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SUMMARY

Here we extend the understanding of how chemical inhibition of SHIP paralogs
controls obesity. We compare different classes of SHIP inhibitors and find that se-
lective inhibitors of SHIP1 or SHIP2 are unable to prevent weight gain and body
fat accumulation during increased caloric intake. Surprisingly, only pan-SHIP1/2
inhibitors (pan-SHIPi) prevent diet-induced obesity. We confirm that pan-SHIPi
is essential by showing that dual treatment with SHIP1 and SHIP2 selective inhib-
itors reduced adiposity during excess caloric intake. Consistent with this, genetic
inactivation of both SHIP paralogs in eosinophils or myeloid cells also reduces
obesity and adiposity. In fact, pan-SHIPi requires an eosinophil compartment to
prevent diet-induced adiposity, demonstrating that pan-SHIPi acts via an immune
mechanism. We also find that pan-SHIPi increases ILC2 cell function in aged,
obese mice to reduce their obesity. Finally, we show that pan-SHIPi also reduces
hyperglycemia, but not via eosinophils, indicating a separate mechanism for
glucose control.

INTRODUCTION

Obesity and its associated metabolic disorders have become a global epidemic affecting millions of
people worldwide. It is now appreciated that metabolism and immunity are intertwined as inflammatory
macrophages recruited to visceral adipose tissue (VAT) can promote the onset of obesity and insulin
resistance.'” In addition, an M1-like macrophage population in VAT has recently been shown to limit
the thermogenic capacity of adipocytes through consumption of norepinephrine (NE) produced by sympa-
thetic neurons that innervate VAT.*"® A counterbalance to these pro-inflammatory myeloid populations in
VAT are immunoregulatory myeloid cells, AAM/M2 macrophages and myeloid-derived suppressor cells
(MDSC).""~"? Treg cells can also oppose inflammatory stressors on adipocytes and thus promote improved
control of blood glucose levels, although they do not reduce adiposity.”'*'* Innate lymphocyte type 2
(ILC2) cells present in the VAT can, via production of the type-2 cytokines IL-5 and IL-13, promote increased
numbers of eosinophils. IL-4 producing eosinophils are then able to bias myeloid differentiation in the VAT
toward immunoregulatory AAM/M2 cells to promote leanness and improve blood glucose control.”>"® In
this mechanism of immune control of obesity, M2 macrophages may express tyrosine hydroxylase (TH) to
enable their production of NE that promotes UCP1 expression and thermogenesis by adipocytes.'® This
adrenergic function of M2/AAM cells has recently been challenged,'” although others have independently
replicated that M2/AAM cells are capable of induced TH expression at the mRNA and protein level.”°

The family of SH2-containing inositol phosphatases consists of only two paralogs, SHIP1 (INPP5D) and
SHIP2 (INPPL1). SHIP1 and SHIP2 are currently thought to have largely distinct functions in vivo as pheno-
types in SHIP1™/~ mice are primarily hematologic’' 1,°4-?? and consequently life-threat-
ening. Conversely, SHIP2™/~ mice are viable and lack demonstrable hematolymphoid abnormalities.

or immunologica

Intriguingly, SHIP2~/~ mice are resistant to obesity following consumption of a high-fat diet (HFD).*°
However, the cellular and molecular basis for this resistance has not been defined, and could perhaps
be immune-mediated as SHIP2 is expressed in both hematopoietic and parenchymal tissues. A small mole-
cule selective inhibitor of SHIP2 has been described and consequently has shown efficacy in murine models
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Figure 1. The pan-SHIP1/2 inhibitor K118 prevents the onset of obesity

(A) Percent body weight, (B) percent body fat and (C) percent lean mass measurements on C57BL/6 mice following ad libitum consumption of HFD and
simultaneous treatment with K118 or vehicle (H,O). Mice were dosed with K118 two times per week (on days 1 and 4 of each week at 10mg/kg via i.p.

injection) for the 4-week duration of the study. Body Fat and Lean mass were measured by DEXA imaging before initiation of the study and after 4 weeks on
HFD (Mean + SEM, 2-way Repeated measures ANOVA with Bonferroni multiple comparison test in A, two-tailed t-test with Welch's correction where

needed for B and C, ****p < 0.0001, pooled from two experiments with n = 10).

of diabetes and Alzheimer's disease where it improved blood glucose control®’ or cognition,*” respec-
tively. A variety of small molecule inhibitors of SHIP1 and both SHIP1 and SHIP2 (pan-SHIP1/2 inhibitors)
have been described and been shown to enable targeting of SHIP1 or both paralogs in vivo — with evidence
of therapeutic efficacy in pre-clinical models of diseases that including cancer,”*** bone marrow transplan-
tation,”” blood cell recovery,***’ cancer immunotherapy,® lethal fungal infection®” and microglial uptake
of B-amyloid in the CNS."® Thus, both SHIP1 and SHIP2 have proven to be tractable targets in vivo whose
selective or dual inhibition has potent physiological effects that can abrogate disease without significant
toxicity.*!

The demonstration that the SHIP inhibitor K118 can reverse obesity following consumption of a HFD,*? sug-
gested that further analysis of how SHIP inhibition mediates obesity control was merited. In addition, our
recent analysis of SHIP inhibitors in tumor immunity showed that compounds with modest selectivity for
SHIP1, but which also target SHIP2, like K118, can have distinct activity as compared to more selective
SHIP1 inhibitors such as 3AC.% For example our recent analysis of a broad panel of SHIP inhibitors showed
that pan-SHIP1/2 inhibitors were optimal for promoting homeostatic functions of microglia in vitro and
in vivo, including phagocytosis of AB42, the primary constituent of amyloid plaques present in Alzheimer’s
disease.*” Using a similar approach here we use both chemical and genetic approaches to dissect whether
SHIP1, SHIP2 or both should be targeted in order to control obesity and blood glucose in the context of
excess caloric intake. These approaches revealed that pan-SHIP1/2 inhibitors are required for effective
obesity control and that eosinophils are essential for this anti-obesity activity, but not for control of blood
glucose levels by pan-SHIP1/2 inhibitors.

RESULTS

The pan-SHIP1/2 inhibitor K118 protects mice from HFD-induced obesity

Previously we found that that K118 was effective at reversing obesity in a treatment setting after mice had
already become obese due to consumption of high-fat diet (HFD) over a 2 month period.”” We subse-
quently found that K118 has only modest selectivity for SHIP1 and consequently inhibits both SHIP1 and
SHIP2 with significant potency.®"? This led us to question whether solely targeting SHIP1 was required
for obesity control. In order to test different classes of SHIP paralog inhibitors for their capacity to reduce
obesity, we utilized a prevention model in which mice are placed on HFD while simultaneously being
treated with a candidate SHIP inhibitor (SHIPi). To confirm that SHIPi was effective in this prevention model,
we introduced mice to HFD consumption and then initiated K118 treatment (2X/week, 10 mg/kg) the same
week that mice were placed on HFD. The same K118 dosing regimen that was utilized in the obesity treat-
ment study.’? We found that K118 treatment in the setting of obesity prevention also protected adult mice
from significant weight gain (Figure 1A) and, importantly, also prevented increased adiposity (percent body
fat) despite ad libitum consumption of HFD over a 4 week period (Figure 1B). Importantly we did not
observe wasting in the mice due to K118 treatment as their percent lean mass was maintained as compared
to percent lean mass at initiation of HFD consumption (Figure 1C). As expected, vehicle treated mice
gained significant body weight and increased their percent body fat and decreased their percent lean
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Figure 2. SHIP paralog-selective inhibitors are unable to prevent obesity, but dual treatment with SHIP1- and SHIP2-selective inhibitors reduces
weight and body fat increases due to increased caloric intake

(A, D, G) Percent body weight, (B, E, H) percent body fat and (C, F, I) percent lean mass in C57BL/6 mice during HFD consumption and simultaneous
treatment with (A-C) 3AC or vehicle (0.3% Klucel:saline), (D-F) AS1949490 or vehicle (5% DMSQ:saline) or (G-I) dual treatment with both 3AC and AS1949490
(As19) or dual vehicle (0.3% Klucel:saline + 5% DMSO:saline). Mice were dosed with 3AC and/or AS1949490 or vehicle two times per week (on days 1 and 4 of
each week at 26.5mg/kg for 3AC or 20mg/kg for AS1949490 via i.p. injection) for the 4-week duration of the study. (Body Fat and Lean mass were measured
by DEXA imaging before initiation of the study and after 4 or 6 weeks on HFD with SHIPi or vehicle treatment (Mean + SEM, 2-way repeated measures
ANOVA with Bonferroni multiple comparison test in A, B, D, G, two-tailed t-test with Welch's correction when needed for C, E, F, H, and |, **p < 0.01,
***p < 0.001,****p < 0.0001, pooled from two experiments with n = 5).

mass following initiation of HFD consumption.(Figures 1A-1C) Consistent with its ability to reverse obesity
in a treatment setting,*” these findings show that the pan-SHIP1/2 inhibitor K118 is also able to prevent
obesity during consumption of a HFD and confirmed that this model could be used to assess the effective-
ness of SHIPi strategies in diet-induced obesity.

Paralog-selective SHIP inhibitors are ineffective at prevention of diet-induced obesity

The above findings established that a pan-SHIP1/2 inhibitor could prevent obesity following increased
caloric intake. However, this could be due to K118 inhibition of either SHIP1 or SHIP2, and thus unrelated
to its ability to inhibit both SHIP paralogs simultaneously. If this were the case, then either SHIP1- or SHIP2-
selective inhibition should be able to protect mice from diet-induced weight gain and adiposity. In fact,
genetic analysis suggested that solely targeting SHIP2 might enable control of diet-induced obesity.*°
To examine these different possibilities, we treated mice placed on an HFD with either a SHIP1-selective
inhibitor (3AC)*® or SHIP2-selective inhibitor (AS194940),%" each of which have been found to be effective
at targeting SHIP1 or SHIP2 in vivo, respectively.®’#*2¢-38434% \We found that both the SHIP1-selective in-
hibitor 3AC (Figures 2A-2C) and the SHIP2-selective inhibitor AS1949490 (Figures 2D-2F) are incapable of
preventing body weight gain and increased adiposity (percent body fat), and loss of lean mass upon con-
sumption of an HFD. Mice treated with either compound gained essentially the same amount of weight and
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increased body fat to the same degree as their respective vehicle controls. Thus, SHIP paralog selective
inhibitors fail to protect from obesity suggests that the capacity of K118 to prevent obesity could be
due to its capacity inhibit both SHIP1 and SHIP2 simultaneously.

Dual targeting of SHIP1 and SHIP2 with paralog-selective inhibitors reduces obesity and loss
of lean mass caused by increased caloric intake

We considered then that both SHIP paralogs must be targeted in vivo in order to reduce weight gain and
increased adiposity during HFD consumption. Thus, we undertook a study where we simultaneously
treated mice consuming a HFD with both 3AC and AS1949490. In this setting we found that both vehicle
and 3AC + AS1949490 treated groups gained weight while consuming HFD. However, the 3AC +
AS1949490 treated group gained significantly less weight at 4 weeks after initiation of HFD. When inhibitor
treatment was continued through é weeks the difference in body weight became even more apparent (Fig-
ure 2G). Importantly, mice co-treated with 3AC + AS1949490 also acquired considerably less body fat than
vehicle treated mice as measured at 4 and 6 weeks of HFD consumption, (Figure 2H) and retained a greater
proportion of lean mass versus the vehicle control group (Figure 21). As with body weight, the reduction in
body fat was more apparent after the treatment was continued for 6 weeks. Although 3AC + AS1949490
treatment does provide a significant degree of protection from diet-induced obesity this protection is
not as complete as we observed with K118 (Figure 1). The reason for this is not clear, but one possibility
is that K118 has greater potency against SHIP1 than 3AC, and thus more effectively targets both SHIP
paralogs than the combination of 3AC and AS1949490. Taken together these findings demonstrate that
significant control of diet-induced obesity is achieved by simultaneous inhibition of both SHIP paralogs,
and not by paralog selective SHIP inhibition.

Other pan-SHIP1/2 inhibitory compounds also reduce diet-induced obesity

To further test and validate the hypothesis that pan-SHIP1/2 inhibition is necessary for effective obesity
control we sought to test other pan-SHIP1/2 inhibitors we have recently identified.”>*' These include com-
pounds of a completely different chemical class than aminosteroids such as the tryptamine K149,34374¢ bt
also a water soluble aminosteroid K161 that has significant bioavailability in vivo, including the ability to
cross the blood brain barrier to access brain-resident microglia.’” Although the capacity of K149 and
K161 to inhibit recombinant SHIP1 and SHIP2 enzyme activity in vitro has previously been established,*’*®
including several different tryptamine analogs of K103 that include K149,%° we have recently found that
K149 and K161 can inhibit SHIP1 in cells based on their ability to potently induce G-CSF in mice (data
not shown). Thus, treatment with K149 or K161 phenocopies a unique genetic phenotype exhibited by
SHIP1 KO mice, that is also observed in WT mice treated with either the SHIP1-selective inhibitor 3AC or
the pan-SHIP1/2 inhibitor K118.* In addition, both K149 and K161 reduce the basal Akt phosphorylation
at Ser473 and phosphorylation of its downstream target mTOR in C2 BV2 cells that have been gene edited
to only express the SHIP2 paralog™ (Figure S1). The SHIP1/2 product PI(3,4)P, is essential for Akt phosphor-
ylation at Ser473 and moreover promotes Akt activity.”’~*? These studies provide additional confirmation
that K149 and K161 are capable of targeting both SHIP paralogs in cells. We then tested the utility of
these pan-SHIP1/2 inhibitors as potential therapeutics for obesity control. We initially examined whether
K149 could also prevent or reverse obesity caused by consumption of a HFD (Figure 3). As with the
aminosteroid K118, the tryptamine K149 significantly reduced weight gain during a 6-week period of
HFD consumption (Figure 3A). This was evident in the K149-treated mice as they exhibited only a negligible
increase in percent body fat, whereas vehicle treated mice gained significantly more body fat than their
K149-treated counterparts (Figure 3B). Importantly, K149 treated mice on HFD maintained the same
percent lean mass as they had before starting on HFD, (Figure 3C) indicating K149 does not promote
weight control through adverse effects on physiology that promote wasting. We also found that K149
can protect mice in a treatment model of HFD induced obesity. In this setting, mice were first rendered
obese by consumption of HFD for 2 months after which they were treated with K149 or vehicle (2X per
week) whilst continuing to consume HFD. We found that K149 significantly decreased both body weight
(Figure 3D) and percent body fat (Figure 3E) within 4 weeks of treatment despite continued HFD consump-
tion. Importantly, K149 treatment increased percent lean mass (Figure 3F) in the obese mice indicating
weight loss was not due to wasting. We also found that the pan-SHIP1/2 inhibitory aminosteroid K161%°
also protects mice from weight gain and obesity in a prevention setting, (Figures 4A-4C) but also when
used to treat mice that are presently obese and continue to consume a HFD diet (Figures 4D-4F). Thus,
three pan-SHIP1/2 inhibitory compounds (K118, K149, K161) derived from two different chemical classes
(aminosteroids and tryptamines) have a potent capacity to mediate obesity control in the context of excess
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Figure 3. The pan-SHIP1/2 inhibitor K149 prevents the onset and reverses diet-induced obesity

(A, D) Percent body weight, (B, E) percent body fat and (C, F) percent lean mass measurements on C57BL/é mice following ad libitum consumption of an HFD
and simultaneous treatment with K149 or vehicle (5% DMSO:saline). Mice were dosed with K149 two times per week (on days 1 and 4 of each week at 10mg/
kg via i.p. injection) for the 4-6 weeks duration of the study. Mice in A-C were placed on HFD at the time of the first dose of SHIPi or vehicle, while mice in D-F
were placed on HFD for 8 weeks before the start of SHIPi or vehicle and maintained on the diet for the 4 weeks of the study. Body Fat and Lean mass were
measured by DEXA imaging before initiation of the treatment and after 4 and 6 weeks on HFD (Mean + SEM, 2-way repeated measures ANOVA with
Bonferroni multiple comparison test in A, D two-tailed t-test for B, C, E and F, **p < 0.01, ***p < 0.001, ****p < 0.0001, each model (prevention or reversal) is
pooled from two experiments with n = 5).

caloric intake, while SHIP paralog selective inhibitors like 3AC and AS1949490 are unable to protect from
diet-induced obesity.

K149 and K161 pan-SHIP1/2 inhibitory compounds promote increased eosinophil function in
the face of HFD stress

The pan-SHIP1/2 inhibitor K118 was found to reduce SHIP1 expression in VAT-resident eosinophils and in-
crease the frequency of IL-4-producing eosinophils in the VAT of obese mice."” Thus, we assessed whether
the novel pan-SHIP1/2 inhibitors that mediate obesity control or reversal, K149 and K161, can protect the
eosinophil compartment and their production of IL-4 during adipogenic stress caused by excess caloric
intake. In the setting of obesity prevention, K149 increases the frequency of eosinophils (Figures 5A and
5B, see also Figure S2A), the frequency of eosinophils producing IL-4 versus vehicle controls following
6 weeks of sustained HFD consumption (Figures 5C and 5D), but also increases the amount of IL-4 made
on a per cell basis as determined by intracellular staining for IL-4 (Figures 5E and 5F). Consistent with
increased IL-4 production by the eosinophil compartment,'%'>*° the VAT macrophage compartment be-
comes polarized toward the M2/AAM phenotype (Figures 5G, 5H, and S2B). We then assessed the same
VAT immune components in mice rendered obese by HFD consumption, and then treated with the water
soluble aminosteroid pan-SHIP1/2 inhibitor K161. K161 treatment also demonstrated a clear capacity to
promote VAT eosinophil function in the face of adipogenic stress as K161 increased the frequency of total
eosinophils (Figures 6A and 6B), and their absolute numbers per milligram (mg) of epididymal white adi-
pose tissue (eWAT) (Figure 6C). Importantly, eosinophil expression of IL-4 on a per cell basis,
(Figures 6D and 6E) and the frequency and absolute number of IL4" eosinophils was also increased by
K161 treatment, (Figures 6F-6H) indicating the macrophage polarizing function of the VAT eosinophil
compartment might be augmented by K161, even in the face of HFD-induced adipogenic stress. Indeed,
K161 polarized the VAT macrophage compartment toward M2 macrophages, by reducing the number of
inflammatory M1-like macrophage per mg of eWAT (Figures 6I-6L). Taken together, these data indicate
that pan-SHIP1/2 inhibition has the unique capacity to promote IL4 production at both a cellular (increased
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Figure 4. The pan-SHIP1/2 inhibitor K161 prevents the onset and reverses diet-induced obesity

(A, D) Percent body weight, (B, E) percent body fat and (C, F) percent lean mass measurements on C57BL/6 mice following ad libitum consumption of an HFD
and simultaneous treatment with K161 or vehicle (H,0). Mice were dosed with K161 two times per week (on days 1 and 4 of each week at 10mg/kg via i.p.
injection) for the 4-week duration of the studies. Mice in A-C were placed on HFD at the time of the first dose of SHIPi or vehicle, while mice in D-F were
placed on HFD for 8 weeks before the start of SHIPi or vehicle and maintained on the diet for the 4 weeks of the study. Body Fat and Lean mass were
measured by DEXA imaging before initiation of the treatment and after 4 weeks on HFD (Mean + SEM, 2-way repeated measures ANOVA with Bonferroni
multiple comparison test in A, D, two-tailed t-test for B, C, D and F, **p < 0.01, ****p < 0.0001, each model (prevention or reversal) is pooled from two

experiments with n = 5).

number of IL4-expressing cells) and a molecular level (increased IL4 per cell) in the eosinophil compartment
that then supports polarization of the VAT macrophage compartment toward an M2 phenotype.

Pan-SHIP1/2 inhibitors are unable to reduce obesity and polarize the macrophage
compartment in mice that lack an intact eosinophil compartment

Mice homozygous for the AdbIGATA mutation lack eosinophils due to a requirement by hematopoietic
stem cells for eosinophil lineage commitment promoted by the GATAT transcription factor.”’ AdbIGATA
mice were subsequently used to show that an eosinophil compartment is required for protection from
weight gain and loss of glucose homeostasis following consumption of an HFD.'>*? Because multiple
pan-SHIP1/2 inhibitors promote VAT eosinophil function in different diet-induced obesity settings, we hy-
pothesized that eosinophils might be a critical cellular target of pan-SHIP1/2 inhibitors for obesity control.
Thus, we tested the capacity of K118 to mediate obesity control in AdbIGATA mice and BALB/C mice of the
same genetic background. When BALB/C mice, which have an intact eosinophil compartment, were placed
on HFD and simultaneously treated with K118 they did not gain body weight to the same degree as vehicle
treated controls (Figure 7A). They also showed no increase in percent body fat (Figure 7B) and their lean
mass was comparable to that before the initiation of HFD 6 weeks earlier (Figure 7C). As expected, vehicle
treated BALB/C mice showed a dramatic increase in percent body fat and loss of lean mass after 6 weeks of
HFD consumption (Figure 7C). In the AdbIGATA mice placed on a HFD, K118 treatment surprisingly did
reduce the amount of body weight relative to vehicle treated AdbIGATA mice placed on a HFD (Figure 7A).
However, the K118 treated AdbIGATA mice increased the percent body fat to the same degree as vehicle
treated AdbIGATA mice, (Figure 7B) indicating eosinophils are required for K118 to prevent a diet-induced
increase in adiposity during excess caloric intake. Intriguingly, K118 treated AdbIGATA mice retained a
comparable % lean mass whereas their vehicle treated counterparts lost significant percent of lean body
mass (Figure 7C). To provide an independent measure for loss of eosinophil function, as further evidence
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Figure 5. Pan-SHIPi using K149 increases the frequency of IL4-expressing eosinophils and their production of IL4 and promotes M2/AAM

polarization

The following data are from an obesity prevention model where K149 treatment was initiated on the same day that mice were placed on HFD for the 6 weeks
(A) Representative contour plot for eosinophil gating with the indicated stains (see Figure S2A for additional gating information), (B) frequency of
SSCHiSigIecF+ eosinophils (percent of CD45"), (C) representative contour plot of IL4" eosinophils (from A), (D) frequency of IL4" expressing eosinophils and
(E) representative flow plot for IL4 median fluorescence intensity (MFI) in all eosinophils (A) with Fluorescence minus control (FMO), (F) total intracellular IL4
was increased in eosinophils isolated from eWAT after treatment with pan-SHIP1/2 inhibitor K149. (G, H) Polarization of macrophages to an M2/AAM
phenotype (G, representative gating used to estimate M1 (CD11b*F4/80*Gr1~CD86'°CD11c*) or M2/AAM cells (CD11b*F4/80*Gr1~CD86'°CD11¢™) in
eWAT after SHIPi treatment (H) M1/M2 ratio calculated as frequency of M1 over frequency of M2 from parent gate (F4/807Gr1’, see Figure S2B for additional
gating information). (Mean + SEM, one-tailed t-test, *p < 0.05, **p < 0.01, ***p < 0.001, pooled from at least two experiments with n = 5).

that K118 acts on eosinophils in vivo, we also assessed M2 macrophage polarization in the vehicle and K118
treated AdbIGATA mice on HFD. We found that M2/AAM polarization was not induced in AdbIGATA mice
by K118 as compared to vehicle controls (Figure 7D). We then performed a similar study with both K149 and
K161. Mice that consumed a HFD for 6 weeks while being treated with K149 (Figure 7E) or K161 (Figure 71)
lost weight as compared to vehicle controls, but did not show a significant decrease in percent body fat
(Figures 7F and 7J) or increase in percent lean mass (Figures 7G and 7K) as compared to their respective
vehicle control groups following 6 weeks of HFD consumption. In addition, both K149 (Figure 7H) and
K161 (Figure 7L) treatment of mice consuming HFD for é weeks failed to polarize the VAT M1/M2 compart-
ment toward M2 cells. Thus, all three pan-SHIP1/2 inhibitors, K118, K149, K161, fail to control obesity and
polarize the macrophage compartment toward M2 cells in mice that lack an eosinophil compartment
during consumption of HFD.

Genetic ablation of both SHIP paralogs in the myelo-eosinophilic compartment promotes
reduced body fat

We then sought genetic evidence that both SHIP paralogs should be targeted in the myeloid and/or
eosinophil compartments to reduce adiposity during consumption of HFD. Initially we placed
the LysMCre driver™® on SHIP1fo¥flox - gyppflox/flox - g pqflox/floxgy pofloxflox hackgrounds. The
LysMCre driver has been used by numerous groups for efficient pan-myeloid deletion of floxed genes,”*>*
but has also recently been used to analyze deletion of mTOR in eosinophils,” indicating this Cre driver may
enable deletion in multiple cell lineages within the myeloid arm of the hematopoietic system. Importantly,
we in fact found that there is a partial, but yet significant deletion of SHIP1 protein by flow cytometry in VAT
eosinophils using a single cell, intracellular flow assay for SHIP1 expression (Figures 8A-8C). We then
placed LysMCre + flox/flox mice and their Cre-negative flox/flox counterparts on HFD and their body
weight and percent body fat was monitored for an 8-week period. During this period body weight was
monitored and DEXA measurements were made of percent body fat and lean mass. We found
that LysMCre*SHIP11o¥/fox | ysMCre*SHIP2Mo¥ox  and  LysMCre*SHIP1foxloxgy pflox/flox  gained
similar amounts of weight as their SHIpP1flox/floxgy ppflox/flox However, the
LysMCreSHIP1flox/floxgpypofloxiflox ha g 54 significantly lower percent body fat and increased percent lean

littermate controls.
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Figure 6. Pan-SHIPi using K161 increases the frequency of IL4-expressing eosinophils and their production of IL4 and promotes M2/AAM
polarization

The following data are from an obesity reversal model where mice were place on HFD for 8 weeks before treatment for 4 week with K161. (A) Representative
contour plot showing gating to estimate eosinophil numbers and frequency. (B) eosinophil frequency (of CD45") cells and (C) total number of eosinophils per
mg of eWAT (Live, CD45%, SSCH‘SigFW (D) representative flow plot for IL4 median fluorescence intensity in the eosinophils compartment (A), (E) total
intracellular IL4 was increased in eosinophils, (F) representative flow plot for IL4* eosinophils from total eosinophils (A), (G) IL4* frequency of total eosinophils
and (H) total number of IL4" eosinophils per mg of eWAT after treatment with pan-SHIP1/2 inhibitor K161. (I-L) Increase polarization of macrophages to an
M2/AAM phenotype was observed in eWAT after SHIPi treatment with K161 (I, representative gating of M1 (CD11b*F4/80*CD86/°CD11c*) and M2/AAM
cells (CD11b*F4/80"CD86'°CD11¢™), (J) Ratio of M1 over M2 cells from parent gate, absolute number of M1 (K) and M2 (L) cells per mg of eWAT. (Mean +
SEM, one-tailed t-test, *p < 0.05, **p < 0.01, pooled from at least two experiments with n = 5, see Figure S2 for gating strategy for Eosinophils and M1 and M2
macrophages).

mass as compared to SHIP1#o¥floxgpofiox/fiox ittermate controls (Figures 8D and 8E). Neither
LysMCreSHIP1#ofox o | ysMCreSHIP279/9% mice showed reduced percent body fat or increased percent
lean mass versus their respective Cre-negative controls after 8 weeks on HFD (Figure S4), indicating inac-
tivation of both SHIP1 and SHIP2 in myeloid cells and/or eosinophils is needed to reduce adiposity asso-
ciated with increased caloric consumption. However, no differences was observed in ad libitum serum
glucose levels between LysMCre*SHIP1foxfloxgpofloxfiox ond their SHIP1 o/ oxg poflox/flox jittermates
(Figure S5A). We then performed a similar study, but with a Cre driver (eoCre) that has eosinophil-restricted
expression due to homologous recombination of the Cre transgene into the eosinophil peroxidase locus.™
We confirmed this driver is capable of deletion in VAT eosinophils as we observe efficient ablation of SHIP1
expression in eosinophils using an intracellular flow assay for SHIP1 expression (Figures 8F and 8G). The
eoCreSHIP11o¥/Aox o6 CreSHIP2M1O¥ X and eoCreSHIP1 o floxgH|pofloxfiox cohorts all gained weight while
on HFD for 12 weeks to a comparable degree as compared to their corresponding SHIP1o/ X |ittermate
controls. Also, the eoCreSH|p1flox/flox (Figure 8H) and eoCreSH|p2flox/flox (Figure 8l) had inguinal white ad-
ipose tissue (IWAT) masses that were a comparable percentage of total body weight as compared to their
respective SHIPfox/flox |ittermate controls (not significant(ns), p > 0.05, two-tailed t-test). However, in eoC-
reSHIP1fox/floxg poflox/flox mica inguinal fat pad mass was reduced as a percent of total body weight versus
SHIp1flo/floxgypofloxflox |ittarmates (Figure 8J). No differences were observed in ad libitum glucose be-
tween eoCre*SHIP1iovfloxgpofloxox 55 compared to SHIPT1OVfoxgHp2filoxfiox ittermate controls
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Figure 7. Pan-SHIP1/2 inhibitors limit obesity and promotes M2/AAM polarization via the eosinophil compartment
(A) AdbIGATA and Balb/c mice were placed on HFD for 6 weeks and simultaneously treated with K118 or vehicle twice a week as described above. Body

weight was measured on a weekly basis after initiation of HFD consumption.
(B) The percent body fat and (C) percent lean mass was determined by DEXA imaging of the K118 or Vehicle treatment groups in (A) before (PreTx) and after

(Post 6W) 6 weeks of HFD consumption.

(D) eWAT macrophages are not polarized to an M2/AAM phenotype in AdbIGATA (from mice in A-C) following simultaneous HFD and 6-week treatment of
K118, as determined by flow cytometry of eWAT SVC fraction (See gating strategy in Figure S2B and representative flow plots for M1/M2 in Figure S3A).
(E-L) AdbIGATA mice were placed on HFD for 8 weeks before the start of SHIPi or vehicle and maintained on the diet for the 4 weeks of the study. (E, I) Percent
body weight, (F, J) percent body fat and (G, K) percent lean mass measurements on AdbIGATA treated two times per week as above with (E-H) K149 or
vehicle (5% DMSOQ:saline) or (I-L) K161 or vehicle (H,0). Body fat and lean mass were measured by DEXA imaging before initiation of the SHIPi treatment and
after 4 weeks on HFD. eWat macrophages are not polarized to an M2/AAM phenotype in AdbIGATA mice following K149 (H) or K161 (L) treatment as
determined by flow cytometry of eWAT SVC fraction as above (See gating strategy in Figure S2B and representative flow plots for M1/M2 in Figures S3B and
S3CforK149 and K161, respectively. (Mean + SEM, 2-way repeated measures ANOVA with Bonferroni multiple comparison testin A, E, |, two-tailed t-test for
B-D, F-H, J-L *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, each model is pooled from two experiments).

(Figure S5B). Thus, dual SHIP paralog ablation, and not ablation of a single SHIP paralog, exclusively in eo-
sinophils is sufficient to reduce abdominal adiposity associated with HFD consumption. Taken together
these genetic studies indicate that both SHIP1 and SHIP2 function in myeloid cells and/or eosinophils could
be targeted for obesity control.

ILC2 function is promoted by pan-SHIPi in age-associated obesity

IL5 is a critical driver of eosinophil proliferation, survival and function and ILC2 in the VAT are a crucial local
source of this IL5."” We previously found that K118 increased serum levels of both IL5 and IL13 in HFD
mice.*” We then examined if this was also the case with more potent and water soluble pan-SHIPi com-
pound K161. We tested this in the context of older mice that only consumed normal chow and exhibited
age-associated obesity (>32g body weight, mean 43 + 6g). We found that twice a week K161 administra-
tion to these aged and obese mice led to a ~25% reduction in body weight over a 4-week period as
compared to vehicle controls, (Figures 9A and 9B). The mice also had a significant reduction in both
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Figure 8. Genetic ablation of both SHIP paralogs in eosinophils and/or myeloid cells limits diet-induced increases in adiposity
(A) Representative gating for total eosinophils (Live, CD45%, SSCH'SigF*) and (B) histograms of SHIP1 staining from eosinophils (in A) in the eWAT of a
LysMCreSHIP1flox/floxgpflox/flox m o yse or a SHIP1 o loxg Hip2fiox/iox jittermate. FMO control stain was performed with a mix of eWAT leukocytes from both

genotypes.
(C) MFI of SHIP1 in eosinophils from LysMCreSHIP17ox/floxgp ppfloxfiox 5 g ghjp1floxfloxgppfloxfiox jittermate controls.

(D) Percent body fat and (E) percent lean mass as determined by DEXA analysis in LysMCreSHIP1ox/oxspoflox/fiox and their SHIP1ox/floxg ) ppflox/fiox

littermates after 8 weeks on HFD.

(F) Representative gating for eosinophils (Live, CD45%, SSCH'SigF*) (G) histograms of SHIP1 staining in eosinophils (F) in the eWAT of an

eoCreSHIP1 o floxgy pofiox/liox 1 yse or a SHIP1 o oxgH p2flox/flox |ittermate. FMO control stain was performed with a mix of eWAT leukocytes from both
genotypes. Percentage of total body weight for the iWAT fat pad in (H) eoCreSHIP119/flox (1) eoCreSHIP2Mo¥/fox and (J) eoCreSHIP1fox/floxg poflox/flox
cohorts versus their corresponding SHIPfo/flox |ittermate controls after 12 weeks on HFD, unpaired two-tailed t-test, *p < 0.05; ns, p > 0.05).

iWAT and eWAT fat pad mass after the 4-week treatment with K161 (Figure 9C). In addition, blood glucose
levels in the K161-treated cohort were also lower than in the vehicle treated cohort (Figure 9D). We then
measured serum IL5 and found that the K161 treated mice had a significantly higher amount of IL5 as
compared to vehicle controls (Figure 9E). This suggested that the ILC2 function might also be promoted
by K161 treatment. Although we do not observe a significant increase in the frequency or number of
ILC2 in the VAT of aged mice with K161 treatment (Figures 9F-9H and Sé), we do find that their surface
expression of the IL133R (ST2) is increased by K161 treatment (Figure 9l). Various cell signaling modulators
have previously been shown to alter ST2 levels on T cells and ILC2.%"*® Importantly, we find that K161 treat-
ment significantly increases the frequency of the I1L13 producing subset of ILC2 as well as their production
of IL13 on a per cell basis (Figures 9J-9M). Thus, pan-SHIPi also has the capacity to promote an ILC2 func-
tion, IL13 production. This might potentially be related to increased IL33R signaling because IL33R surface
expression is up-regulated by K161 on ILC2 and IL33 has been shown to induce IL13 expression by Treg
cells.®” This activity of K161 on the ILC2 compartment could potentially contribute to control of obesity
in the setting of aging.

Pan-SHIP1/2 inhibitors mediate control of blood sugar levels independent of their effect on
adiposity and eosinophils

In our previous study we found that K118 also improves blood glucose regulation in obese mice.*” We
found this also to be the case with the pan-SHIP1/2 inhibitors K149 (Figure 10A) and K161 (Figure 10C)
as they both reduced blood glucose levels in mice after 6 weeks of HFD consumption as compared to
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Figure 9. The pan-SHIP1/2 inhibitor K161 reduces adiposity and increases ILC2 frequency and function in obesity associated with aging

Aged mice (10 months old) that only consumed normal chow but had become obese (>32g body mass at study initiation) were treated twice a week for

4 weeks with K161 as described previously.

(A) Percent weight change after initiation of K161 or vehicle treatment for 4 weeks. Endpoint mouse weight (g) (B) eWAT and iWAT fat pads weights (C) after

4 weeks of K161 or vehicle treatment.
(D) Ad libitum blood glucose measurements 3 weeks after initiation of K161 or vehicle treatment.
(E) Endpoint (4 weeks) serum IL5 levels of K161 or vehicle treated mice.

(F) Representative final gating for ILC2 (Live, Lin"CD45%Sca1*CD117(c-Kit)"CD127(IL7Ra)*ST2(IL33R)* (See Figure S6 for gating strategy) (G) ST2 (IL33R)*
cell frequency of CD45", and (H) absolute number per gram of eWAT. (I) MFI of ST2 (IL33R) in Live, Lin"CD45%Sca1"CD117(c-Kit) CD127(IL7Ra)" cells.

Representative expression (J) and MFI (K) of IL13 and representative flow plots (L) and frequency of IL13 cells (M) within the ILC2 cell compartment present in
eWAT of K161 or vehicle treated mice. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Unpaired one-tailed t-test with Welch's correction when needed).

vehicle controls. We also tested this in the setting of obesity treatment with K161, where mice become
obese following 2 months of HFD consumption and then were treated for two weeks with K161 or vehicle
while continuing to consume HFD. We found that K161 also mediated a significant reduction in blood
glucose levels versus vehicle controls (Figure 10E). We speculated this might have simply been a byproduct
of obesity control. However, this appears to be an entirely independent effect of pan-SHIP1/2 inhibition as
K149 (Figure 10B) or K161 (Figure 10D) treated AdbIGATA mice still show significant reductions in blood
glucose versus vehicle controls in an obesity prevention setting, despite the fact that percent body fat is
not decreased in AdbIGATA versus vehicle controls treated with either K149 or K161 (Figure 7). We also
found that K161 significantly reduced blood glucose levels in obese AdbIGATA mice (Figure 10F). Thus,
pan-SHIP1/2 inhibitors can improve blood glucose control in the setting of increased caloric intake and
frank obesity, and do so independent of their ability to reduce adiposity via the eosinophil compartment.

DISCUSSION

Here we show that SHIP inhibitory compounds capable of inhibiting both SHIP1 and SHIP2 are optimal for
reducing obesity associated with excess caloric intake. We show that this is the case for both aminosteroid-
and tryptamine-based pan-SHIP1/2 inhibitors. However, compounds that only selectively inhibit SHIP1 or
SHIP2 are completely ineffective at preventing accumulation of excess body fat associated with excess
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Figure 10. Pan-SHIP1/2 inhibitors mediate control of blood sugar levels independent of their effect on adiposity and eosinophils

Endpoint ad libitum blood glucose levels were measured in (A, C, E) C57BL/6 or (B, D, F) AdbIGATA mice following treatment with pan-SHIP1/2 inhibitors (A,
B) K149 or vehicle (5% DMSO:saline) or (C-F) K161 or vehicle (H,0). Measurements were performed 16h after the final dose of SHIPi from mice treated above.
SHIPi was initiated on the same day that mice were place on HFD for the prevention model (A-D) whereas mice were placed on HFD for 8 weeks before
initiation and maintained for the duration SHIPi in treatment model (E, F) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Unpaired one-tailed t-test with
Welch's correction when needed).

caloric intake and yet when these same two paralog-selective inhibitors are co-administered to mice
consuming a HFD the combination protects from increased accumulation of body fat. We find that the
eosinophil compartment is required for promotion of the lean state by pan-SHIP1/2 inhibitors. This activity
is correlated with the ability of pan-SHIP1/2 inhibitors to increase the frequency and function of VAT-resi-
dent ILC2 producing IL13, the frequency of IL4-producting eosinophils in VAT and polarization of the VAT
macrophage compartment toward M2 macrophages. Consistent with these pharmacological approaches,
conditional knockout of both SHIP paralogs in myeloid cells and/or eosinophils also reduces adiposity - in
particular SHIP paralog ablation limits accumulation of abdominal fat mass. Surprisingly, the ability of pan-
SHIP1/2 inhibitors to improve blood glucose control is not linked to their capacity to prevent increased
body fat accumulation, indicating their ability to improve glucose control has a distinct mechanism of
action.

Control of both obesity and blood glucose levels by immune cells present in the VAT is now understood to
have a prominent role in metabolic control, and also its dysregulation.'*’~'8?° The recently described M1-
like inflammatory macrophage subsets in VAT that can act as norepinephrine (NE) sinks may have provided
the much sought after ‘'missing-link’ between VAT immune function and energy utilization by lipid-laden
adipocytes.”® However, direct production of NE by M2 macrophages to stimulate lipolysis and thermo-
genesis by VAT adipocytes remains a distinct possibility.'*?? In fact, there is likely a competition between
these distinct macrophage functions that ultimately tips the balance toward metabolic control or dysregu-
lation during sustained intake of excess calories. Of the cells present in the VAT immune milieu, we find that
pan-SHIP1/2 inhibition requires an eosinophil compartment to mediate obesity control. How pan-SHIP1/2
inhibitors achieve this effect on adiposity via eosinophils remains to be defined. However, pan-SHIP1/2 in-
hibition was consistently found to increase the frequency of IL4-producing eosinophils in the VAT as well as
the amount of IL4 they produce on a per cell basis. [L4 production by VAT eosinophils can drive polarization
of the local myeloid compartment in VAT toward cells of an M2 phenotype'® and M2 polarization was
consistently observed with all three pan-SHIP1/2 inhibitors tested in HFD obesity models used here.
Whether this also leads to catecholamine synthesis by M2 cells remains to be determined. Another possi-
bility, however, is that M2 polarization reduces the inflammatory M1 macrophages in VAT that can
sequester NE from adipocytes and thereby increases B-adrenergic signaling in the adipocyte compartment
indirectly. One or both are possibilities that might be explored to better understand how pan-SHIP1/2
inhibition mediates obesity control via the eosinophil compartment and their influence on macrophage
differentiation in the VAT.

Analysis of K161 treatment in aged mice that had become obese even while consuming a normal caloric
diet is the first demonstration of a significant positive effect of pan-SHIPi on the function of the ILC2
compartment — the apex cell of the immune circuit that regulates energy consumption and storage in
the VAT.'%%0 This was somewhat surprising as we had not observed a significant increase in VAT ILC2
function with K118 treatment in young adult mice consuming an HFD."” The reason for this difference could
be the strength of the adipogenic stressor (HFD versus normal chow in aging) or may simply reflect the fact
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that K161 is a more potent inhibitor that has better bioavailability in vivo due to its water solubility.*""

Nonetheless, our findings with K161 indicate it is possible for pan-SHIPi to act at all the major stages of
this immune cell circuit in VAT, including ILC2. Our genetic findings indicate that dual paralog inactivation
may in fact render eosinophils or M2 cells that are downstream of ILC2 more responsive to the cytokines
and other factors they produce as part of their homeostatic function in VAT (e.g., IL5, IL13). The responsive-
ness of double SHIP KO eosinophils (versus single paralog SHIP KO) to factors elaborated by ILC2 might
now be investigated to determine whether enhanced ILC2 function in the VAT can in fact further amplify
the effects that pan-SHIPi compounds directly exert on these more distal immune cells in obesity control —
as suggested by our conditional knockout studies of both paralogs in eosinophils and the myeloid
compartment.

We had previously shown that K118 improves blood glucose control, including the ability of the host to
sequester glucose from the plasma.*” We found that the more potent and water-soluble aminosteroid
pan-SHIP1/2 inhibitor K161 and the tryptamine K149 also improved blood glucose control in both HFD
obesity models. However, it was surprising to find pan-SHIP1/2 inhibitors mediate blood glucose control
in AdbIGATA mutant mice that lack eosinophils which are resistant to obesity control by pan-SHIP1/2 in-
hibitors. This indicates a separate and distinct mechanism of action for blood glucose control by pan-
SHIP1/2 inhibitors that does not require eosinophil function and their polarization of the macrophage
compartment toward an M2 phenotype. Toward that end, it is possible that blood glucose control by
pan-SHIP1/2 inhibitors could be acting via the VAT Treg compartment. The VAT Treg compartment exerts
profound control over blood glucose levels in obesity.®'* In our previous study, we found that the pan-
SHIP1/2 inhibitor K118 prevents the progressive diminution of tissue-resident Treg cells in the VAT during
obesity.*” Thus, it is possible that these compounds can act to prevent the demise of tissue-resident Treg
compartment in the VAT of obese mice to maintain or improve blood glucose regulation. Consistent with
this hypothesis, genetic SHIP1 deficiency increases the number and function of Treg cells in the spleen and
lymph nodes through both cell-intrinsic and-extrinsic pathways.””*" Alternatively, this could be due to the
SHIP2 inhibitory effect of the pan-SHIP1/2 inhibitors, as the SHIP2 selective inhibitor AS1949490 improves
glucose control in diabetic db/db mice®' and SHIP2™/~mutant mice maintain normal glucose control when
placed on an HFD.*

Obesity, and the metabolic dysregulation that accompanies it, are major emerging challenges for global
health. Thus, novel treatments are needed to combat obesity and its diabetic consequences. We have
shown here that multiple SHIP1/2 inhibitors of two different chemical classes not only combat body fat
accumulation associated with excess caloric intake, but also improve the control of plasma glucose levels.
Intriguingly, they appear to act primarily by promoting homeostatic function of innate immune cells found
in VAT, although their impact on glucose control may be due to effects on non-immune cells that express
only the SHIP2 paralog. Further research is thus needed to increase our understanding of how these com-
pounds achieve both of these metabolic effects. Nonetheless, pan-SHIP1/2 inhibitory small molecules
represent promising candidates for drug development in both obesity and diet-induced diabetes. Further,
this study illustrates the potential of targeting innate immune components present in VAT for control of
obesity caused by dietary practices and aging.

Limitations of the study

As with any study utilizing small molecules that impact the function of key signaling molecules, like SHIP1
and SHIP2, one or all of the molecules we utilize here could potentially have ‘off-target’ effects that also
impact host physiology. However, it is high unlikely that unknown off-target effects of these molecules
are responsible for their control of obesity since (1) the pan-SHIPi compounds described here are of distinct
chemical classes, (2) dual treatment with the SHIP1-selective inhibitor 3AC and the SHIP2-selective inhibitor
AS1949490 also mediated control of obesity and (3) genetic inactivation of both SHIP1 and SHIP2, but not
either paralog alone, reduced diet-induced obesity. We show that conditional knockout of SHIP1 and
SHIP2 in all myeloid cells or eosinophils was sufficient to mediate reduced diet-induced obesity with the
largest effect seen with the pan-myeloid LysMCre driver of gene ablation. It will be important to further
refine this genetic analysis with Cre drivers that have more restricted expression of Cre recombinase in
distinct macrophage populations, for example the CxCX3CR1-CrefR"2 driver or perhaps Cre drivers that
delete selectively in M1 or M2 macrophages. Although we show that M2 polarization if induced by all
pan-SHIPi compounds it is important that eventually a more comprehensive analysis all macrophage sub-
types in pan-SHIPi treated hosts is conducted, including inflammatory macrophage subsets that have
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recently been identified in close proximity with peripheral nerves in visceral fat and that act as sinks for
norepinephrine to limit thermogenesis in DIO and aging. Pan-SHIPi mediated reduced hyperglycemia in
mice that lack eosinophils, thus it will be interesting to explore the impact of dual gene inactivation of
SHIP1 and SHIP2 in Treg cells and other cell types given the precise role that these immunoregulatory
T cells play in control of glucose levels.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

See Table S1 Antibodies

Chemicals, peptides, and recombinant proteins

K118 Brooks et al.,2015%’ N/A

K149 Hoekstra et al., 2016 N/A

K161 Pedicone et al., 2020*° N/A

3AC Brooks et al., 2010 N/A
As1949490 Tocris Biosciences Cat# 3718
Klucel (Hydroxpropylcellulose, M.W.60,000) Sigma-Aldrich Cat# 5452343
Collagenase |l Sigma-Aldrich Cat# C6885

RBC lysis buffer, eBioscience™ 10X RBC Lysis
Buffer (Multi-species)

Zombie Aqua Fixable Viability Kit
eBioscience IC Fixation Buffer

eBioscience Permeabilization Buffer (10X)

ThermoFisher Scientific

Biolegend
ThermoFisher Scientific

ThermoFisher Scientific

Cat# 00-4300-54

Cat #423102
Cat# 00-8222-49
Cat# 00-8333-56

Critical commercial assays

Mouse IL-5 DuoSet ELISA R&D Systems Cat# DY405
Experimental models: Cell lines
Mouse BV2 Inpp5d clone 2 (BV2 clone 2) Pedicone et al., 2022 N/A

Experimental models: Organisms/strains

C57BL/6J
B6.12956-InppSdtm 1Wgk/J (SHIP1fox/flox)
B6.SJL-Ptprc?® Pepc®/BoyJ (B6.SJL)
BALB/cJ (Balb)
C.12951(B6)-Gata1"™é*"°/J, (AdbIGATA)
B6.129P2-Lyz2mcrelfos j (LysMCre)
EoCre

SHIP2flox/flox

Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Doyle et al., 2013*°
Dubois et al., 20124

Stock No. 000664
Stock No. 028255
Stock No. 002014
Stock No. 000651
Stock No. 005653
Stock No. 004781
N/A

N/A

Software and algorithms

FlowJo v9.9.6-10.8.1

SpectroFlo Version 2.2.0.2

Prism 9-9.4.1

BioTek Gen2 Data analysis software

PIXImus2 densitometer Software version 2.10

BD Biosciences

GraphPad
Agilent
GE Medical systems

https://www.flowjo.com
https://cytekbio.com/pages/aurora
https://www.graphpad.com/
https://www.biotek.com/

http://www.piximus.com/

Other

Microvette® 100 Serum, 300 pL
High Fat Diet (HFD), Rodent Diet With
60 kcal% Fat

Accu-Chek Guide Glucose Meter

Sarstedt

Research Diets

Roche Diagnostics

Cat#20.1308.100
Cat#D12492
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RESOURCE AVAILABILITY
Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact: William G, Kerr, Ph.D., Professor of Microbiology & Immunology, wgkerr@mac.com,
SUNY Upstate Medical University, 750. E. Adams Street, WH2204, Syracuse, NY 13210.

Materials availability

Mouse lines used in this study have been deposited at Jackson Laboratories (SHIP11°%(Stock No. 004781),
LysMCre, AdbIGATA) or can be obtained from Stéphane Schurmans, Ph.D. (SHIp2flox, sschurmans@uliege.
be) or Elizabeth Jacobsen, Ph.D. (eoCre; Jacobsen.Elizabeth@mayo.edu).

The SHIP1/2 inhibitory compounds used in this study can be obtained from commercial sources, Echelon
Biosciences: 3AC, K118, K149 or Tocris Pharmaceuticals: AS1949490. K161 can be provided upon request;
however, this requires its chemical synthesis and purification and thus it's availability will be dependent
upon the willingness of the requestor to provide financial support for its production.

SHIP1-deficient BV2 microglial cells (clone C2) can be obtained from the lead contact or Rosa Chiara
Paolicelli, Ph.D., University of Lausanne (rosachiara.paolicelli@unil.ch).

Data and code availability

There is no code described in this paper. All data reported in this paper will be shared by the lead contact-
upon request. Any additional information required to evaluate our findings or to obtain materials
described herein can be requested from the lead contact and he will, to the best of his ability, provide
this information in a timely fashion if it is feasible to do so.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL6/J (Stock No.:000664), B6.SJL (Stock No.:002014), Balb/c (Stock No.:000651) and AdbIGATA (Stock
No.: 005653) mice were purchased from Jackson Labs. SHIP179/#* were generated in the lab and depos-
ited at Jackson Labs (Stock No. 028255). EoCre mice were generously provided by Elizabeth A Jacobsen,
Ph.D., Mayo Clinic Arizona. LysMCreSHIP1%9¥1oX mice were generated in the lab by crossing LysMCre
(B6.129P2-Lyz2tm1(erelfos) - jackson Labs Stock No. 004781) mice to SHIP17#% mice as previously
described. LysMCreSHIP21o1o% and  LysMCreSHIP1ox/floxgpofloxflox \were  generated by crossing
LysMCreSHIP1flovflox 1o gpippfiodflox ice  EoCreSHIP11oVfox - aoCreSHIP21OVfox oo CreSHIP1flo/flox
SHIP2MIo/flox  \were  obtained by crossing eoCre mice with SHIP1fox/flox  gpppfloxflox 5y
SHIp1flox/floxgy ppfiox/flox respectively. Mice were fed a high fat (60 kcal) % diet (HFD, Research Diets
D12492) ad libitum starting at 6 weeks of age and were maintained on this diet for the duration of the study.
For the prevention studies, mice were treated with SHIPi starting on day 1 of HFD. For the obesity reversal
studies, mice were placed on HFD for 8 weeks prior to initiating the SHIPi treatment. ILC2 data was gener-
ated using aged B6.SJL mice on a normal mouse chow diet. The SUNY Upstate Medical University IACUC
approved all animal experiments.

SHIP inhibitor treatment of mice

K118 and K161 were dissolved in water and delivered at 10mg/kg in 10 pL/g. AS1949490 (Tocris Bioscience)
and K149 were initially dissolved in 100% DMSO and diluted to 5% with normal saline (0.9%w/v) and admin-
istered at 20 mg/kg and 10 mg/kg, respectively. 3AC was emulsified in 0.3% Klucel (hydroxypropylcellulose
M.W. 60,000, Sigma Aldrich): saline (w/v) and administered at 26.5 mg/kg. The vehicle groups were H,O
(10 uL/g) for K118 and K161, 5% DMSQO: saline (10 ulL/g) for AS1949490 and K149, or 0.3% Klucel:saline
(20 pulL/g) for 3AC. Mice were injected intraperitoneally with a syringe fitted with a 29-gauge needle with
the compounds or vehicle twice a week for two to six weeks as indicated in the respective figures.

Detection of immune cells in adipose tissue by flow cytometry

Perigonadal white adipose tissue (WAT) was removed from mouse following euthanasia via CO; inhalation
and perfusion with 20 mL cold perfusion buffer (0.5% BSA in 1X PBS, sterile filtered). WAT was minced in
3 mL cold perfusion buffer and transferred to 50 mL conical tubes and kept on ice. 3 mL of Collagenase
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Il buffer (Collagenase Il 4 mg/mL; Sigma Aldrich, 10 mM CaCl2 in Perfusion buffer) was then added and
samples were digested for 20 minat 37°C with shaking at 200 rpm. Digested tissue was triturated with
10 mL cold perfusion buffer and sheared through a 100 um filter into a clean 50 mL conical tube. Samples
were centrifuged at 500xg for 10 minat 4°C, floating adipocytes were removed by aspiration and the pellet
containing stromal vascular fraction (SVF) was resuspended in 2 mL of 1X RBC lysis buffer (Thermo Fisher
Scientific) and placed on ice for 5 min. Samples were diluted with 18 mL cold 1X PBS, filtered through a
70 pum strainer and centrifuged at 400xg for 5 minat 4°C. After decanting supernatant, the cell pellet was
resuspended in 5 mL, cells were counted distributed in round bottom tubes and samples were washed
(2 mL cold 1X PBS, centrifuged at 400xg for 5 minat 4°C, and supernatant was decanted). Samples were
stained with Zombie Aqua Live/Dead (Biolegend) for 20 min on ice in 100 pL to allow for dead cell exclusion.
Cells were washed as above and Fc blocked (TruStain FcX (anti-mouse CD16/32) antibody, Biolegend) in
50 pL of Flow Buffer (3% Heat-Inactivated Serum, 10 mM Hepes in 1X PBS, sterile filtered) followed by sur-
face staining in 50 pL with antibody cocktails listed below for 30 min on ice. Cells were then washed as
above. Forintracellular staining following surface stains, cells first fixed by resuspending in 200 uL of IC Fix-
ation Buffer (Thermo Fisher Scientific) for 20 min on ice and washed (2 mL 1X Permeabilization buffer
(Thermo Fisher Scientific), centrifuged at 400xg for 5 minat 4°C, and supernatant was decanted). Cells
were Fc blocked in 50 pL 1X Permeabilization buffer and stained with intracellular antibody cocktails in
50 pL 1X Permeabilization buffer on ice for 30 min, and washed twice as above. For SHIPi- and Veh treated
WT mice, the eosinophil surface staining cocktail was: SiglecF-PE, CD45-PerCP/Cyanine5.5, CD11b-APC/
Cyanine?7, Gr1-BV605, CD11¢c-BV650 and intracellular staining with [L4-AlexaFluor488. For M1, M2 and
MDSC, the surface staining cocktail for SHIPi- and Veh-treated WT and DeltadblGata mice was: anti-mouse
F4/80-AlexaFluor488, CD19 PerCP/Cyanine 5.5, CD11¢c-PE/Cyanine7, CD11b-APC/Cyanine7, Gr1-BV605
and CD86-PE or CD86-BV785. In LysMCreSHIP 1o floxg poflox/flox mice surface staining cocktail for eosin-
ophils was as above for WT mice followed by intracellular staining with SHIP1-AlexaFluoré47. In
EoCreSHIP1floxfloxgppfiox/flox  ice eosinophil stain was SiglecF-AlexaFluoré47, CD45-PerCP/
Cyanine5.5, CD11b-APC/Cyanine7, Gr1-BV605, CD11¢c-BV650 and intracellular staining with SHIP1-PE.
Following final washed samples were acquired on a BD Fortessa flow cytometer (BD Biosciences) and
data were analyzed using FlowJo software versions 9.9.6-10.8.1(BD Biosciences). For the ILC2 staining,
cells were isolated from WAT of aged WT mice treated with K161 or Veh as above, and stained with Zombie
Aqua Live/Dead (Biolegend) for dead cell exclusion, washing and blocking of Fc receptors and surface
staining as described above. The ILC2 surface antibody cocktail sued was: anti-mouse Lineage-PerCP/
Cyanine5.5, CD170 (SiglecF)-SuperBright436, IL33R (ST2)-AlexaFluord88, Scal-PE/Cyanine5, CD127-
AlexaFluor700, c-Kit-APC/AlexaFluor780, Gr1-BV605, CD11¢c-BV650, CD11b-BV711 and CD45-PerCP and
followed by intracellular staining with IL13-PE. Samples were acquired on the Cytex Aurora with
SpectroFlo 2.0 software, and further analyzed using FlowJo software 10.6-10.8.1.

Treatment of C2 cells with SHIP inhibitors

BV2 clone 2 cells (C2 cells) were grown in DMEM:F12 media supplemented with 10% Heat Inactivated fetal
bovine serum. After harvesting, cells were distributed in falcon tubes at 0.5M/ml in 0.5mL/tube. Cells were
washed with 2 mL PBS and centrifuged for 10 min at 250 x g at room temperature. Supernatants were
decanted and cells were resuspended in 0.5 mL warm growth media containing K149 (5 uM in 0.5% DMSO:
media), K161 (5 uM in 0.5%H,0O:media, DMSO (0.5%DMSO:Media) or H,O (0.5% H,O:media) and
incubated for 30 min at 37°C with 5%CO,. 2 mL of ice-cold PBS was added to each tube, samples were
centrifuged 10 min at 250 x g at 4°C, decanted and kept on ice. Samples were stained with Zombie
Aqua Live/Dead (Biolegend) for 20 min onice in 100 pL to allow for dead cell exclusion, followed by washing
as above. Cells were then fixed by resuspending in 200 uL of IC Fixation Buffer (Thermo Fisher Scientific) for
20 min on ice and washed (2 mL 1X Permeabilization buffer (Thermo Fisher Scientific), centrifuged at 400xg
for 5 minat 4°C, and supernatant was decanted). Cells were Fc blocked in 50 pL 1X Permeabilization buffer
and stained with intracellular antibody cocktail (anti-Akt pS473_AlexaFluor488, Phospho-mTor (Ser2448)
_PE-Cy7)) in 50 pL 1X Permeabilization buffer on ice for 30 min, and washed twice as above. Samples
were acquired on the Cytex Aurora with SpectroFlo 2.0 software, and further analyzed using FlowJo
software 10.8.1.

Blood glucose

Blood glucose was measured in whole blood from tail vein snip using a blood glucometer (Accu-Chek
Guide, Roche Diagnostics), 16 h after the final dose of SHIPi or Veh.
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IL5 ELISA

Blood was collected by facial vein puncture using a 25-gauge needle into serum collection tubes (Sarstedt
Microvette 300Z). Serum was isolated from whole blood following 10" centrifugation at 10,000xg at room
temperature, and stored at —20°C until use. ELISA was performed using Mouse IL-5 Duo Set (R&D Systems)
according to manufacturer’s recommendations.

DEXA analysis

Body composition was measured pre and post treatment with a PIXImus2 densitometer (GE, Madison, WI),
and analyzed with software version 2.10. Mice were anesthetized with isoflurane (Forane, USP, Baxter
Healthcare Corporation, IL) throughout body scan.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using the statistical softwarePrism 8.4-9.4.1 (GraphPad, San Diego,
CA), as described in the legend to each figure.
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