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Summary

Obesity-induced inflammation mediated by immune cells in adipose tissue appears to participate
in the pathogenesis of insulin resistance. We show that natural killer (NK) cells in adipose tissue
play an important role. High fat diet (HFD) increases NK cell numbers and the production of pro-
inflammatory cytokines, notably TNFa, in epididymal, but not subcutaneous, fat depots. When
NK cells were depleted either with neutralizing antibodies or genetic ablation in £46p4+/-mice,
obesity-induced insulin resistance improved in parallel with decreases in both adipose tissue
macrophage (ATM) numbers and ATMs and adipose tissue inflammation. Conversely, expansion
of NK cells following IL-15 administration or reconstitution of NK cells into £46p4-/-mice
increased both ATM numbers and adipose tissue inflammation and exacerbated HFD-induced
insulin resistance. These results indicate that adipose NK cells control ATMs as an upstream
regulator potentially by producing pro-inflammatory mediators including TNFa and thereby
contribute to the development of obesity-induced insulin resistance.
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Introduction

The rising prevalence of obesity (Flegal et al., 2012) is elevating the prevalence of associated
conditions, including cardiovascular disease and certain cancers and immunological
disorders. Obesity is also a major driver of insulin resistance and type 2 diabetes. Recent
studies suggest that obesity-induced inflammation underlies the development of insulin
resistance and type 2 diabetes [reviewed in McNelis and Olefsky (2014)]. This notion is
supported by the observation that obesity increases inflammation, especially in adipose
tissue, by elevating pro-inflammatory gene expression levels (Xu et af., 2003).

Obesity-induced inflammation in adipose tissue is mainly mediated by resident immune
cells. ATMs comprise 40-60% of the immune cells in adipose tissue and are thought to be
the primary effector cells in obesity-induced insulin resistance (Weisberg et al., 2003; Xu et
al., 2003). Obesity dramatically increases the number of ATMs, in particular CD11c* ATMs.
It has also been suggested that obesity induces ATM polarization, where anti-inflammatory
M2 phenotypes are superseded by pro-inflammatory M1 phenotypes that are often
represented by CD11c* ATMs (Lumeng et al., 2008). These observations are supported by
the fact that many pharmacological inflammation inhibitors that improve glycemic control
[including thiazolidinediones (TZDs)] also decrease total and CD11¢c* ATM numbers and
the expression levels of pro-inflammatory genes (e.g., TNFa) in ATMs and adipose tissue
(Fujisaka et al., 2009; Cipolletta et al., 2012; Kim et al., 2013). Moreover, studies with
genetically altered mouse models in which pro-inflammatory pathways in myeloid cells are
suppressed show that obesity-induced inflammation in adipose tissue and obesity-induced
insulin resistance are reduced in parallel (McNelis and Olefsky, 2014).

How does obesity affect ATMs? Mounting evidence suggests that neighboring adipose tissue
immune cells may regulate ATM numbers and inflammation. For example, in obesity, CD8
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T cells can promote a more inflammatory phenotype in ATMs (Nishimura et a/., 2009),
whereas in lean conditions, regulatory T cells (Tregs) may check ATM inflammation
(Feuerer et al., 2009). We have found that NK cells play a critical role in the development of
obesity-induced insulin resistance and that this role partly involves the regulation of ATM
numbers and activation. NK cells are a specialized subset of lymphocytes with two major
functions (Di Santo, 2006). The first is to kill tumor or infected cells viathe cytolytic
activities of released perforin and granzymes. The second NK cell function is to regulate
neighboring immune cells by secreting a vast array of active substances, including both pro-
or anti-inflammatory cytokines (e.g., TNFa, IFNy, and IL-10), that are known to play key
roles in the migration, maturation, activation, and polarization of other immune cells. For
example, NK cell-derived IFNy and TNFa induce macrophage polarization towards more
pro-inflammatory M1 phenotypes (Biswas and Mantovani, 2010; Kroner et al., 2014). TNFa
has also been shown to promote insulin resistance in obese rodents (Hotamisligil et a/.,
1993; Kirchgessner et al., 1997), although these studies did not clarify which cells produced
the TNFa. We have found that the loss of epididymal NK cells improves obesity-induced
insulin resistance, while NK cell expansion exacerbates the condition. These metabolic
outcomes were associated with alterations in ATM and adipose tissue inflammation. Thus,
epididymal NK cells have a critical role in controlling local ATMs and adipose tissue
inflammation, thereby regulating systemic insulin resistance in obesity.

Obesity increases NK cell numbers and activation in epididymal fat

When C57BI/6 mice were fed high fat diet (HFD) for 12 weeks, their body weight (Figure
1A) and subcutaneous and epididymal fat pad and spleen weights rose significantly (Figure
S1A). They also developed insulin resistance, as shown by increased fasting glucose and
insulin levels and consequent homeostatic model assessment-insulin resistance (HOMA-IR)
indices (Figure 1B — D). Flow cytometric analyses showed that compared to normal chow
(NC)-fed mice, HFD significantly increased the numbers of macrophages, CD4 and CD8 T
cells, and B cells in epididymal fat, a murine surrogate for abdominal fat (Figure S1E). By
contrast, immune cell numbers were unchanged in the blood, spleen, and subcutaneous fat of
the HFD-fed mice (Figure S1B-S1E). Of note, NK cell numbers in the epididymal fat were
2.5-fold higher after 12 weeks HFD than in NC-fed controls (Figure 1E and ). NK cell
number changes were not observed in subcutaneous fat or other tissues (Figure 1E — H).

Similar tissue-specific patterns were evident when NK cell activity was assessed by
measuring ex vivo cytokine production (Figure 1J). HFD significantly elevated the
frequencies of IL-6-, IFNy-, and TNFa-producing NK cells in epididymal fat but not in
subcutaneous fat or spleen (Figure 1K). In particular, ~60% of the epididymal NK cells from
HFD-fed mice were TNFa*, /e, they produced TNFa, compared to ~10% of NK cells from
NC-fed mice. Moreover, individual epididymal NK cells from HFD-fed mice expressed ~6-
fold more TNFa than NK cells from NC-fed mice, as indicated by mean fluorescence
intensity (Figure 1L). Therefore, three distinct measures showed that epididymal NK cells
were both amplified and activated by 12 weeks of HFD: a 2.5-fold greater overall number,
~6-fold greater frequencies of TNFa* NK cells, and 6-fold greater TNFa protein production
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by individual NK cells. Although there were also greater frequencies of 1L-6* and IFNy*
epididymal NK cells in the HFD-fed mice than in the NC-fed mice, HFD did not increase
the production of either IL-6 or IFNy by the individual cells (Figure 1L). HFD did not affect
the frequency of I1L-10-producing NK cells or the amount of 1L-10 produced per cell,
regardless of the tissue examined (Figure 1J - L).

Since NK cells are responsive to cytokines and chemokines produced by other immune cells,
we assessed the expression of known NK cell chemoattractants in sorted ATMs. The ATMs
from 12-week HFD- vs. NC-fed mice expressed greater amounts of Cc/3, Ccl4, and Cxcl10,
but not Cc/5, Ccl7, Cxcl9, Cxcl1 or Cxcl11 (Figure S1F). Elevated chemokine expression
was not apparent when whole fat samples were analyzed (Figure S1G), suggesting that
adipocytes and other cells do not contribute significantly to chemoattractant production.

NK cells may also be activated by cytokines produced by other cells. We found that both
sorted ATMs and epididymal fat from HFD- vs. NC-fed mice expressed more IL-15, which
plays key roles in NK cell proliferation/activation (Ma ef a/., 2006). Other cytokines that are
known to drive NK cell proliferation/activation were not upregulated (Figure S1H) and
IL-15 gene expression in other tissues was unchanged (Figure S11). This suggests that IL-15
is responsible for epididymal fat-specific NK cell activation in obesity.

TZDs are known to improve obesity-induced insulin resistance in parallel with suppressing
adipose tissue inflammation (Fujisaka et al., 2009; Cipolletta et al., 2012; Kim et al., 2013).
Pioglitazone treatment of HFD-fed animals decreased NK cell numbers in epididymal fat
(Figures 10 and P), which parallels the known changes in ATMs (Figure 1M) and Tregs
(Figure 1N).

NK cell depletion improves HFD-induced inflammation and insulin resistance

Based on these findings, we asked whether gain or loss of NK cell function affects adipose
tissue inflammation and metabolic parameters in obese mice. Anti-asialo GM1 (GM1)
antibody has often been used for NK cell depletion, although a subpopulation of CD8 T cells
may also be affected (Trambley et a/., 1999). After obesity was established in 8-week HFD
mice, treatment with GM1 antibodies for 4 weeks depleted >80% of the NK cells in all
tissues tested (Figures 2A, 2B,S2A, and S2B). The GM1 antibody also decreased CD8 T-cell
numbers in the epididymal fat of HFD-fed mice and the spleen of NC-fed mice (Figure S2B
and S2C). The injections did not affect CD4 or invariant natural killer T (iNKT)-cell
numbers in any tissue under either diet (Figure S2A-S2C).

NK cell depletion had no effect on metabolic parameters in NC-fed mice (Figure 2C — F).
By contrast, in HFD-fed mice, NK cell depletion significantly improved insulin sensitivity,
as indicated by the reduced fasting insulin and HOMA-IR (Figure 2D — F), without affecting
either total body or fat pad weights (Figures 2C and S2D). NK cell depletion also suppressed
HFD-induced adipose tissue inflammation, including 1) the macrophage chemoattractant
Ccl2, 2) macrophage-specific markers Adgrel (F4/80) and Cd68, 3) an M1 marker in ATMs,
/tgax (CD11c), and 4) pro-inflammatory cytokines 7nf and /16 (Figures 2G —J). Like CCL2,
CX3CL1 has major effects on macrophages. However, Cx3c/1 gene expression was
unaffected by either HFD or NK cell depletion. Moreover, none of these manipulations
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affected these genes in liver (Figures 2G, 2H and 2J). Although NK cell production of IFNy
is a suggested mediator of obesity-induced insulin resistance (Wensveen et al., 2015),
neither HFD nor NK cell depletion altered /fng gene expression in either liver or epididymal
fat (Figure 2J).

The effect of restoration of function was studied by ceasing GM1 antibody treatment (Figure
S2E). After 2 weeks of recovery with control antibody, NK cell numbers recovered in all
tissues (Figures 2K, 2L, and S2F-S2H). By contrast, CD8 T-cell numbers in epididymal fat
or spleen did not recover (Figures S2H and S2I). The switch from GM1 to control antibody
did not alter body or tissue weights (Figures 2M and S2J) or numbers of other tissue
lymphocytes, including iNKT cells (Figure S2G-S2I). The recovery of NK cells associated
with an exacerbation of insulin resistance (Figure 2N — P). Notably, NK cell depletion and
recovery also affected epididymal ATM numbers. The HFD-induced increases in both total
and CD11c* ATMs were decreased during NK cell depletion and restored during NK cell
recovery (Figures 2Q, 2R, and S2K). Epididymal NK cell and ATM numbers during
depletion and restoration correlated with each other (Figure 2S). Since the only variable in
this experiment was an increase or decrease in NK cell numbers, these data indicate that
changes in ATM numbers are likely to result from the changes in NK cell numbers. NK cell
numbers also correlated significantly with fasting glucose and insulin concentrations and
HOMA-IR, but not with fasting body and fat weights (Figures 2S and S2L).

NK cell depletion and recovery also predictably affected pro- (TNFa and IL-1f) and anti-
(IL-10) inflammatory cytokines and macrophage M1/M2 markers (CD11c and Argl). All of
these markers were elevated in FACS-sorted epididymal ATMs from HFD- vs. NC-fed mice,
except Argl. NK cell depletion reduced both pro-inflammatory markers and further
increased I1L-10 and Argl expression (Figure 2T). NK cell recovery reversed all of these
changes, without affecting CD11c expression.

The fact that the CD8 T-cell numbers did not recover when the GM1 antibody was stopped
suggests that this selective GM1 positive subset of CD8 T cells are not responsible for the
inflammatory and metabolic changes that associated with GM1 antibody treatment (Figures
S2H and S2I). However, since the entire pool of CD8 T cells was previously shown to play a
role in obesity-induced inflammation and insulin resistance (Nishimura ef a/., 2009), we
assessed the effects of a second NK cell-depleting antibody.

Anti-NK1.1 antibody (PK-136) depletes both NK and iNKT cells without affecting CD8 T-
cell numbers (Kitaichi et a/., 2002). PK-136 administration decreased NK cell numbers in
HFD-fed mice by ~80% in all tissues tested (Figures 3A, 3B, S3A, and S3B). It also
decreased iNKT cell numbers in epididymal fat and spleen without affecting CD8 T cells or
other lymphocytes (Figure S3C-S3E). The depletion did not change total body and tissue
weights (Figures 3C and S3F) but improved insulin sensitivity, as indicated by the decreased
fasting glucose and insulin levels and HOMA-IR (Figure 3D - F). NK cell depletion also
improved glucose tolerance (Figures 3G and H) and insulin signaling in the liver and muscle
(Figures 31, 3J and S3G). Consistent with the depletion of NK cells, PK-136 treatment also
reduced ATM numbers in the epididymal fat without altering macrophage numbers in the
spleen or subcutaneous fat (Figures 3K and 3L).
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Because PK-136 depletes iNKT cells along with NK cells, we further investigated the
potential roles of iINKT cells in obesity-induced insulin resistance using Jal18-/-and CD1d
—/- mice, which are iNKT cell- but not NK cell-deficient (Exley et a/., 2003; Leadbetter ef
al., 2008). These gene deletions did not affect any of the metabolic parameters in either NC-
or HFD-fed mice, including body weight, fasting glucose or insulin, HOMA-IR, or glucose
or insulin tolerance test results (Figures 3M — P and S3H-S3J). We therefore concluded that
iNKT cells do not participate in the regulation of either body weight or metabolism. This
supports the notion that NK cells are specifically responsible for the PK-136-induced
improvements in obesity-induced ATM inflammation and insulin resistance.

The studies so far indicate that loss of NK cells and their restoration regulate both adipose
tissue inflammation and systemic insulin resistance. While each individual study could
suggest that other cells might be involved, e.g., the GM1+ subset of CD8 T cells or the
PK-136-targeted iNKT cells, the additional results essentially eliminated these possibilities.

NK cell expansion with IL-15 exacerbates HFD-induced insulin resistance

Since NK cell depletion improves obesity-induced inflammation and insulin resistance, we
asked whether the opposite manipulation, 7.e., NK cell expansion, concordantly exacerbates
these conditions. IL-15 is an established method for expanding NK cells (Rubinstein ef a/.,
2006). HFD increased NK cell numbers in epididymal fat ~2-fold, and this was further
doubled during IL-15 administration (Figures 4A and B). NK cell numbers in the spleen rose
marginally (Figure S4C) and not at all in the circulation (Figure S4B). As has been reported
previously, IL-15 also increased CD8 T-cell numbers in the spleen (Rubinstein et al., 2006)
but not in the circulation or epididymal fat (Figure S4B-S4D). IL-15 did not affect numbers
of iINKT cells or other lymphocytes in other tissues.

Because IL-15 affects other immune cells in addition to NK cells, we administered I1L-15
together with NK cell-depleting PK-136. Co-administration of PK-136 and IL-15 in HFD-
fed mice decreased both NK and iNKT cells in all tissues without affecting CD8 T-cell or
other lymphocyte numbers (Figure S4B-S4D). Total body or adipose tissue weights were
unaffected by IL-15 treatment with and without PK-136 administration (Figures 4C and
S4E). However, IL-15-driven NK cell expansion worsened insulin resistance and reduced
glucose and insulin tolerance. This effect was partly reversed by reducing NK cell numbers
by PK-136 co-administration (Figure 4D — 1). IL-15-driven NK cell expansion also increased
total and CD11c* ATM numbers and epididymal 7nfexpression, whereas concomitant NK
cell depletion with PK-136 reversed these changes (Figures 4J — M). While IL-15 treatment
did not increase 7nfexpression in liver, the liver expression of this gene was reduced by
PK-136; no other tissues were affected. These results together indicate that NK cell
expansion exacerbates obesity-induced inflammation and insulin resistance.

Genetic depletion of NK cells improves adipose tissue inflammation and insulin resistance

The effect of loss of NK cell function was further studied using NK cell-deficient £4bp4-/-
mice (Gascoyne et al., 2009). Homozygous E4bp4—/- mice had 15% of the epididymal NK
cells seen in wild-type (WT) controls (Figure S5A and S5B). However, compared to

heterozygous and WT mice, both NC- and HFD-fed £4Hp4-/- mice had significantly lower
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body and fat pad weights (Figure S5C and S5D). This accounts for improved metabolic
parameters compared to the WT controls (Figure S5E and S5F). By contrast, the body and
fat pad weights of heterozygous E4bp4+/- mice were indistinguishable from those of WT
mice (Figures 5C, S5D and S5E). £4bp4+/- mice had ~50% of the NK cells seen in WT
mice (Figures 5A and 5B). However, the numbers of INKT and CD8 and CD4 T cells in
spleen or epididymal fat were unaffected by the heterozygous deletion (Figures S5G and
S5H). Glucose tolerance and insulin sensitivity were both improved in HFD-fed E4bp4+/~
mice compared to the WT controls (Figures 5D-H, S5E and S5F). Thus, the metabolic
changes in £4bp4+/- mice can be ascribed to lower NK cell numbers (Figures 5A and B).
Consistent with the insulin sensitization data, the epididymal fat expression of insulin
signaling genes (/nsr, Irs1, and /rs2), which was decreased by HFD, was partly restored in
E4bp4+/- mice (Figure 51). Unlike the HFD mice, NC-fed E4bp4+/— mice had
indistinguishable metabolic phenotypes compared to the WT controls (Figures 5D—H, S5E,
and S5F).

HFD in WT mice increases epididymal expression of //6, Tnf, and Cd68 (Figure 5J). The
expression of these genes was reduced in the £4Hp4+/-mice. By contrast, the expression of
these genes in subcutaneous fat, muscle, and liver was not affected (Figure 5J). /fng
expression was unaffected by HFD or £4bp4 heterozygosity in any of the tested tissues
(Figure 5J). ATM numbers paralleled these changes: HFD-induced increases in ATMSs were
suppressed in epididymal fat of £4bp4+/—mice (Figures 5K and L). Poor recruitment of
ATMs into epididymal fat may have mediated this suppression since the HFD-induced
increase in adipose Cc/2expression in WT mice was reversed in £4bp4+/-mice (Figure
5M).

Reconstitution of NK cells in E4bp4-/- mice

E4BP4 also plays roles in the development of other immune cells (Male et al., 2012) and in
the regulation of metabolic genes, including Fg721 (Tong et al., 2010). While E4bp4+/-and
WT mice did not differ in terms of liver expression of Fgf21 (Figure S5I), we reconstituted
E4bp4-/-mice with NK cells (>85% pure) to confirm that NK cell numbers, not other
factors, were responsible for shaping the metabolism of £45p4 knockout mice (Figures 6A
and 6B). Reconstitution increased NK cell numbers in spleen and subcutaneous and
epididymal fat but did not affect other lymphocytes, including CD8 T cells and iNKT cells,
body weight, or adiposity (Figures 6C, 6D and S6A-S6E). Importantly, NK cell
reconstitution did not affect liver Fgf21 expression (Figure S6F). However, it did increase
fasting glucose and insulin and HOMA-IR (Figures 6E — G), worsened GTT and ITT
responses (Figure 6H —J), and decreased epididymal expression of insulin signaling genes
(Figure 6K). NK cell reconstitution also increased the epididymal expression of //6and Tnf
and liver expression of 7nfwithout affecting inflammatory gene expression in other tissues
(Figure 6L). Reconstitution did not change /fng expression in any tissue (Figure 6L).
However, epididymal fat Cc/2expression and ATM numbers were increased in the NK cell-
reconstituted mice (Figures 6M — Q). Thus, gain of NK cell function appears to aggravate
adipose tissue inflammation and insulin resistance.
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Discussion

Multiple lines of evidence in this study support the notion that epididymal NK cells play
important roles in the metabolic derangements associated with obesity. First, during the
induction of obesity, NK cell numbers and activation increased in the epididymal fat, and
NK cell numbers correlated significantly with fasting glucose and insulin concentrations,
HOMA-IR, and ATM numbers (Figures 1, 2S and S2L). Second, selective suppression of
NK cell numbers reduced ATM numbers, decreased epididymal fat pad expression of pro-
inflammatory genes, and improved systemic insulin resistance and glucose tolerance
(Figures 2, 3, and 5). This was true regardless of whether NK cell suppression was achieved
using mechanistically distinct GM1 and PK-136 neutralizing antibodies or heterozygous
E4bp4+/- mice. Third, manipulations that expanded NK cells secondarily increased ATM
numbers, elevated epididymal fat expression of pro-inflammatory genes, and exacerbated
insulin resistance and glucose intolerance (Figures 4 and 6). This too was true regardless of
whether NK cell expansion was through IL-15 administration or reconstitution of NK cells
into NK cell-deficient mice. Our findings suggest that obesity increases NK cell numbers
and activation in epididymal fat, which promotes local inflammation. It is often the case in
metabolic studies that alterations in one tissue affect other tissues. Indeed, we found that
although the inflammatory effects of NK cell depletion were observed primarily in
epididymal fat, the depletion also improved insulin resistance in liver and muscle, despite
having minimal direct effects on these tissues. The consistent correlations between
epididymal NK cell numbers and their effects on ATMs, epididymal adipose tissue
inflammation, and metabolic endpoints suggest that epididymal NK cells are novel
regulators of both immunological and metabolic homeostasis in this adipose tissue depot.

In general, NK cells either kill other immune cells or regulate them through inflammatory
mediator production. Obesity does not affect NK cell cytotoxicity, as indicated by CD107a
expression (Wensveen ef al., 2015). Moreover, in adipose tissue, the perforin-granzyme cell
death pathway in CD8 T cells appears to play a more important role than the same pathway
in NK cells (Revelo et al., 2015). Thus, epididymal NK cells are more likely to alter ATM
functions and metabolic homeostasis by secreting inflammatory modulators. We found that
epididymal NK cells produce two key inflammatory mediators, the macrophage chemokine
CCL2 (Figures 2G, 5M, and 6M) and the pro-inflammatory cytokine TNFa (Figure 1J — L).
Since NK cell depletion decreased HFD-induced Cc/2expression in epididymal fat, and NK
cell reconstitution into £46p4 knockout mice increased it (Figures 2G, 5M, and 6M), it
appears that NK cells may regulate ATM numbers by shaping CCL2-mediated ATM
recruitment. Our findings also suggest that NK cells regulate the inflammatory status of
ATMs, because NK cell depletion suppressed the expression of pro-inflammatory genes
(e.g., Tnfand /tgax) and promoted the expression of anti-inflammatory or M2 genes (e.g.,
/110and Argl) in sorted ATMs (Figure 2T). TNFa, IFNy, and IL-6 are signature cytokines
of NK cells (Vivier et al., 2008). Our results show that TNFa produced by epididymal NK
cells is an important regulator of ATM inflammation as HFD increased both the frequencies
of TNFa™* epididymal NK cells (6-fold) and the amount of TNFa produced by individual
NK cells (>6-fold) (Figure 1). The corresponding effects on IFN-y and IL-6 were marginal
(Figure 1J-L).
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Our results also showed that in addition to NK cell regulation of epididymal ATMs, the
ATMs also regulate epididymal NK cells (Figure S1). With the induction of obesity, ATMs
increased their production of NK cell chemoattractants such as CCL3, CCL4, and CXCL10
(Figure S1F), which are likely to promote the recruitment of NK cells in obesity. This notion
is supported by the observation that when NK cells were transferred from obese WT mice
into HFD-fed £4bp4-/- mice, they homed to adipose tissue (Figure 6C). Our findings also
suggest that ATMs promote the local proliferation of NK cells by producing IL-15 (Figure
S1H) (Ma et al., 2006). This possibility is supported by the study of Wensveen et a/. (2015)
showing that adipose BrdU* and Ki67.2* NK cell numbers increase with obesity. Therefore,
the obesity-associated increases in NK cell numbers appear to be related to ATM-mediated
effects on both NK cell migration and local proliferation.

We speculate that CCL3, CCL4, CXCL10, and IL-15 secreted by obesity-activated ATMs
increase NK cell numbers and activation, while conversely, activated NK cells produce
CCL2 and TNFa, which recruit and activate ATMs, respectively. The ATMs also produce
pro-inflammatory cytokines, including IL-1f and TNFa (Kim et al., 2013), which can
activate adipocytes, NK cells, and other immune cells. It therefore appears that NK cells and
ATMs together create a self-amplifying pro-inflammatory adipose tissue milieu that
promotes insulin resistance. In relation to this, it is notable that NK cell numbers markedly
influence metabolic parameters in obese mice, yet NK cell gain or loss has little effect in
lean mice (Figures 2 and 5). This is probably because the NK cells must be primed by
obesity-activated ATMs and possibly adipocytes before they can exert their effects on ATMs.

Both NK and iNKT cell numbers were reduced by PK-136 antibody-mediated depletion in
parallel with improvements in metabolic parameters. To distinguish whether the metabolic
improvements were due to depletion of NK cells vs. iINKT cells, we assessed the role of
iNKT cells using mice that lack iNKT cells. The results for both Ja18-/- and CdZd-/- mice
showed that the absence of iINKT cells had no influence on either body weight or metabolic
phenotype (Figures 3M-3P and S3). Previous studies with Ja18-/- and Cd1d-/- mice
yielded widely disparate conclusions about the potential metabolic roles of INKT cells
[reviewed in (Mathis, 2013; Lynch, 2014)]. However, the body weights of mice in these
different studies also varied widely. We do not know why the same iNKT cell knockout
mouse lines have different body weights and adiposity in different facilities. It is possible
that environmental settings activate INKT cells, which in turn reduce body weight and
adiposity, thereby influencing metabolism (Lee and Lee, 2014). In any case, our studies with
the INKT knockout mouse lines indicated that the metabolic effects of PK-136 depletion
were due to changes in NK cell numbers rather than iNKT cell numbers.

Recent studies show that NK and innate lymphoid cells (ILCs) are closely related (Eberl et
al., 2015). For example, E4BP4 regulates NK cell and ILC development (Geiger et al., 2014;
Seillet et al., 2014). Since NK cells and ILC Type 1 (ILC1) share some cell surface markers,
including NKp46, it is formally possible that the NK cell populations we studied contained
ILC1, and that ILC1 may have thus contributed to the regulation of the immunological and
metabolic phenotypes in our studies. Weighing against this possibility, the frequencies of
ILC1 in most tissues are extremely rare (Daussy et al., 2014; Robinette et al., 2015).
Furthermore, Wensveen et al. (2015) showed that adipose NK cells gated according to CD3-
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and NK1.1+ do not express IL-7Ra (CD127) and c-Kit (CD117), the two markers that
distinguish ILC1 and NK cells, which led them to conclude that the adipose NK cells do not
contain ILC1. Our studies support this conclusion. When we reconstituted £46p4-/- mice
with NK cells isolated according to a similar gating strategies (Wensveen et al., 2015),
obesity-induced inflammation and insulin resistance worsened (Figure 6). While relations
between ILC1 and obesity should certainly be investigated, our results and those of
Wensveen et al., support roles for roles for adipose NK cells, and not ILC1, in the
development of obesity-induced inflammation and insulin resistance.

Our findings and conclusions are consistent with but extend and elaborate previous findings.
Obese humans and animal models have both been shown to have greater adipose NK cell
numbers than lean controls (Nave et al., 2008; Duffaut et al., 2009; O'Rourke et al., 2009;
Xu et al., 2013). Other studies have also shown that NK cell reduction, either by diphtheria
toxin depletion (O'Rourke et al., 2014) or PK-136 antibody neutralization (Wensveen et al.,
2015), improved metabolic parameters. Wensveen et a/. also used additional approaches to
conclude as we have that NK cells regulate ATMs and thereby influence glucose tolerance
and insulin resistance. However, our studies also differed in terms of kinetics and potential
cytokine mediators. Their carefully conducted experiments led them to conclude that in
obesity adipocytes upregulate ligands for the NK cell-activating receptor NCR1, which
triggers epididymal NK cells to proliferate and produce IFN-vy. They therefore concluded
that INFy stimulates ATMs and eventually promotes insulin resistance. Our results may
appear to be at odds with these observations, as we found that obesity only slightly increased
the frequencies of IFNy-producing epididymal NK cells, without increasing IFNy
production in individual NK cells (Figure 1J-L). Furthermore, neither HFD nor NK cell
number changes affected /fg gene expression in epididymal fat or other tissues (Figures 2J,
5J, and 6L). By contrast, we found that obesity strongly promoted both TNFa production in
epididymal fat and the numbers of TNFa-producing NK cells (60% vs 4% for IFNy).
Moreover, increases and decreases in NK cell numbers elevated and reduced epididymal
TNFa gene expression in tandem. These results led us to conclude that NK cell-derived
TNFa, and not IFNy, is a primary driver of ATM activation.

We reconcile this apparent discrepancy as follows. Wensveen et a/ generally assessed
metabolic responses after 12 weeks of HFD, while their immunological analyses were after
shorter, 2—-6 week, periods of HFD feeding. By contrast, we assessed both immunological
and metabolic outcomes at the same time, typically after 12 weeks of HFD. Thus, the
immunological observations of Wensveen et al. reflect early events during the induction of
insulin resistance, whereas ours reveal the immunological status at a later stage of obesity.
Together our studies show that NK cells play important roles both early and later in obesity,
with an initial IFNy-centric mechanism that then transitions into a TNFa-centric
mechanism. Notably, the metabolic phenotypes of WT and £4bp4+/—mice only differed
after 9 weeks of HFD (Figure S5), suggesting that NK cell-mediated metabolic regulation
may start at a later stage of obesity, when NK cells produce TNFa. We speculate that the
early NK cell-mediated events (in which IFNy plays a critical role) may be important for
establishing a noxious environment that leads to ATM stimulation and downstream immune
events. Later in obesity, NK cells start to produce TNFa, which may then promote insulin
resistance.
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The kinetics of PK-136 antibody-mediated NK cell depletion represented a second
noteworthy difference between our experimental designs. Wensveen et a/. initiated their
PK-136 antibody depletions concurrently with the initiation of HFD. Since we intended to
mimic treatment as opposed to prevention strategies, we initiated PK-136 antibody depletion
(and other manipulations to induce the loss or gain of NK cells) after 8 weeks of HFD, at
which point obesity was firmly established. Nevertheless, the two experimental protocols
showed similar metabolic improvements, suggesting that either prevention or intervention
might prove to be beneficial.

Itis likely that as our understanding of the potential roles of inflammation in the
pathogenesis of obesity-induced insulin resistance evolves, new concepts and even new cell
types will be considered. Epididymal NK cells and their regulation of neighboring ATMs in
epididymal fat are important new additions to the field. Moreover, since we showed that
therapeutic manipulations of NK cells altered metabolic outcomes in obese animals, adipose
NK cells may represent a new therapeutic target for treating insulin resistance and type 2
diabetes.

Experimental Procedures

Animals

NK cells

All animal experiments were conducted in accordance with the NIH guidelines under
protocols approved by the Institutional Animal Care and Use Committee of the Joslin
Diabetes Center. C57BL/6 mice were purchased from the Jackson Lab. JaZ8and CD1d
knockout mice were kindly provided by Dr. Michael Brenner (Harvard Medical School).
The Ja18 CD1d, and E4bp4 knockout mice are fully backcrossed onto the C57BL/6
background (>10 generations). Only male animals were used. The wild-type (WT) controls
in all experiments were littermate controls. All animals were maintained under a standard
light cycle (12 h light/dark) and allowed free access to water and food. To induce obesity
and insulin resistance, mice were fed a high fat diet (HFD, 60% fat, D12492, Research
Diets, Inc.) for the indicated time. Mice fed normal chow (NC, 10% fat, D12450B, Research
Diets, Inc.) served as controls.

To deplete NK cells, C57BL/6 mice fed NC or HFD for 8 weeks were injected
intraperitoneally with anti-asialo GM1 (550 pg/mouse, Wako) (Godeny and Gauntt, 1987) or
anti-mouse NK-1.1 antibody (PK-136; 150 pg/mouse, BioLegend) (Andoniou et a/, 2005)
every 3—4 days for another 4 weeks while continuing their diet. Host species-matched
isotype-control antibodies were injected as controls. Metabolic and immunological analyses
were performed 2 days after the last injections. To expand NK cells /in vivo, mice fed NC or
HFD for 6 weeks were intraperitoneally injected with IL-15 (0.5 pg/mouse, R&D system)
every 3 days for 4 weeks. Metabolic and immunological analyses were performed 3 days
after the last injections. To reconstitute £4bp4-/- homozygous knockout mice with NK
cells, splenic NK cells were isolated from C57BL/6 WT mice that had been fed HFD for 8
weeks by negative sorting using a mouse NK cell isolation kit (Miltenyi Biotec). The
preparations consisted predominantly (>85%) of NK cells. The £46p4-/- homozygous
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knockout mice were then injected retroorbitally on three occasions with 1.3x107 NK cells at
10-day intervals. Metabolic and immunological analyses were performed 7 days after the
last NK cell injection.

Metabolic phenotype measurements

Fasting blood glucose and insulin levels were measured after overnight fasting. Fasting
blood glucose levels were determined by using a Contour glucose meter (Bayer). Fasting
insulin levels were assayed by using an ELISA kit (Crystal Chem). The insulin resistance
index HOMA-IR was calculated on the basis of the fasting glucose and insulin levels
(Matthews et al., 1985). The GTT was performed by intraperitoneally injecting glucose (1.5
g/kg body weight) after overnight fasting. Insulin tolerance tests (ITT) were performed by
intraperitoneally injecting insulin (0.75 U/kg body weight) after 6 h of fasting. Blood
samples were drawn from the tail vein before and 15, 30, 60, and 120 min after the glucose
or insulin injection, and the glucose levels were measured by using a Contour glucose meter
(Bayer).

Measurements of in vivo insulin signaling

For in vivo stimulation of insulin signaling, mice were fasted for 16 h and then anesthetized
with an i.p. injection of pentobarbital (100 mg/kg). Insulin was injected (5 U/Kg) through
the inferior vena cava. After 5 min, Liver and skeletal muscles from the hind limbs were
harvested. Liver and muscles were homogenized and lysed at 4 °C, and lysates were
subjected to western blotting to assess insulin-stimulated phosphorylation cascades as
described previously (Yuan et al., 2001).

Isolation of adipose stromal vascular cells (SVCs) and splenocytes

SVCs were isolated from adipose tissues by using a well-established collagenase-based
method (Herrero et al., 2010; Kim et al., 2013). Briefly, epididymal and subcutaneous fat
pads were harvested from mice, weighed, and chopped into small pieces in PBS containing
2% (wt/vol) BSA. Collagenase type 2 (10 mg/ml, Worthington) and deoxyribonuclease I (2
mg/ml, Sigma-Aldrich) were added to the tissue suspensions, which were then incubated for
20 min at 37°C with shaking. The cell suspensions were then filtered through a 250 pm
nylon mesh and centrifuged at 200 x g for 3 min to separate the floating adipocyte and
pelleted SVC fractions. To collect any remaining adipocyte-associated SV Cs, the floating
adipocytes were washed twice with PBS containing 2% BSA and 5 mM EDTA. The two
SVC pellets were then combined, resuspended in PBS containing 2% (vol/vol) FBS, and
subjected to flow cytometric analyses. To obtain splenocytes, spleens were excised,
weighed, and minced in 1 ml of PBS containing 2% (vol/vol) FBS. The RBCs were lysed by
adding 4.5 ml of Ack lysis buffer (Lonza) into the splenocyte suspension. The splenocytes
were then collected by centrifugation at 300 x g for 5 min at 4°C. After washing, the
splenocytes were filtered through a 70-um mesh and subjected to flow cytometric analyses.

Flow cytometric analyses

Blood was collected from the tail vein in the presence of 5 mM EDTA, incubated with BD
Fc Block, stained with fluorophore-conjugated antibodies specific for cell-surface makers
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(Tables S1 and S2), and lysed with FACS Lysing Solution (BD Biosciences). The SVC and
splenocyte preparations were incubated with BD Fc Block and then stained with antibodies.
Cell viability was determined by staining with propidium iodide. The stained cells were then
analyzed by LSRII flow cytometer (BD Biosciences) or sorted by using the FACSAria
instrument (BD Biosciences). The data were further analyzed by using the FlowJo software
(Flow Jo). For the NK cell analyses, NK cells were defined as CD45+, TER119™, F4/807,
CD19-, CD37, and NK1.1* in lymphocyte/monocyte gating. iNKT cells were defined as
CD45+, TER119-, F4/80-, CD19-, CD3*, and NK1.1+ in lymphocyte/monocyte gating.
Macrophages were defined as CD45", TER119~, CD19-, CD3™, NK1.1™, F4/80*, and
CD11b™. To identify the obesity-specific ATM subpopulation, antibodies against CD11c
were used as well as the antibodies employed for macrophage identification. The antibodies
used to identify CD4 and CD8 T cells, and B cells are listed in Table S1. Total cell numbers
were calculated by using a BD Cell viability kit (BD Biosciences) according to the
manufacturer’s instructions.

Measurements of ex vivo cytokine production

Isolated splenocytes or SVCs from fat pads were stimulated with PMA (50 ng/ml, Sigma-
Aldrich) and ionomycin (1 nM, Sigma-Aldrich) for 4 hours. Golgistop (BD) (4 ul) was
added during the last 3 hours. The cells were then stained with antibodies against cell-
surface markers, fixed, and permeabilized by using a Cytofix/CytoPerm kit (BD), followed
by intracellular staining of IFN-y, TNF-a, IL-10, or IL-6 (Feuerer et al., 2009). The cells
were then analyzed by using LSRII instruments and FlowJo software (Flow Jo).

Quantitative real-time RT-PCR analysis

Total RNA from tissues and ATMs was prepared by using Trizol and RNeasy Lipid Tissue
Mini Kit (Qiagen). The RNA from ATMs was amplified by using a MessageAmpll aRNA
kit (Ambion), after which cDNA was generated by using an Advantage RT-PCR kit
(Clontech). Gene expression levels were determined by real-time RT-PCR. The probes used
in the experiments were for CD68 (Cd68, Mm00839636_g1), F4/80 (Adgrel,
MmO00802530_m1), CD11c (/fgax, Mm00498698_m1), TNFa ( 7nf, Mm00443258_m1),
IL-1B (//16, Mm00434227_g1), IL-6 (//6, Mm00446190_m1), IFNy (/fng,
Mm01168134_m1)m, IL-10 (//20, Mm00439614_m1), Argl (Argl, Mm00475988_m1),
IL-15 (//15, MmM00434310_m1), IL-12a (//12a, Mm00434169_m1), IL-12b (//125,
Mm01288989_m1), IL-13 (//13, Mm00434204_m1), IL18 (//18 Mm00434226_m1), CCL2
(Ccl2, Mm00441242_m1), CX3CL1 (Cx3cl1, Mm00436454_m1), CCL3 (Cc/3,
MmO00441259_g1), CCL4 (Ccl4, Mm00443111_m1), CCL5 (Cc/5 Mm01302427_m1),
CCL7 (Ccl7, Mm00443113_m1), CXCL9 (Cxc/9, Mm00434946_m1), CXCL10 (Cxcl10,
Mm00445235_m1), CXCL11 (Cxcl11, Mm00444662_m1), IR (/nsr, Mm01211875_m1),
IRS-1 (/rs1, Mm01278327_m1), IRS-2 (/rs2, Mm03038438_m1), and FGF21 (Fgr21,
MmO00840165_g1). GAPDH (Gapdh, Mm99999915 g1) served as a housekeeping control
gene (Applied Biosystems).

Statistical analysis

Statistical significance was examined by using two-tailed unpaired Student’s #tests or one-
way ANOVA, followed by Fisher’s least significant difference test. The variance of each
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group was analyzed by F test or Bartlett’s test. The data are presented as mean + S.E.M. P-
values <0.05 were considered to indicate statistical significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HFD-induced obesity increases adipose tissue NK cell numbers and activation
(A-L) C57BL/6 male mice were fed a HFD or NC for 12 weeks. (A) Fasting body weight.

(B) Fasting blood glucose levels. (C) Fasting serum insulin levels. (D) HOMA-IR (n=5-7/
group). (E-L) HFD-induced changes in NK cell phenotypes. (E) Representative flow
cytometric plots of the NK cells (red box). The lineage markers (Lin) were TER-119, CD19,
and GR-1 for blood; F4/80 was added for the tissue immune cell analyses. (F-1) NK cell
numbers (n=3-4/group) in the blood (F), spleen (G), subcutaneous fat (SubQ) (H), and
epididymal fat (Epi) (). (-L) Flow cytometric analysis of the ex vivo cytokine production
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by tissue NK cells (n=6/group). (J) Representative cytokine expression. (K) Frequencies of
cytokine* NK cells. (L) Mean fluorescence intensity. (M—P) Pioglitazone (Pio)-induced
changes in epididymal fat immune cell numbers. Seven-week-old C57BL/6 mice (n = 8)
were simultaneously treated with a HFD (or NC) and Pio (100 mg/kg diet) for 8 weeks.
After overnight fasting, epididymal ATMs, Tregs, and NK cells were analyzed by flow
cytometry. (M) ATM numbers. (N) Treg numbers. (O) Representative flow cytometry plots
of NK cells (red box). (P) NK cell numbers. The data are presented as mean + S.E.M.
*p<0.05, *p<0.01, and ***p<0.001. See also Figure S1.
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Figure 2. Depletion of NK cells by anti-asialo GM1 antibody improves HFD-induced insulin
resistance and recovery of NK cell numbers worsens it

(A-J) NK cell depletion by GM1 or isotype-control (IgG) antibodies (n=4-5/group). (A)
Representative flow cytometric plots of NK cells (red box). The lineage markers (Lin) were
TER-119, Gr-1, CD19, and F4/80. (B) Epididymal fat NK cell numbers. (C) Fasting body
weight. (D) Fasting blood glucose levels. (E) Fasting serum insulin levels. (F) HOMA-IR.
(G-J) Gene expression of macrophage chemokines (G), macrophage markers (H), CD11c
gene expression (in epididymal fat) (1), and inflammatory mediator genes (J), as determined
by gRT-PCR (n=4-5/group). (K-T) C57BL/6 mice fed NC or a HFD for 10 weeks were
injected with GM1 or control (1gG) antibodies for 3 weeks, after which the GM1-injected
HFD mice were divided into two groups: one group continued to be injected with GM1
while the other group was injected with the control antibody (GM1—1gG) to allow the
depleted NK cell compartment to recover (see Figure S2E). After 2 weeks of NK cell
recovery, the immunological and metabolic phenotypes were measured (n=4-5/group). (K)
Representative flow cytometric plots of epididymal fat NK cells (red box). The lineage
markers (Lin) were TER119, Gr-1, CD19, and F4/80. (L) Epididymal fat NK cell numbers.
(M) Fasting body weight. (N) Fasting blood glucose levels. (O) Fasting serum insulin levels.
(P) HOMA-IR. (Q, R) ATM inflammation in epididymal fat (n=4/group). (Q) Total
epididymal ATM numbers. (R) Epididymal CD11c* ATM frequencies. (S) Correlation
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between epididymal NK cell numbers and HOMA-IR and ATM numbers. (T) Gene
expression of FACS-sorted epididymal ATMs, as measured by gRT-PCR. The data are
presented as mean = S.E.M. *p<0.05, **p<0.01, and ***p<0.001. See also Figure S2.
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Figure 3. Depletion of NK cells by anti-NK1.1 antibody also improves HFD-induced insulin
resistance

(A-L) NK cell depletion by PK-136 antibody (n=4-5/group). (A) Representative flow
cytometric plots of NK (red box) and iNKT (blue box) cells. The lineage markers (Lin) were
TER-119, Gr-1, CD19, and F4/80. (B) Epididymal NK cell numbers. (C) Fasting body
weight. (D) Fasting blood glucose levels. (E) Fasting serum insulin levels. (F) HOMA-IR.
(G) Glucose tolerance test (GTT). (H) Area under the curve (AUC) of GTT. (1)
Representative Western blot of the insulin signaling pathway in liver. (J) Quantitation of (I).
(K) Representative flow cytometry plots of epididymal ATMs. (L) Macrophage numbers in
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the spleen, subcutaneous fat (SubQ), and epididymal fat (Epi). (M-P) iNKT cell-deficient
homozygous knockout mice (JaZ8—-/-and CD1d-/-) (n=8-11/group). (M) Fasting body
weight. (N) Fasting blood glucose levels. (O) Fasting serum insulin levels. (P) HOMA-IR.
The data are presented as mean + S.E.M. *p<0.05, **p<0.01, and ***p<0.001. See also
Figure S3.
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Figure 4. NK cell expansion by IL-15 injections exacerbates HFD-induced insulin resistance
(A) Representative flow cytometric plots of epididymal NK (red box) and iNKT (blue box)

cells. The lineage markers (Lin) were TER-119, Gr-1, CD19, and F4/80. (B) Epididymal
adipose NK cell numbers. (C) Fasting body weight. (D) Fasting blood glucose levels. (E)
Fasting serum insulin levels. (F) HOMA-IR. (G) GTT. (H) AUC of GTT. (I) Insulin
tolerance test (ITT). For Figure 4B-F and H: *p<0.05, **p<0.01, and ***p<0.001. For
Figure 4G and I: *p<0.05, **p<0.01, and ***p<0.001 vs. HFD:Cont; #p<005 and #*p<0.01
vs. HFD:IL-15. (J) Representative flow cytometric plots of epididymal ATMs (red box). The
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lineage markers were TER-119, CD3, CD19, and NKZ1.1. (K) Total epididymal ATM
numbers (n=5/group). (L) Epididymal CD11c* ATM frequencies. (M) 7nfexpression levels,
as determined by qRT-PCR. For Figure 4K-M: *p<0.05, **p<0.01, and ***p<0.001. n=5-7/
group. The data are presented as mean + S.E.M. See also Figure S4.
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Figure 5. Genetic ablation of NK cells in E4bp4 knockout mice improves HFD-induced insulin

resistance

E4bp4+/- heterozygous knockout mice. (A) Representative flow cytometric plots of the
epididymal NK cells. The lineage markers (Lin) were TER-119, Gr-1, CD19, and F4/80. (B)
Epididymal NK cell numbers. (C) Fasting body weight. (D) Fasting blood glucose levels.
(E) Fasting serum insulin levels. (F) HOMA-IR. (G) GTT. (H) AUC of GTT. (I-J) Gene
expression levels of insulin signaling (1) and inflammatory mediators (J), as determined by
gRT-PCR. (K) Representative flow cytometric plots of ATMs. The lineage markers were
TER-119, CD3, CD19, and NK1.1. (L) Total epididymal ATM numbers. (M) Cc/2 gene
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expression levels in epididymal fat, as determined by gRT-PCR. The data are presented as
mean + S.E.M. *p<0.05, **p<0.01, and ***p<0.001. n=5-6/group. See also Figure S5.
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Figure 6. Reconstitution of NK cells in E4bp4 knockout mice increases HFD-induced insulin

resistance

(A) Experimental scheme for reconstitution experiments (n=4-5/group). (B) Purity of the
transferred NK cells. (C) Epididymal NK cell numbers. (D) Fasting body weight. (E) Fasting
blood glucose levels. (F) Fasting serum insulin levels. (G) HOMA-IR. (H) GTT. (I) AUC of
GTT. (J) ITT. (K-M) Epididymal fat gene expression of insulin signaling molecules (K),
inflammatory mediators (L), and Cc/2 (M), as determined by gRT-PCR. (N) Representative

flow cytometric plots of epididymal ATMs. The lineage markers were TER-119, CD3,
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CD19, and NK1.1. (O) Total epididymal ATM numbers (n=3-4/group). The data are
presented as mean + S.E.M. *p<0.05, **p<0.01, and ***p<0.001. See also Figure S6.
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