysfunction by controlling adipose tissue inflammation. The fact that we found only half of
all adipose iNKT cells to be protective against obesity may explain why some studies have
characterized the bulk population as being proinflammatory and metabolically pathogenic.

iNKT cell-derived IFNy is critical for ATM homeostasis and metabolic health in lean mice

Our data so far suggest that the positive effect of regulatory adipose tissue iINKT cells on
metabolism is mediated exclusively by the NK1.1NEG population. However, NK1.1POS
iNKT cells constitute 50% of all adipose iINKT cells (and up to 15% of all adipose T cells)
at steady state, and therefore likely play a significant role in adipose tissue physiology. We
found that NK1.1POSiNKT cells dominantly produced TNF and IFNYy, (Fig. 3e) cytokines
typically associated with inflammation in obesity. However, these cytokines also may have
beneficial effects. For example, low levels of TNF production have been described to be
beneficial in lean adipose tissue, as it facilitates healthy expansion of the tissue in response
to food intake (Wernstedt Asterholm et al., 2014). To our knowledge, a role for IFNvy in lean
adipose tissue has not been described. Because all other cytokines that are dominantly
produced by adipose iNKT cells have an important role in lean adipose, we tested if iINKT
cell-derived IFN-y was harmful or beneficial in adipose tissue physiology at steady state.

iNKT cells are a major source of IFN-y in adipose tissue, comprising up to 20% of all IFN-y-
competent cells in the tissue (Figure S5a). We found that adipose tissue iINKT cells produced
three times the amount of IFNy as tetramer-negative T cells (Figure S5b) and could produce
this cytokine in response to both TCR- and cytokine-driven activation signals (Fig. 6a). To
determine if IFN+y signaling regulates the immunological tenor in adipose tissue at steady
state, we quantified adipose immune cell populations in WT and IFN-y KO mice. The
majority of adipose immunocytes were unaltered in IFNy KO mice, with the exception of
Tregs and eosinophils, which were slightly higher in number (Figure S5c). However, the
expression of //10, 114, and //13, the key cytokines these cells produce to control adipose
tissue inflammation (Feuerer et al., 2009; Wu et al., 2011) was unchanged (Figure S5d),
suggesting that the marginal difference in cell number was inconsequential.

Unexpectedly, we found that IFN-y KO mice had a significant expansion of ATMs,
containing over three times as many per gram of adipose tissue as WT mice (Figure 6b). The
ratio of macrophages expressing M1-like versus M2-like markers was not altered in IFN-y
KO mice (Figure S5e). Macrophage accumulation is a driver of inflammation in obese
adipose tissue and systemic metabolic dysfunction (Weisberg et al., 2003), and we
previously showed that iINKT-deficient mice exhibit macrophage accumulation in adipose
tissue (Lynch et al., 2012) (Figure S5f). In fact, previous reports have shown that both ATMs
with M1 and M2 markers have similar capacity to produce inflammatory cytokines when
they expand uncontrolled (Kratz et al., 2014; Xu et al., 2013). Therefore, while the balance
of “M1” and “M2” macrophages is important in adipose tissue, the total number of
macrophages is the major determinant of inflammation. Consistent with this, we found a
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higher level of transcripts for the macrophage-derived inflammatory mediators //6 and Nos2
and a marked reduction in the anti-inflammatory macrophage marker ArgZ in the adipose
tissue of IFNy KO mice (Figure 6c).

Given the greater macrophage accumulation, we examined the metabolic state of lean IFN-y
KO mice. We found that IFNvy signaling was essential for glucose homeostasis in lean mice:
IFN-y KO mice had significantly higher fasting glucose compared to WT counterparts (25%
increase) (Figure 6d) and had impaired glucose handling (Figure 6€). These results were
phenocopied in mice lacking the IFN-y receptor (Figure 6f, g). Of note, we observed no
difference in body mass between WT and IFN-y KO mice (Figure S5g). Thus, iNKT cells
are a significant source of IFN+y in adipose tissue, and in the absence of IFN-y signaling, lean
mice experience ATM accumulation, greater adipose inflammation, and systemic metabolic
dysfunction.

iNKT cell-derived IFNy licenses NK cell cytotoxicity against ATMs

To define a mechanism by which iNKT cells and IFN+y limit macrophage numbers in
adipose tissue, we first characterized the kinetics of ATMs in IFNy KO mice. We found no
differences in macrophage proliferation rates between WT and IFNy KO mice (Figure 7a,
left). In contrast, when we analyzed macrophage death with 7-AAD, we found that there was
a 50% reduction in 7-AAD+ macrophages in IFNy KO adipose tissue compared to WT
(Figure 7a, right), suggesting that macrophages may be accumulating due to a lower rate of
death.

Given the lower macrophage death rate, we hypothesized a role for adipose tissue NK cells
in this process as they have been shown recently to induce ATM death at steady state
(Boulenouar et al., 2017). While NK cells are known to be enriched in obesity, where they
are reported to contribute to inflammation by producing inflammatory cytokines (Lee et al.,
2016; O’Sullivan et al., 2016; Wensveen et al., 2015), we recently uncovered a homeostatic
role for NK cells in lean adipose tissue. In the lean state, NK cells are cytotoxic against all
populations of ATMs in a perforin-granzyme B dependent manner. This “physiological
killing” restrains macrophage accumulation and pathologic inflammation, and depletion of
NK cells in mice results in ATM expansion and metabolic dysfunction (Boulenouar et al.,
2017). During obesity, the cytotoxic ability of adipose NK cells is lost, largely due to lipid
accumulation and alteration of cell-intrinsic metabolism (Michelet et al., 2018).

Given that INKT cell-derived IFN-y has been demonstrated to regulate NK cell functions in
several other organs (Carnaud et al., 1999; Fuijii et al., 2004; Fujii et al., 2003), we asked if
this axis contributed to macrophage cytolysis in lean adipose tissue. To explore this
possibility, we specifically activated iINKT cells in lean mice /n vivo with aGalCer in the
presence or absence of IFN+y blocking antibodies. Three days post aGalCer injection, the
percentage and number of adipose NK cells markedly expanded, and this was significantly
abrogated by blockade of IFNy (Figure 7b). In the spleen, iNKT cell-derived IFN-y rapidly
transactivates IFNy production in NK cells, largely by inducing IL-12 production by splenic
myeloid cells (Carnaud et al., 1999; Fujii et al., 2004; Fujii et al., 2003). However, activation
of adipose tissue iINKT cells did not transactivate NK cells to produce IFNy (Figure S6a).
Instead, we found that iINKT cell activation significantly enhanced the cytotoxic capacity of
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adipose tissue NK cells; a.GalCer stimulation induced a five-fold increase in granzyme B
expression in adipose tissue NK cells, and this was completely abrogated by blockade of
IFNy (Figure 7c). Consistent with this, adipose tissue NK cells in both iNKT-deficient and
IFN-y-deficient mice exhibited a two-to-three-fold reduction in granzyme B expression
(Figure 7d). Interestingly, NK cells from iNKT-deficient mice also produced less IFNy
themselves after PMA/I stimulation (Figure S6b), and had reduced expression of Thet
(Figure S6c).

Finally, we directly tested if iINKT-derived IFN-y drove adipose NK cell killing of
macrophages with a cytotoxicity assay. Specifically, we co-cultured ATMs with adipose
tissue NK cells obtained from mice treated with a vehicle control or with aGalCer in the
presence or absence of IFN-y blocking antibodies (Figure 7e). Confirming our hypothesis,
iNKT cell activation enhanced the ability of adipose NK cells to directly kill macrophages as
measured by NK cell degranulation/surface LAMP-1 (Figure 7f) and macrophage death
(Figure 7g), and these effects were abrogated by IFNvy blockade. Thus, in the lean state,
iNKT cells direct NK cell physiological killing of ATMs in an IFN-y-dependent manner,
which restrains physiologic inflammation and promotes metabolic health.

Discussion

Here, we sought to gain insight into the biology and functions of adipose tissue iINKT cells
by utilizing scRNA-seq and discovered unexpected transcriptional and functional
heterogeneity. While NK1.1POS adipose tissue iNKT cells dominantly produce IFNy,
almost all of the previously described regulatory properties belong only to the NK1.1NEG
population. Chief among these properties is the production of IL-10, which has been
considered a defining characteristic of the adipose tissue iNKT compartment.
Mechanistically, we found that adipose tissue FFA accumulation within adipose tissue INKT
cells drives expression of E4BP4 and IL-10 via IRE1a-XBP1 signaling and that this
pathway was primarily active within NK1.1NEG iNKT cells. Therefore, these two iNKT cell
populations exist at opposite ends of a spectrum, with NK1.1POS iNKT cells being
dominantly instructed by developmental signals to produce IFNy and NK1.1NEG iNKT cells
being dominantly instructed by the tissue microenvironment to produce I1L-10.

These findings in normal physiology may be relevant to iNKT cells in the context of disease,
particularly cancer. IL-10-producing iNKT cells were recently discovered in intestinal
polyps and colorectal cancer, where there is a high level of ER stress (Wang et al., 2018).
Additionally, splenic iNKT cells can be induced to produce 1L-10 by strong stimulation with
aGalCer, limiting the ability of these cells to be targeted in anti-tumor responses (Sag et al.,
2014). If the IRE1a-XBP1s pathway governs the generation of these cells, then this
becomes a potential therapeutic target. Whether this pathway is relevant for other
populations of innate T cells also remains an open area for investigation.

Our study also uncovered a metabolically protective role for INKT cell-derived IFN+y lean
animals. At steady state, IFN<y produced by NK1.1POSiNKT cells transactivates adipose
NK cells and facilitates their cytotoxicity against tissue-resident macrophages. In the
absence of iNKT cells or IFN-y signaling adipose NK cells lose their cytotoxic capacity, and
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this results in macrophage expansion, local inflammation and metabolic dysfunction. In this
way, two divergent populations of adipose iINKT cells collaborate to maintain metabolic
homeostasis through non-redundant mechanisms — NK1.1NEG iNKT cells by directly
producing regulatory cytokines and NK1.1POS iNKT cells by indirectly limiting the
accumulation of pathogenic macrophages.

While many reports have described adipose tissue iINKT cells as anti-inflammatory and
protective against metabolic disease, several groups have reported the opposite finding- that
adipose iNKT cells contribute to obesity-related metabolic disease by producing TNF and
IFN-y (Satoh et al., 2016; Wu et al., 2012). Several theories for this discrepancy have been
proposed, including differences in diet, gut microbiome, and analytical methods. However, a
mechanistic explanation for these divergent findings has not been demonstrated. It is
tempting to speculate that these contrasting results may be driven by differences in the INKT
cell subsets we have identified in this report. Indeed, differences in either the activation state
or the relative abundance of these two subsets could influence whether the bulk iINKT cell
population is interpreted as protective or pathogenic during obesity. Supporting this, the
NK1.1NEG population was expanded by fasting, which is well known to drive anti-
inflammatory signaling pathways in adipose tissue. Our results provide a new framework for
future studies of adipose tissue INKT cells in different mouse cohorts.

Interestingly, two studies focusing on the role of IFNvy in the obese state observed no
differences in glucose tolerance between lean WT and IFNy KO mice, although they did not
analyze adipose tissue inflammation or immune cell compartments (Rocha et al., 2008;
Wong et al., 2011). While we do not know the reason for this discrepancy, one significant
difference between these studies and ours is the ages of the mouse cohorts used. The
previous studies used aged mice (28 weeks and older) for metabolic analysis. Our studies, in
contrast, almost exclusively used younger mice (ages 6-12 weeks) due to the higher number
and important role of iINKT cells in adipose physiology during that time window
(Kohlgruber et al., 2018; LaMarche et al., 2019; Lynch et al., 2015). Given that the
immunological environment in adipose tissue is well documented to change with age,
particularly around 16 weeks of age (Feuerer et al., 2009; Kohlgruber et al., 2018; Kolodin
et al., 2015; LaMarche et al., 2019), it is possible that IFNy plays its most essential
metabolic role in adipose tissue at younger ages. Another study found that IFN+y deficiency
enhanced glucose tolerance in lean mice, but demonstrated that this effect was completely
dependent on the gut microbiome (Greer et al., 2016). Altering or reducing the microbiota
with antibiotics abrogated the metabolic differences between WT and IFNy KO mice (Greer
et al., 2016). It serves reason that specific vivarium microbiomes may underscore different
contributions of IFN~y signaling to metabolic homeostasis. Other factors including
environment, food, and technical differences also cannot be discounted.

That IFNy serves a metabolically protective role in lean adipose tissue seems paradoxical,
especially given the importance of preserving an anti-inflammatory microenvironment in
this organ. However, a growing body of research has shown that IFNy signaling can have
markedly anti-inflammatory effects depending on context. For example, during influenza
infection excessive IFNy signaling suppresses phagocytic ability of alveolar macrophages
by inducing scavenger receptor downregulation, and this suppression results in enhanced

Cell Metab. Author manuscript; available in PMC 2021 August 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

LaMarche et al.

Page 13

susceptibility for secondary pneumococcal infection (Sun and Metzger, 2008). In allergic
asthma, IFN-y produced by a unique iNKT cell population protects against disease by
antagonizing type 2 inflammation in the lung (Chuang et al., 2019). IFN+y also has several
anti-inflammatory effects on myeloid cells, including downregulation of IL-1p and IL-8 and
induction of caspase-dependent apoptosis (Mihl and Pfeilschifter, 2003). Our finding that
IFNy serves an anti-inflammatory role in lean adipose tissue highlights the importance of
this phenomenon in the maintenance of a metabolic organ.

It appears that adipose tissue has a unique ability to utilize stereotypically proinflammatory
cytokines to drive homeostatic outcomes. Indeed, IL-17A (Kohlgruber et al., 2018), TNF
(Wernstedt Asterholm et al., 2014) and IL-18 (Murphy et al., 2016) all maintain metabolic
fitness in adipose tissue when they are produced in a controlled manner in low quantities.
Here we have shown that IFNvy, a metabolically deleterious cytokine in obesity, acts in a
beneficial way when produced by NK1.1PO9S adipose tissue iNKT cells in the lean state.
Thus, adipose tissue contains two populations of iINKT cells that, when activated in the
correct physiological context, cooperate to subdue local inflammation and preserve systemic
metabolic integrity.

Limitations of Study

Our study leaves open several questions suitable for future study. It is unknown if PLZF and
E4BP4 expression are regulated by a common pathway, or if these two transcription factors
counter-regulate each other.

Additionally, it is unknown if expression of NK1.1 is simply a distinguishing marker
between adipose iNKT cell subsets, or if this NK receptor has a functional role in their
biology. As stated above, we acknowledge that our results v7s-3-visthe metabolic effect of
IFNy-deficiency differs from those of two previous studies. While we speculate that this
may be due to significant differences in the ages of the mouse cohorts, we cannot discount
well-known regulators of metabolism such as diet and facility-specific microbiomes, as well
as more nebulous environmental factors such as ambient noise and frequency of mouse
handling. These factors may also help explain differing results on the protective versus
pathogenic role of INKT cells in adipose tissue. Besides these variables, our new insights
into adipose iNKT cell heterogeneity and function provide the opportunity to study the
proportions of distinct subsets and their activation states at a more refined level which may
offer insight into the results in different laboratories.

STAR METHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Michael B. Brenner
(mbrenner@research.bwh.harvard.edu).

Materials Availability—No new materials were created for this study.
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Data and Code Availability—ScRNA-seq data from this manuscript have been deposited
in the Gene Expression Omnibus under accession code GSE142845. Non-RNA-seq data
have been deposited in Mendeley Data (doi: 10.17632/2d6ywgh8bj.1).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Ja18 KO / CD1d KO, Va14 TN (Clancy-Thompson et al., 2017), and
CD1d1floxed (Olszak et al., 2014) mice were kindly provided by Dr. Mark Exley, Dr.
Stephanie Dougan and Dr. Richard Blumberg, respectively. C57BL/6 (WT), AdipoQ Cre
(RRID:IMSR_JAX:010803), IL-10 eGFP (TIGER) (RRID:IMSR_JAX:008379) , IFNy KO
(RRID:IMSR_JAX:002287), and IFNyR KO (RRID:IMSR_JAX:003288) mice were
obtained from Jackson Laboratories. Animals were randomly assigned to experimental and
control groups. In almost all experiments, male mice between 6-14 weeks of age were used.
Both male and female Va.14 TN mice were used as a source of adipose tissue iNKT cells for
sorting and adoptive transfer experiments. Mice were bred and housed at 25°C under
specific pathogen-free conditions at Brigham and Women’s Hospital’s Center for
Comparative Medicine. Mice were in good general health, were subject to a 12:12 hour
light:dark schedule, and had free access to food and water. Where indicated, mice were fed
either standard fat diet (Pico Labs 5053) or HFD (Research Diets, 60 kcal% fat) beginning at
six weeks of age. HFD was for a duration of 8 weeks and induced weight gain of roughly 15
grams. All animal work was approved by, and in compliance with, the Institutional Animal
Care and Use Committee of Brigham and Women’s Hospital.

METHOD DETAILS

Metabolic Testing—All metabolic testing was performed on mice fasted for 6-12 hours.
For glucose tolerance tests, mice were injected I.P. with 2 g/kg (lean mice) or 1g/kg (obese
mice) dextrose and blood glucose levels were measured at the indicated time points post
injection.

Tissue Processing—Adipose tissue was excised, minced with a razor, and digested in
1mg/ml Collagenase Type Il (Worthington) in RPMI shaking for 25 minutes at 37°C.
Digested cells were filtered through a 70uM nylon mesh and centrifuged at 15,000 rpm for 7
minutes to pellet the stromovascular fraction (SVF). Spleen was disrupted through a 70uM
filter and pelleted. Red blood cells in the spleen and SVF were lysed with ACK Lysing
Buffer (VWR) prior to further analysis.

Histology—Visceral adipose tissue was fixed in 4% paraformaldehyde in PBS overnight
and then transferred to 70% ethanol for storage. Samples were processed, paraffin
embedded, and stained with H&E by the Dana Farber Rodent Histopathology Core. TIF
images of sections were collected at 20X magnification, and adipocyte size was analyzed on
ImageJ using the Adiposoft automated software package. Size cutoffs were set between
10uM-100pM and manually adjusted as needed.

Flow Cytometry and Cell Sorting—All antibody staining of live cells was performed in
Biolegend Cell Staining Buffer. Single cell suspensions were incubated in Fc-receptor
blocking antibody (Clone 93, Thermo Fisher) on ice for 15 minutes prior to cell surface
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antigen staining. Dead cells were excluded with 7-aminoactinomycin D or Fixable Viability
dyes (UV or eFluor 780, Thermo Fisher). For intracellular antigen staining, cells were fixed
with either BD Pharmingen’s Cytofix/Cytoperm kit or Thermo Fisher’s FoxP3/Transcription
Factor Fixation/Permeabilization kit for 30 minutes at room temperature. iNKT cells were
identified as lymphocytes binding to anti-TCRp antibodies and aGalCer analog PBS57-
loaded CD1d tetramer (NIH Tetramer Core Facility/Emory Vaccine Center). For analysis of
iNKT cells and NK cells, a “dump” channel with antibodies against CD19 and F4/80 was
used to eliminate nonspecific staining. For neutral lipid staining, cells were stained with the
LipidTox reagent (Thermo Fisher) per the manufacturer’s instructions. Gating strategies are
provided in Supplemental Information (Figure S7).

Generation of splenic iNKT cell lines—L.ines were generated from C57BL/6 mouse
spleens as previously described (Chiba et al., 2009). Briefly, iNKT cells were isolated from
bulk splenocytes by tetramer-based MACS enrichment followed by FACS sorting, and then
expanded by exposure of to irradiated CD11c* splenocytes pulsed with aGalCer. Stimulated
cells were maintained in a cocktail of IL-2 and IL-7, and frozen for use in experiments 21
days later. Cells were used in experiments one day after thawing.

In vitro stimulations—Where indicated, iNKT cells were incubated for 6-12 hours with
0.1g epidydimal fat, 20uM 4u8c, 10-1mg/ml 4-PBA, or 1ug/ml tunicamycin. In other
experiments, tissues were digested as described above, and cultured for 2—4 hours in the
presence of phorbol 12-myristate 13-acetate and lonomycin (PMA/I) (eBioscience Cell
Stimulation Cocktail, Thermo Fisher) and Brefeldin A (Thermo Fisher). Cultures were in
complete RPMI media [RPMI supplemented with HEPES (Invitrogen), L-glutamine,
penicillin/streptomycin, 2-Mercapto Ethanol, and 10% FBS (Gemini)]. For palmitate
cultures, dry palmitic acid (Sigma) was dissolved in methanol and then diluted in culture to
200uM. A vehicle control was used for all cultures.

Adipose-conditioned media and liquid-liquid extractions—To generate adipose-
conditioned media, 1g of epididymal adipose tissue was cultured in 1ml of complete RPMI
overnight, and centrifuged to collect cell-free supernatant. Conditioned media was
fractionating using a liquid-liquid extraction with 2:1 chloroform:methanol to collect
aqueous (protein) and organic (lipid) phases for biological testing. Fractions were dried,
resuspended in equivalent volumes of complete RPMI, and sonicated before being tested on
iNKT cells.

In vivo stimulations—For BrdU labeling, mice were injected I.P. with 1 mg BrdU daily
for six days. One day later, tissues were harvested and BrdU incorporation in iNKT cells
was evaluated with the BrdU Flow Kit (BD Pharmingen) per the manufacturer’s
instructions. As a cytokine-driven model of iINKT cell activation, mice were injected 1.V.
with 2mg ultra-pure LPS from E. co/i 0111:B4 (InvivoGen) per kg body weight. As an
antigen-driven model of iNKT cell activation, mice were injected I.P. with 1 pg aGalCer
analog KRN7000 (Avanti Polar Lipids). Both aGalCer and LPS were prepared in DMSO
and diluted 1:10 (v/v) in sterile saline immediately prior to injection. Mice were sacrificed
and tissues harvested after either 4 or 72 hours. In some experiments, mice were injected I.P.
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with 200ug ultra-low endotoxin azide-free anti-IFNy (XMG1.2) or isotype control
antibodies (Biolegend) 8 hours prior to aGalCer injection. For /in vivo analysis of apoptosis
mice were injected 1.V. with the fluorescent poly-caspase binding reagent FAM-FLIVO
(Immunochemistry Technologies) and analyzed per the manufacturer’s instructions. For ex-
vivo intracellular cytokine staining, suspensions of SVF cells were cultured for two hours at
37°C in complete media in the presence of Brefeldin A prior to staining with flow cytometry
antibodies.

Adoptive Transfer—In Figures 1 and 3, 1 x 10% CD45.2 splenic iNKT cells were injected
I.P. into congenically marked CD45.1 mice. 1-2 weeks later, transferred cells were harvested
from recipient spleen and adipose tissue. In Figure 5, obese Ja18KO mice were I.P. injected
with vehicle control or with 20,000 NK1.1P0S or NK1.1NEG iNKT cells sorted from the
adipose tissue of lean Va.14 TN mice. Two weeks later, mice were subjected to metabolic
testing and adipose tissue analysis as described above.

Cytotoxicity assays—Adipose NK cells from indicated mice were sorted and cultured in
1:1 ratios with ATMs from lean, unmanipulated mice. Macrophages were labeled with
0.01uM of CellTracker Green (Thermo Fisher) prior to co-incubation. Cells were
centrifuged in round bottom plates to force conjugation and incubated for 2—4 hours in the
presence of monensin (Biolegend) and anti-CD107a antibodies. 7-aminoactinomycin D was
added to the cells immediately prior to analysis on a flow cytometer.

RT-PCR Analysis—iNKT cells or adipose SVF were suspended in a 5:1 ratio of TRIzol
Reagent (Life Technologies) : chloroform. After centrifugation, the upper aqueous phase
was extracted and mixed in a 1:1 ratio with 70% ethanol. RNA was then isolated with
RNeasy Mini Kits (Qiagen). cDNA was prepared using Quantitect RT-PCR kit (Qiagen), and
gPCR was performed on a Stratagene Mx3000 instrument using Brilliant 111 SYBRGreen
(Agilent). Relative expression values were normalized to expression of Z18sor Hprt. A list of
primers can be found in Table S3.

scRNA-seq sequencing and data pre-processing—Single-cell RNA-seq was
performed was performed using the 10x Genomics platform. Single cell suspensions from
the spleens of mice treated with saline or aGalCer were tagged by TotalSeg-A Mouse
hashtag antibody #1 and #2 (Biolegend) respectively, and a total of 7,500 cells from each
labeled suspension were combined and loaded onto a 10x Chromium Controller to generate
single cell Gel Beads-in-emulsion (GEMS). Similarly, cells from the visceral adipose tissue
of mice treated with saline were separately loaded onto a 10x Chromium Controller to
generate GEMS. GEMs were then processed to generate UMI-based libraries according to
the 10X Genomics Chromium Single Cell 3’ protocol. Libraries were sequenced using a
NextSeq 500 sequencer (I1lumina). Cell Ranger v3.0.2 was used to process the raw BCL
files and produce a final feature by barcode UMI count matrix. First, raw BCL files were
demultiplexed using Cell Ranger mkfastq to generate fastq files with default parameters.
Fastq files were then aligned to the mm210 genome (v1.2.0) and feature reads were quantified
simultaneously using Cell Ranger count for feature barcoding. The resulting filtered feature-
barcode UMI count matrices containing quantification of gene expression in each cell, and,
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in the case of the splenic INKT UMI matrix, quantification of hashtag antibody binding,
were then utilized for downstream analysis of the scRNA-seq data.

Downstream analysis of SCRNA-seq data—A total of 15,702 cells expressing a
median of 1,685 genes per cell were loaded from the pre-processed single cell data files. For
analysis of the adipose iNKT cells only, cells expressing less than 1000 genes or more than
6000 genes in total were excluded from the analysis to remove possible doublets, empty
droplets and cells with poor quality transcripts. Genes which were expressed in less than 3
cells in total were removed from the analysis to prevent false positive identification of
transcripts. Cells expressing less than 1% or greater than 10% of mitochondrial genes as a %
of total gene counts were considered to be apoptotic or dying and were also removed from
the analysis. Following quality control, UMI counts were normalized using regularized
negative binomial regression with the sctransform package (Hafemeister and Satija, 2019).

For dimensional reduction of the normalized adipose iNKT cell data, principal component
analysis (PCA) was performed using n = 50 dimensions and PCA variability was determined
using an Elbow plot. A total of 40 dimensions were selected for calculating the initial
UMAP using a minimum distance of 0.3 and a spreading factor of 1. An initial SNN graph
was constructed (k = 20 nearest neighbors, n = 40 dimensions) and graph-based clustering
was performed using the leidenalg algorithm at a resolution of 0.22 (Traag et al., 2019). At
this stage a small number of outlier cells expressing macrophage markers such as Cd14
(CD14) and Adgre1 (F4/80) were identified and were removed from the analysis. A total of
3000 variable features were then used to recalculate a new PCA and a total of 40 dimensions
were selected for calculating the final UMAP using a minimum distance of 0.3 and a
spreading factor of 1. A new SNN graph was then constructed (k = 20 nearest neighbors, n =
25 dimensions) and graph-based clustering was performed using the leidenalg algorithm
using a resolution of 0.075 to generate the final clusters for analysis. Differentially expressed
genes (DEGS) and cluster markers were identified using the Wilcoxon Rank Sum test and
DEGs were defined as genes which had FDR-corrected p-values of 1E-20 or less, were
expressed in at least 30% of all cells in a given cluster (min.pct = 0.3) and had log,(Fold
Change) (Log,FC) threshold of at least 0.25. Sub-clustering of NKT1-B cells was performed
by identifying n = 3000 new variable features, computing a new PCA and then calculating a
new UMAP using a total of 40 dimensions (minimum distance = 0.3, spreading factor = 1).

For analysis of splenic and adipose tissue iNKT cells together, splenic cells iNKT cells first
underwent quality control filtering similar to the filtering steps previously described for
adipose tissue iINKT cells. Briefly, cells expressing less than 500 genes or more than 4000
genes in total and genes expressed in less than 3 cells in total were removed from the
analysis. Cells expressing less than 2.5% or greater than 10% of mitochondrial genes as a %
of total gene counts were then also filtered out. Antibody hashtag data was demultiplexed
using the Seurat HTODemux function (Butler et al., 2018; Stuart et al., 2019) with a positive
quantile of 0.99 and doublets identified as positive for both antibodies were removed from
the analysis. HTO data was normalized using centered log ratio transformation and all cells
which displayed a value greater than 0.5 for hashtag antibody #1 (corresponding to splenic
iNKT cells isolated from saline-injected mice) were selected for further analysis. The raw
UMI counts of these selected splenic iINKT cells were then merged with the raw UMI counts
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of the previously analyzed adipose tissue iINKT cells to generate a new merged data matrix
including both splenic and adipose tissue iINKT cells. UMI counts of cells in the merged
matrix were normalized using regularized negative binomial regression with the sctransform
package and PCA was performed using n = 100 dimensions. PCA variability was
determined using an Elbow plot and an initial UMAP was generated using a total of 100
dimensions, a minimum distance of 0.3 and a spreading factor of 1. Following initial graph-
based clustering (k = 20 nearest neighbors, n = 25 dimensions) two small clusters of splenic
cells expressing macrophage associated genes (Cd14, Adgrel etc.) and Cd8a were identified,
and these contaminating cells were removed from the analysis. A total of 3000 variable
features were then used to calculate a new PCA and a total of 50 dimensions were selected
for calculating the final UMAP using a minimum distance of 0.3 and a spreading factor of 1.
Differential expression testing was performed using the MAST package (Finak et al., 2015)
with a min.pct and a log,FC threshold of zero.

All downstream analysis was performed using R v.3.6.1 and RStudio Desktop 1.2.5001 on a
Windows 10 (64 bit) system using the following R packages and libraries: dplyr v.0.8.3,
ggplot2 v.3.2.1, Seurat v.3.1.1, sctransform v.0.2.0, uwot 0.1.4, reticulate v.1.13, leiden
v.0.3.1, viridis v.0.5.1, MAST v.1.12.0 and R tools v.35; and the following python libraries:
umap-learn v.0.3.9, leidenalg v.0.7.0, pycairo v.1.18.1 and python-igraph v.0.7.1

QUANTIFICATION AND STATISTICAL ANALYSIS

Pilot studies were performed to estimate required sample size for adequate power and
control and experimental groups were randomly assigned. Experiments were repeated two to
three times to ensure reproducibility unless otherwise indicated. Data represent mean +
S.E.M. unless otherwise indicated. Significance was determined by Student’s two-tailed #
test with Bonferroni correction, Mann-Whitney U Test, or one-way ANOVA with post-hoc
Tukey test, where indicated. Significance is presented as *P< 0.05, **P< 0.01, ***P<
0.001, or ****P < 0.0001 with A> 0.05 considered non-significant. Details on specific
statistical tests can be found in each figure legend. All statistical analyses were performed on
GraphPad Prism 6. Investigators were not blinded during this study. In figure 7b, 2 out of 43
samples were excluded using a ROUT test with Q = 0.1% or Grubb’s test with alpha = 0.05.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Adiposetissue iNKT cellslose PLZF expression with age.
(a) Representative histogram of PLZF expression in adipose iNKT cells from neonatal and

adult mice (n = 3-5 histograms analyzed per group).

(b) Quantification of PLZF expression in splenic and adipose iNKT cells from neonatal and
adult mice (n=3-5 mice or pooled mice per group). Red line indicates the baseline PLZF
mean fluorescence intensity of PLZFNEG T cells.

(c) Adipose tissue iINKT cells in neonatal and adult mice were analyzed by biaxial gating of
PLZF against either Thet or RORyT (7= 8 mice).

(d) Schematic diagram outlining adoptive transfer experiment.

(e) Expression of PLZF in transferred splenic iNKT cells recovered from recipient spleen
and adipose tissue (/7= 5 mice).
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NS, not significant (P> 0.05); *P< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001. Two-
tailed Student’s #test. Error bars indicate mean (x S.E.M.). Data are representative of three
or more independent experiments (a-c) or two experiments (€).
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Figure 2. Transcriptional and functional diversity among adiposetissueiNKT cells.
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(a) UMAP of scRNA-seq data from adipose tissue iNKT cells, showing cell clusters.
(b-c) Normalized expression of cluster-defining transcription factors (b) and surface markers

distinguishing the NKT1-A and NKT1-B clusters (c).

(d) Heatmap representing top 20 overexpressed genes per cell cluster relative to all other

cells.

(e) Cytokine levels, as evaluated by intracellular cytokine staining of adipose tissue iINKT
cells from Va 14 TN mice pre-sorted based on expression of NK1.1 and then stimulated for
4 hours with PMA/I. CD45 is a pan leukocyte marker used on the Y axes (7= 3 biological

replicates plated in triplicate).
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(f) Cytokine levels by NK1.1POS and NK1.1NEG iNKT cells, as evaluated by ICS, from the
stromal vascular fraction (SVF) from WT mice stimulated with PMA/I for two hours. Each
pair of connected dots represents paired cell populations in a single SVF sample (7= 4-6
mice/group).

(g) Percentage of eGFP™ cells among NK1.1POS and NK1.1NEG iNKT cells from the SVF
from 1L-10 eGFP (TIGER) mice stimulated as in (g) (7= 5 mice).

NS, not significant (P> 0.05); *P< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001.. Two-
tailed Student’s #test in e-g; Error bars indicate mean (+ S.E.M.). Data are representative of
one experiment (a-d) or two or more independent experiments (g-d).
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Figure 3. Exposureto adipose tissue lipidsinduces regulatory iNK T cells.
(a) Expression of Nfil3in sScRNA-seq clusters (left) or in cells from scRNA-seq experiment

segregated based on K/rbZc (NK1.1) expression (right).

(b) Expression of Nfil3within fine-clustered NKT1-B cells.

(c) E4BP4 expression in splenic iNKT cells adoptively transferred into congenically marked
mice and recovered from spleen and adipose tissue one week later (7= 5-6 organs per
group).

(d) Percentage of IL-10* donor iNKT cells recovered from spleen and adipose tissue after
aGalCer stimulation (=9 organs per group).

(e) Expression of E4BP4 in splenic iNKT cells cultured in control media or in the presence
of adipose tissue. (1= 2 technical replicates per group).

(f) Expression of E4BP4 in donor splenic iNKT cells recovered from recipient spleen and
adipose tissue (/7= 9 organs per group).

(9) Expression of E4BP4 in iNKT cells cultured in control media or adipose-conditioned
media.

(h) E4BP4 expression in iNKT cells exposed to adipose-conditioned media left
unfractionated or fractionated into aqueous and organic phases (/7= 3 technical replicates per

group).
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Error bars indicate mean (x S.E.M.). NS, not significant (P> 0.05); *P< 0.05; **P< 0.01;
*** P < 0.001. Two-tailed student’s #test (c, d, e, f). Data representative of (c) or combined
from (d, f) two independent experiments or representative of three or more experiments (e,

g, h).
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Figure 4. Adipose tissue FFAs drive E4ABP4 expression and I1L-10 production in iNKT cellsvia

the IREla-XBP1sarm of the UPR.

(a) LipidTox expression in splenic versus adipose iNKT cells (7= 5 mice).

(b) Relative expression of Nfi/3and //10in INKT cells cultured in control media or in the
presence of palmitate (77 = 6 technical replicates/group).
(c) Percentage of IL-10 eGFP+ adipose iNKT cells, based on NK1.1 expression, after

PMAV/I stimulation (n=5 paired biologi

cal replicates).

(d) Top enriched GO terms in adipose iNKT cells over splenic iNKT cells

(e) Percentage of FLIVO+ iNKT cells in spleen and adipose tissue (n = 6 mice).

(f) Expression of XBP1 in splenic and adipose iNKT cells from scRNA-seq.

(9) Relative expression of indicated genes in iNKT cells cultured in the presence of control
media, palmitate, or palmitate and 4u8c (/7= 6 technical replicates / group).
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(h) Relative expression of Nfi/3and //10in iNKT cells cultured in control media or
tunicamycin (7= 4-9 technical replicates/group, representative of 3 biological replicates).

(i) Flow cytometry staining of LipidTox, FLIVO and XBP1s in NK1.1PO0S versus NK1.1NEG
adipose iNKT cells (7=4-5 mice per group).

Error bars indicate mean (£ S.E.M.). NS, not significant (P> 0.05); *£< 0.05; **P< 0.01;
*** P < (0.001. Two-tailed unpaired Student’s #test (a, b, e, g). Two-tailed paired Student’s #
test (c, h). MAST test (f). ANOVA with post hoc Tukey’s test (g). Data representative of
three (a, b, g) or two (i), or one (f) or combined from two (c) or three (h) independent
experiments.
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Figure5. NK 1.1NEG iNK T cells selectively restore glycemic control during obesity.
(a) Schematic diagram outlining the adoptive transfer experiment.

(b-c) Fasting glucose (b) and glucose tolerance test (c) of mice receiving treatments
indicated in (a).

(d) Percentage of ATMs (CD45"CD11b*F4/80*) expressing canonical M1 (CD11c) and M2
(CD301) markers.

(e) Average adipocyte area of mice receiving indicated treatments. Scale bars = 100 pum.
(representative images of 4—6 mice per group).

Error bars indicate mean (£ S.E.M.). NS, not significant (P> 0.05); *£< 0.05; **P< 0.01;
*** P < (0.001. Two tailed Student’s £test with Bonferroni correction (b, d) or ANOVA with
post-hoc Dunnet test for multiple comparisons (c). 7= 4-6 mice per group, representative of
(b) or pooled from (c, d, €) two independent experiments.
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Figure 6. AdiposetissueiNKT cells produce | FNy, which isrequired for proper metabolic
function in lean fat.

(a) Percentage of IFNy* adipose tissue iNKT cells from mice injected with vehicle or
aGalCer (left) or vehicle or LPS (right) four hours prior (7= 4-7 mice per group).

(b) Percentage among CD45* and absolute number of ATMs in WT versus IFNy KO mice
(n=8-10 mice per group).

(c) Transcript levels //6, Nos2, and Arg1 in adipose tissue of WT and IFN-y KO mice (7= 3-
7 mice per group).

(d-e) Fasting glucose (d) and glucose tolerance test (e) of WT versus IFNy KO mice (7=
14-15 mice per group).

(f-g) Fasting glucose (f) and glucose tolerance test (g) of WT versus IFNyR KO mice (n=
7-10 mice/group).
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NS, not significant (P> 0.05); *P< 0.05; **P< 0.01; ***P< 0.001. Two tailed Student’s &
test. Mann Whitney U test was use to assess significance for ArgZ in Fig. 6c, as the data
were not normally distributed. Error bars indicate mean (+ S.E.M.). Data representative of
(a, b, c, e f,g,i)or combined from (d, h) two independent experiments.
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Figure 7. iNKT cell-derived | FN+y licenses NK cell cytotoxicity against ATMsin lean mice.
(a) Percentage of Ki67+ (left) and 7-AAD+ (right) ATMs WT and IFNy KO mice (7=5

mice/group).

(b) Percentage (left) and number (right) of adipose tissue NK cells from mice given the

indicated treatments three days prior to analysis (/7= 14-15 mice per group).

(c) Expression of GZMB in adipose NK cells of mice treated as in (b) (n = 5 mice per

group).

(d) Expression of GZMB in adipose NK cells of Ja18KO and IFNy KO mice compared to
WT controls (7= 5-6 mice per group).
(e) Diagram of cytotoxicity assay.
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(f-g) Percentage of surface LAMP-1+ NK cells (reflecting degranulation) (f) and percentage
of dead ATMs (g) resulting from coculture of ATMs with adipose NK cells from mice
treated as in (b) (7= two biological replicates, plated in triplicate).

NS, not significant (P> 0.05); *P< 0.05; **P< 0.01; ***P< 0.001. ANOVA with post-hoc
Tukey test (b, c, f, g) or Two tailed Student’s £test (a, d). Error bars indicate mean (+
S.E.M.). All data representative of two independent experiments (c-f) or combined from
three independent experiments (b) or one experiment (a). For panel b, two outliers were
eliminated using a ROUT test with Q = 0.1% or Grubb’s test with alpha = 0.05
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

TotalSeq™-A0301 anti-mouse Hashtag 1 Antibody Biolegend Ca#155801
TotalSeq™-A0302 anti-mouse Hashtag 2 Antibody Biolegend Ca#155803
Ultra-LEAF™ Purified anti-mouse IFN-y Antibody Biolegend Ca#505834
anti-mouse/human CD11b (M1/70) Biolegend Ca#101242
anti-mouse CD45 (30-F11) Biolegend Ca#103138
anti-mouse TCRp (H57-597) Biolegend Ca#109224
anti-mouse NKp46 (29A1.4) Biolegend Ca#137612
anti-mouse PLZF (Mags.21F7) Thermofisher Ca#53-9320-82
anti-mouse T-bet (4B10) Thermofisher Ca#45-5825-82
anti-mouse RORyT (B2D) Thermofisher Ca#25-6981-82
anti-mouse E4BP4 (S2M-E19) Thermofisher Ca#12-5927-82
anti-mouse CD69 (FN50) Thermofisher Ca#25-0699-41
anti-mouse Nur77 (12.14) Thermofisher Ca#53-5965-82
anti-mouse TNF (MP6-XT22) Thermofisher Ca#25-7321-82
anti-mouse IL-17A (eBiol7B7) Thermofisher Ca#45-7177-82
anti-mouse IFN-y (XMG1.2) Thermofisher Ca#b53-7311-82
anti-mouse IL-2 (JES6-5H4) Thermofisher Ca#25-7021-82
anti-mouse IL-10 (JES5-16E3) Thermofisher Ca#12-7101-41
anti-mouse IL-4 (11B11) Thermofisher Ca#25-7041-82
anti-mouse IL-13 (eBiol3A) Thermofisher Ca#12-7133-82
anti-mouse F4/80 (BM8) Thermofisher Ca#17-4801-82
anti-mouse CD19 (ID3) Thermofisher Ca#47-0193-82
anti-mouse NK1.1 (PK136) Thermofisher Ca#25-5941-82
anti-mouse CD3e (500A2) Thermofisher Ca#HM3420
anti-mouse CD11c (N418) Thermofisher Ca#47-0114-82
anti-mouse CD301 (ER-MP23) Thermofisher Discontinued
anti-mouse CD107a (eBio1D4B) Thermofisher Ca#12-1071-82
anti-mouse Granzyme B (NGZB) Thermofisher Ca#25-8898-82
anti-mouse CD4 (RM4-5) Thermofisher Ca#48-0042-82
anti-mouse CD8a (53-6.7) Thermofisher Ca#11-0081-82
anti-mouse ST2 (RMSST2-2) Thermofisher Ca#17-9335-82
anti-mouse Foxp3 (FIK-16s) Thermofisher Ca#11-5773-82
anti-mouse CD45.2 (104) Thermofisher Ca#45-0454-82
anti-mouse CD45.1 (A20) Thermofisher Ca#25-0453-82
anti-mouse Ki67 (SolA15) Thermofisher Ca#11-5698-82

anti-mouse Siglec-F (E50-2440)

BD Biosciences

Ca#565526
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REAGENT or RESOURCE SOURCE IDENTIFIER
PE Mouse anti-XBP-1S BD Biosciences Ca#562642
Chemicals, Peptides, and Recombinant Proteins

Alpha-galactosylceramide (KRN7000) Avanti Ca#867000
Recombinant murine 1L-2 Peprotech Ca#212-12
Recombinant murine IL-7 Peprotech Ca#217-17
Palmitic acid Sigma Ca#P0500
4p8c Sigma Ca#SML0949
Sodium phenylbutyrate Sigma Ca#SML0309
Tunicamycin Sigma Ca#T7765
Chloroform Sigma Ca#288306
Methanol Sigma Ca#34860
Monensin solution, 1000X Biolegend Ca#420701
CellTracker™ Green CMFDA Dye Thermofisher Ca#C2925
Annexin V Thermofisher Ca#88-8007-72
Brefeldin A Thermofisher Ca#00-4506-51
LipidTox Green Thermofisher Ca#H34475
Trizol Reagent Thermofisher Ca#15596026
FoxP3 staining kit Thermofisher Discontinued
Cell stimulation cocktail Thermofisher Ca#00-4970-03
TAAD BD Biosciences Ca#559925
Cytofix/Cytoperm BD Biosciences Cai#b54714
Collagenase Type 2 Worthington Ca#LS004176

ACK Lysing Buffer VWR Ca#10128-802
Ultrapure LPS, E. coli 0111:B4 InvivoGen Caf#tlrl-3pelps
Critical Commercial Assays

FAM-FLIVO Kit ImmunoChemistry Technologies Ca#980
BRDU Flow Kit BD BioSciences Ca#559619
RNeasy Mini Kit Qiagen Ca#74104
Brilliant 111 SYBR Green Agilent Ca#600883
Deposited Data

Raw scRNAseq Data GEO GSE142845

Raw data (hon-RNAseq)

Mendeley Data

doi: 10.17632/2d6ywgb8bj.1

Experimental Models: Cell Lines

Primary murine iNKT cell line This paper N/A
Experimental Models: Organisms/Strains
Mouse: Val14 TN Stephanie Dougan Lab (Clancy- N/A

Thompson, et al., 2018)
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Nos2, 116, Arg1, 1113, 114

REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse: CD1d1floxed Richard Blumberg Lab (Olszak, et N/A

al., 2014)
Mouse: B6.129S6-Tcra-Jtm1Tgi/J (Ja18 KO) Mark Exley Lab N/A
Mouse: B6.129S6-Cd1d1/Cd1d2tm1Sph/J (CD1d KO) Mark Exley Lab N/A
Mouse: C57BL/6J (WT) Jackson Laboratories Ca#000664
Mouse: B6.SJL-Ptprc? Pepc/BoyJ (CD45.1) Jackson Laboratories Ca#002014
Mouse: B6.129S7-1fng™T/J (IFNy KO) Jackson Laboratories Ca#002287
Mouse: B6.129S6-1110™1FV/J (TIGER) Jackson Laboratories Ca#008379
Mouse: B6;FVB-Tg(Adipog-cre)1Evdr/J (AdipoQ Cre) Jackson Laboratories Ca#010803
Oligonucleotides
gPCR Primers (18s, Nfil3, 1110, Xbp1 total, Xbpls, Hprt, Integrated DNA Technologies See Table S3

Computing

Software and Algorithms

ImageJ ImageJ www.imagej.net
Adiposoft package Imagel www.imagej.net/Adiposoft
FlowJo Treestar https://www.flowjo.com/
R The R Project for Statistical WWW.r-project.org

Graphpad Prism 6

Graphpad

https://www.graphpad.com/scientific-
software/prism/

Other

Mouse PBS57:CD1d Tetramer NIH Tetramer Core Facility/Emory N/A
Vaccine Center

Standard Fat (Chow) Diet Pico Labs Ca#0007688

High Fat Diet (60% kcal) Research Diets, Inc Ca#D12492

Blood Glucose Meter McKesson Ca#960302

Blood Glucose Test Strips McKesson Ca#960298
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