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Abstract

Alternatively activated macrophages are critical in host defense against parasites and are protective

in inflammatory bowel disease, but contribute to pathology in asthma and solid tumors. The
mechanisms underlying alternative activation of macrophages are only partially understood and
little is known about their amenability to manipulation in pathophysiological conditions. Herein,
we demonstrate that Src homology 2-domain-containing inositol-5’-phosphatase (SHIP)-deficient
murine macrophages are more sensitive to IL-4-mediated skewing to an alternatively activated
phenotype. Moreover, SHIP levels are decreased in macrophages treated with IL-4 and in murine

GM-CSF-derived and tumor-associated macrophages. Loss of SHIP and induction of alternatively
activated macrophage markers, Ym1 and arginase | (argl), were dependent on phosphatidylinositol

3-kinase (PI3K) activity and argl induction was dependent on the class IA PI3Kp11086 isoform.
STAT6 was required to reduce SHIP protein levels, but reduced SHIP levels did not increase

STAT6 phosphorylation. STAT6 transcription was inhibited by PI3K inhibitors and enhanced when

SHIP was reduced using siRNA. Importantly, reducing SHIP levels enhanced, whereas SHIP
overexpression or blocking SHIP degradation reduced, I1L-4-induced argl activity. These findings

identify SHIP and the PI3K pathway as critical regulators of alternative macrophage activation and

SHIP as a target for manipulation in diseases where macrophage phenotype contributes to
pathology.
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Introduction

Macrophages (M¢s) are critical players in the innate immune response to injury or infection,
contributing to recognition, response, and resolution phases of inflammation [1, 2]. M¢s are
broadly divided into two categories: ‘classically activated’ (M1) M¢s are activated by
inflammatory cytokines or by microbial products, whereas alternatively activated (M2) M¢s
represent a broader range of phenotypes including M2a Més, induced by treatment of
mature M¢s with IL-4 or IL-13 [1]. Alternatively activated M¢s are present during Th2
immune responses and not only play a protective role in parasitic infections but also
contribute to IL-13-induced fibrosis during those infections [2]. In addition, tumor-
associated M¢s (TAMs) that contribute to tumor growth, angiogenesis, and metastasis are a
model of alternatively activated Més [3].

Alternative activation of M¢s is caused by the microenvironment that they encounter during
development, inflammation, and its resolution [2]. In human M¢s, M-CSF and GM-CSF
lead to the development of M2 and M1 Més, respectively [4], but in the murine system, GM-
CSF derivation leads to induction of arginase | (argl), a murine alternatively activated M¢
marker [5], that dampens down inflammation by competing with inducible nitric oxide
synthase (iNOS) for their common substrate, L-arginine [5, 6]. Mature M¢s can be
alternatively activated by treatment with IL-4 or IL-13 and this is enhanced by co-treatment
with IL-10 [2]. Murine GM-CSF-derived or IL-4-induced M2 M¢s express Ym1, a
mammalian chitinase-like molecule [7].

Canonical M2 M¢s are those primed by treatment of mature M¢s with 1L-4 or IL-13 [2].
IL-4 acts through two receptors (IL-4Rs) that are present on myeloid cells [8]. The type |
IL-4R contains the IL-4Ra chain and the common -y chain and the type |l receptor contains
the IL-4Ra chain and the IL-13Ral chain [9]. STAT6 is recruited to the IL-4Ra chain via
its SH2 domain, dimerizes and translocates to the nucleus where it binds the promoters of
STATG6-responsive genes [10]. Insulin receptor substrate (IRS) proteins bind IL-4Rs via their
PTB domains. IRS1/2 are phosphorylated and directly interact with the p85 subunit of PI3K
[10].

Class | PI3Ks phosphorylate the 3" position of phosphatidylinositols. Class IA PI3Ks are
composed of one of five regulatory subunits and one of three catalytic subunits (p110a.,
p110p, or p1108) [11]. Class IB PI3K is composed of a p101 regulatory and a p110y
catalytic subunit [11]. Both p110a. and p110p are ubiquitously expressed, whereas p110y
and p1106 are hematopoietic specific [12]. The Src homology 2-domain-containing
inositol-5-phosphatase (SHIP) is a hematopoietic-specific negative regulator of the PI3K
pathway. SHIP removes the 5" -phosphate from PI3K-generated P1-(3,4,5)P3 removing this
second messenger from the membrane thereby stopping PI3K activation [13]. Alternative
splicing and C-terminal truncation produce four SHIP isoforms with phosphatase activity
that are detectable by Western blot (145, 135, 125, and 110 kDa) [14]. SHIP-deficient in
vitro-derived bone marrow M¢s (BMM¢s) are hyper-responsive to growth factors and TLR
stimulation [5, 13, 15, 16]. In vivo-differentiated SHIP~/~ M¢s are M2 skewed [6] and BM
progenitors from SHIP-deficient mice differentiated with GM-CSF or IL-3 are more strongly
M2-skewed than their WT counterparts [5]. This is due to M¢-extrinsic effects, specifically
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enhanced IL-4 production by SHIP-deficient basophils in BM aspirates, but SHIP-deficient
progenitors are not more sensitive to IL-4 [5]. We have reported that SHIP protein levels are
decreased in response to IL-4 treatment [17] due to cell-intrinsic effects. Src family kinases
phosphorylate SHIP, targeting it for poly-ubiquitination and proteosomal degradation [18].
Based on these observations, we investigated SHIP role in IL-4-induced M¢ skewing.

Herein, we demonstrate that SHIP™~ M¢s are inherently more sensitive to 1L-4-induced
alternative activation. SHIP protein levels are decreased in different types of alternatively
activated M¢s including IL-4-treated M¢s, GM-CSF-derived M¢s, and TAMs. The
appearance of SHIP degradation products is proportional to a decrease in SHIP activity and
is inversely proportional to the expression of M2 M¢ markers suggesting that the loss of
SHIP protein may be a novel marker of M2 M¢s. PI3K activity, specifically the p1106
isoform, is required for argl expression. While lower SHIP levels do not promote
phosphorylation of STAT6 in response to IL-4, it enhances, and PI3K activity is required for,
STAT6-mediated transcription. Importantly, overexpression of SHIP in RAW?264.7 cells
attenuates, whereas reducing SHIP levels enhances, 1L-4-mediated argl induction making
SHIP an attractive target for manipulating M¢ phenotype in pathological circumstances.

SHIP blocks IL-4-induced M2 M¢ skewing

SHIP~/~ mouse M¢s are profoundly M2 skewed expressing high levels of the M2 markers
argl and Ym1 and impaired LPS-induced NO production [6]. While IL-3 and GM-CSF-
induced alternative M¢ activation is enhanced in SHIP~/~ progenitors, progenitors are not
more sensitive to IL-4-induced skewing [5]. Based on these findings, we asked whether
SHIP affects IL-4-induced alternative M¢ activation. SHIP** and SHIP~/~ BMM¢s were
treated for 3 days with 1L-4 and whole cell lysates (WCLs) were analyzed by Western blot
for M2 M¢ marker expression. SHIP*/* M¢s expressed low levels of Ym1 and argl at a dose
of 3 ng/mL IL-4 and higher levels when treated with 30 ng/mL IL-4. SHIP™~ BMM¢s
expressed these markers at a 10-fold lower dose of IL-4 (0.3 ng/mL) and showed higher
expression when treated with 3 and 30 ng/mL of IL-4 (Fig. 1A). SHIP** BMM¢$ M2 marker
expression correlated with loss of the 145 kDa isoform of SHIP protein and the appearance
of lower molecular weight bands at 110 and 90 kDa. SHIP immunoprecipitates were assayed
for enzymatic activity to see if this correlated with a loss of SHIP activity. SHIP activity was
significantly lower after IL-4 treatment for 3 days with 0.3 ng/mL of IL-4 and decreased by
82% when treated with 30 ng/mL of IL-4 (Fig. 1B). SHIP~/~ BMM¢s had an increase in
arginase activity in response to 0.5 ng/mL of IL-4 as opposed to 2 ng/mL that was required
for SHIP*"* BMM¢s (Fig. 1C). Arginase activity was significantly higher in SHIP~/~
BMM¢s than in SHIP** BMM¢s at all doses. Since argl competes with iNOS for their
common substrate, L-arginine, nitrite was measured after LPS stimulation. SHIP** BMM¢s
produced higher amounts of NO when skewed to an M2 phenotype and this was augmented
by L-arginine supplementation (Fig. 1D). IL-4-treated SHIP~~ BMM¢s produced more NO
than untreated and more than SHIP** BMM¢s and this was augmented by L-arginine
supplementation (Fig. 1E). This suggests that IL-4 treatment potentiates iINOS activity in
response to LPS but activity is masked by argl activity.

Eur J Immunol. Author manuscript; available in PMC 2019 December 10.



1duosnue Joyiny |ANHH 1duosnue Joyiny |IANHH

1duosnuey Joyiny |NHH

Weisser et al.

Page 4

IL-4 treatment reduces SHIP protein levels and activity correlating with M2 marker

induction

We have reported that IL-4 treatment of BMMé¢s leads to a decrease in SHIP protein levels
[17] and that SHIP phosphorylation triggers its poly-ubiquitination and degradation by the
proteosome [18]. We next asked whether SHIP protein levels and activity decrease over time
in response to IL-4 treatment and how this impacts M2 M¢ marker expression. Incubating
SHIP*'* BMM¢s with 10 ng/mL of IL-4 over 5 days resulted in decreased SHIP protein
expression and activity that correlated with increased expression of M2 M¢ markers and
arginase activity (Fig. 2A—C). Other inositol phosphatases, SHIP2 and PTEN, were
unaffected. LPS-induced NO production increased during the first day of IL-4 treatment and
decreased in subsequent days unless supplemented with L-arginine (Fig. 2D). Therefore,
during IL-4-induced M2 M¢ skewing, decreased SHIP protein expression and loss of
activity correlate with increased expression of M2 M¢ markers and decreased NO
production, due to argl-mediated L-arginine depletion.

SHIP levels are decreased in other models of M2 M¢s

SHIP*'* BMM¢s were treated with 1L-4, IL-4+IL-10, or IL-10. WCLs were analyzed by
Western blot and SHIP immunoprecipitates were assayed for enzymatic activity. 1L-4+1L-10
treatment caused a greater decrease in SHIP protein levels and activity than I1L-4 treatment
alone (Fig. 3A and B). IL-10 alone did not promote SHIP degradation or M2-skewing. In
mice, GM-CSF-derived BMM¢s are M2-skewed producing argl thereby repressing NO
production [5] so M-CSF and GM-CSF-derived M¢s were compared with IFN~y-treated (M1
polarized) and IL-4-treated (M2 polarized) M¢s. MCSF-derived BMM¢s, like M1 polarized
controls, expressed SHIP protein and did not express Ym1 or argl, whereas GM-CSF-
derived BMM¢s expressed lower amounts of SHIP protein and expressed both Ym1 and
argl, like M2 Més (Fig. 3C). SHIP levels and M2 M¢ marker expression in F4/80* TAMs
from C57BL/6 mice were compared with M1 and M2 M¢ polarized controls and peritoneal
Mg¢s from non-tumor bearing C57BL/6 mice (Fig. 3D). TAMs had intermediate levels of
expression for argl and SHIP compared with M1 and M2 polarized controls and more argl
than peritoneal M¢s but showed no expression of Ym1. Thus, in three additional models of
M¢ polarization: skewing with IL-4+1L-10, skewing during differentiation, and in TAMs,
SHIP protein levels decreased and were inversely proportional to the expression of the M2
M¢ marker, argl.

PI3K activity is required for decreased SHIP levels and STAT6-driven transcription

The role of SHIP in Mé¢s has been attributed to its ability to inhibit the PI3K pathway [6, 15,
16] and the decrease in SHIP activity in IL-4-treated BMM¢s led us to ask whether PI3K
activity was required for M2 skewing. SHIP** BMM¢s were pre-treated with vehicle
(DMSOQ), the PI3K inhibitor LY294002 (LY29), or its inactive analog LY 305311 (LY 30)
followed by IL-4 (10 ng/mL) for 3 days. WCLs were harvested and analyzed by Western
blot for SHIP, Ym1, argl, and GAPDH, and SHIP immunoprecipitates were assayed for
SHIP activity. The PI3K inhibitor, LY29, but not its inactive analogue, LY30, blocked IL-4
induction of Ym1, argl, and reduction of SHIP protein levels and activity (Fig. 4A and B).
There are four catalytic subunits of PI3Kp110 that generate SHIP substrate, PI-3,4,5P3 [13].
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Isoform-specific inhibitors have been developed that allow determination of the isoform(s)
involved in biological processes [16]. Supporting Information Table 2 lists the ICsq (UM) for
each of the inhibitors used in this study against purified p110 isoforms. ICsq values for
inhibitors in whole cells are 10- to 100-fold higher [19]. Titrations of the PI3Kp110 isoform-
specific inhibitors were performed to determine the concentration at which they were
effective at reducing argl expression (Supporting Information Fig. 1). SHIP*'* BMM¢s were
treated with 10 pM isoform-specific inhibitors for 15 min prior to treatment with 10 ng/mL
IL-4 for 3 days and analyzed for SHIP protein levels and M2 M¢ marker expression (Fig.
4C). Isoform-specific inhibitors had no effect on Ym1 expression or SHIP degradation
suggesting that multiple PI3K isoforms may contribute to these effects and their activity may
compensate for one another. PI3Kp1106 inhibitors, SW18, SW30, and SW14, but not
p110a, p110p, or p110+y inhibitors (PIK-90, TGX-221, or AS605240), suppressed induction
of argl. To determine whether PI3K activity induced STAT6-driven transcription, a PstaTs-
luciferase assay was performed in the presence of the pan-PI3K inhibitor (LY29) or control
(LY30). Inhibiting PI3Ks prevented IL-4-induced STAT6-dependent luciferase production
(Fig. 4D).

STATG is required for SHIP degradation but SHIP does not limit STAT6 phosphorylation

We examined cross-talk between the STAT6 and PI3K pathways. Thioglycollate (TG)-
elicited peritoneal M¢s from STAT6*/* and STAT6~/~ mice were treated with IL-4 (Fig. 5A).
SHIP levels did not decrease in STAT6/~ M¢s in response to IL-4, and argl and Ym1 were
not induced. SHIP** BMM¢s were treated +IL-4 for 3 days to reduce SHIP protein levels.
BMM¢s were incubated overnight in cytokine-free media (starved), stimulated with 50
ng/mL IL-4, and STAT6 phosphorylation was examined (Fig. 5B). There was only a modest
increase in total STAT6 phosphorylation in response to IL-4 but there was higher constitutive
phosphorylation in BMM¢s pre-treated with IL-4. IL-4-induced STAT6 phosphorylation was
compared in SHIP** and SHIP~~ BMM¢s. The absence of SHIP expression did not
increase total STAT6 phosphorylation but there was higher constitutive phosphorylation of
STAT6 (Fig. 5C). Lastly, SHIP*/* BMM¢s were treated for 3 days with siRNA to SHIP
protein to reduce SHIP levels or nsRNA, as a control. Treated BMM¢s were starved and
stimulated with IL-4, and STAT6 phosphorylation was examined. There was no change in
STAT6 phosphorylation when SHIP protein levels were reduced (Fig. 5D). In summary,
STAT6 and PI3K activity are required for IL-4-induced reduction of SHIP protein levels and
PI3K activity is required for Ym1 and argl expression. STAT6 and PI3Kp1106 are both
required for argl expression. PI3K enhances IL-4/STAT6-driven transcription but does not
affect total phosphorylation of STAT6.

Lower SHIP levels increase IL-4-induced argl expression and activity

To establish whether SHIP levels could be manipulated to affect M2 skewing, SHIP*/* and
SHIP*'~ BMM¢s were compared. SHIP*/~ BMM¢s expressed SHIP in a gene dose-
dependent manner and IL-4-induced Ym1 was modestly higher and IL-4-induced argl
expression was much higher (Fig. 6A). SHIP was knocked down by siRNA in RAW264.7
cells and arginase activity was measured as a surrogate for argl induction. SHIPSiRNA
caused an 86% reduction of SHIP protein levels (Fig. 6B) and dramatically enhanced IL-4-
induced argl activity compared with nsRNA (Fig. 6C). IL-4-induced PstaTg-luciferase
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activity was higher when SHIP levels were decreased (Fig. 6D). Taken together these data
demonstrate that lower SHIP levels or artificially reducing SHIP levels enhance IL-4
responsiveness, specifically in terms of argl and Pstage-luciferase activity.

Higher SHIP protein levels reduce IL-4-induced M2 skewing

The proteosome inhibitor, MG132, blocks IL-4-induced SHIP degradation [18]. To increase
SHIP protein levels, MG132 was used at concentrations that did not affect BMM¢ viability.
MG132 prevented IL-4-induced SHIP degradation, reduced Ym21 expression, and
dramatically reduced argl induction (Fig. 7A). SHIP was also overexpressed (1.68-fold) in
RAW264.7 cells (Fig. 7B). Control and SHIP overexpressing cells were treated with IL-4 for
3 days and arginase activity was measured. Overexpression of SHIP resulted in a significant
decrease in IL-4-induced arginase activity (Fig. 7C). These data demonstrate that higher
SHIP levels reduce IL-4 responsiveness of BMM¢s, with respect to Ym1 and argl induction.

Discussion

SHIP plays a pleotropic role in M¢ activation by limiting PI3K activity in response to
multiple immune stimuli. By limiting PI3K activity downstream of innate immune
activation, SHIP-deficient M¢s are hyper-inflammatory [13, 15, 16]. Herein, we demonstrate
a critical role for SHIP in IL-4-induced alternative M¢ activation where SHIP limits
PI3Kp1106 activity downstream of I1L-4 thereby attenuating IL-4-induced M2-skewing.
PI3K and its downstream target, Akt, are activated downstream of the type | IL-4R in NK
cells, B cells, and T cells [8, 10, 20] and have recently been shown to be recruited to the type
I IL-4 receptor in M¢s [10]. In vivo SHIP knockout M¢s are profoundly M2 skewed [6, 21].
Their phenotype is recapitulated in Hck/Lyn double knockout mice and rescued by the
expression of membrane-bound SHIP [22]. GM-CSF and IL-3 derivation skews M¢s to an
M2 phenotype and is more pronounced in SHIP-deficient M¢s due to enhanced IL-4
production by SHIP-deficient basophils in BM cultures [5]. Consistent with this, Hck/Lyn
double knockout and SHIP~/~ GM-CSF- and IL-3-derived BMm¢ phenotypes were
dependent on STATS5 activation, which acts downstream of IL-3 and GM-CSF [5, 22]. SHIP
=/~ M¢s are inherently more susceptible to multiple inflammatory stimuli [13], but SHIP~/~
progenitors were not more susceptible to IL-4 treatment [5]. This is expected as resting
myeloid progenitors do not express the IL-4 receptor [23]. Based upon these observations,
we asked whether SHIP~~ BMM¢s were more sensitive to 1L-4 skewing directly.

Our data are consistent with a model (Fig. 7D) in which IL-4 acts through the IL-4R to
activate STAT6. The PI3Kp1106 catalytic subunit promotes STAT6-driven transcription but
not through direct effects on STAT6 phosphorylation. Both STAT6 and PI3K activity are
required for the degradation of SHIP protein and loss of SHIP activity, creating an
environment that potentiates the expression of STAT6-driven alternative M¢ activation.
SHIP activity normally restricts the PI3K-mediated activation of STAT6-driven transcription
and so is removed for alternative activation. Alternatively activated M¢s lose SHIP protein
and activity mimicking SHIP~/~ M¢s. The loss of SHIP protein expression and activity may
be a novel marker of IL-4-induced alternatively activated M¢s and P1(3,4)P; the lipid
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product of SHIP enzymatic activity has been reported to be required for M1 M¢ effector
functions [24].

IL-4 is critical in Th2 cell differentiation and expansion, B-cell Ig class switching, and has
been implicated in autoimmunity, particularly allergic inflammation [25]. IL-4 acts through
STATS6 but also recruits and activates IRS-2 that cooperates in IL-4-mediated effects [10,
25]. Heller et al. [10] have recently demonstrated a similar role for PI13K binding to IRS-2 in
IL-4/STAT6 induction of FIZZ1 [10]. Herein, we extend these findings demonstrating that
IL-4-induced argl and Ym1 expression are PI3K-dependent. Argl induction required
PI13Kp1106 activity. Perhaps, PI3K dependence of argl and Ym1 induction was not reported
previously because wortmannin, the PI3K inhibitor used, is rapidly degraded in tissue
culture medium [26]. Our studies show the importance of the PI3K pathway in argl and
Ym1 expression when SHIP activity is lost (PI3K high) during the overexpression of SHIP
(limiting P13K) using the PI3K inhibitor, LY29, and in the case of argl, using a panel of
PI13Kp1106 inhibitors. Our results, together with Heller et al. [10], support the hypothesis
that the expression of M2 M¢ markers are differentially regulated. From data presented here,
this is evident for argl and YmZ1, where PI3Kp1106 is not required for Ym1 expression and
Ym1 is not expressed in TAMSs, despite low SHIP levels and increased argl expression.

We demonstrate that SHIP protein levels and activity are reduced in response to IL-4 in a
dose- and time-dependent manner. SHIP protein levels and activity were inversely
proportional to M2 M¢ marker expression and arginase activity. Furthermore, arginase
limited the production of pro-inflammatory NO in response to LPS. This was not due to
limited iNOS activity because L-arginine supplementation enhanced NO production
suggesting that the effect of IL-4 limiting NO production was due to competition between
argl and iNOS for their common substrate. This is consistent with the previous reports on
the mechanism of IL-4 reducing NO production in murine Mé¢s [6, 27]. However, an
emerging paradigm is that alternatively activated M¢s express lower amounts of iINOS
because IL-4 blocks transcription of iNOS [28]. Our results show that IL-4 treatment
potentiates NO production by M-CSF-derived Mé¢s and this is exacerbated in SHIP-deficient
Mé¢s. Induction of iINOS activity in M-CSF-derived BMM¢s, the most commonly used
model in the study of murine M¢ biology, was evident by 8 h after IL-4 treatment [4]. IL-4
has been shown to stimulate the expression of iNOS in endothelial cells and eosinophils [29,
30]; therefore, it is important to define the effect of IL-4 on the cell and M¢ type being
studied. There has been very limited study of M¢ responses to mixed signals that may be
encountered in vivo [31], and the potentiation of iINOS expression in response to LPS may
not be limited to IL-4-treated, M-CSF-derived M¢s.

There is cross-talk between the STAT6 and PI13K pathways required for 1L-4-induced
alternative M¢ activation because STAT6 was required for SHIP degradation. However,
STAT6 deficiency did not augment Akt phosphorylation, a surrogate for PI3K activity (data
not shown), and reduced SHIP levels did not augment IL-4-mediated STAT6
phosphorylation. PI13K inhibition reduced, and SHIP knockdown enhanced, STAT6-driven
transcription in a luciferase reporter assay suggesting that STAT6 and PI3K pathways act in
parallel to drive the transcription of STAT6 responsive genes. The type | IL-4R+yc chain
phosphorylates and activates the IRS-2, which in turn recruits the p85 subunit of PI3K [10].
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Our data support the activation of the PI3K pathway acting downstream of the type I IL-4R
as a potential mechanism accounting for differences in the strength of the expression of M2
M¢phenotype downstream of I1L-4 versus IL-13, which only acts through the type Il receptor
[8, 10]. Further study is required to investigate the downstream targets of PI3K that lead to
enhanced STAT6-driven transcription, but one can speculate about the potential pathway
involved. STAT6-mediated transcription requires several signaling pathways and STAT6 can
cooperate with other transcription factors including C/EBPp [10, 32]. Argl and FIZZ1
promoters have C/EBPP binding sites [33] and C/EBPP has been shown to be required for
IL-4-induced argl transcription in M¢s via CREB activation [33, 34]. PI3K activation leads
to phosphorylation/inactivation of GSK3p and this positively regulates CREB [35] and C/
EBPp [36] providing a possible link between PI3K activation and enhancement of STAT6-
mediated transcription.

Alternatively activated M¢s contribute to normal physiological processes. They have been
implicated in pathologies and have the potential to be protective in inflammatory diseases.
Argl is a key enzyme in alternatively activated M¢ that mediate these effects [37]. Argl uses
the substrate L-arginine to produce L-proline contributing to collagen production and
polyamine biosynthesis, which contributes to cell growth and proliferation [38]. It is critical
in wound healing [39] but also contributes to fibrosis [40]. TAMSs are a model of
alternatively activated M¢s expressing argl activity that reduces NO production and inhibits
anti-tumor T-cell activity [3] while retaining TRIF-dependent expression of anti-viral
chemokines [41]. Decreased SHIP protein levels and activity in TAMSs could account for
increased argl activity, decreased NO production, and enhanced TRIF signaling, as we have
previously demonstrated that SHIP limits TRIF-dependent anti-viral responses [16]. Ym1 is
also upregulated in alternatively activated M¢s and is a biomarker for asthma but plays an
anti-inflammatory role in the lung [42]. Harnessing protective elements of M¢ phenotype
provides an attractive opportunity to manipulate M¢s in diseases where they contribute to
pathology. Skewing M¢s to an M2 phenotype has been suggested as a viable strategy for
treating inflammation [43], and re-programming M¢s to an M1 phenotype has been
suggested to combat infection and solid tumors [44, 45]. The flexibility of M¢s in response
to their local environment is an emerging theme in M¢ biology [2] bringing into question the
usefulness of attempting to target M¢ phenotype in disease. Of note, SHIP™~ BMM¢s
skewed to an M2 phenotype during derivation do not revert to an M1 phenotype [6] and this
makes SHIP an attractive target for manipulation of M¢ phenotype in disease. We
demonstrate here that pharmacological inhibition of the PI3K pathway or blocking SHIP
degradation prevents M¢ skewing to an M2 phenotype. Also, reducing SHIP protein levels
enhances IL-4-mediated argl induction in Mé¢s suggesting that manipulation of M¢ PI3K/
SHIP activities is a potential strategy to harness M¢ phenotype where it contributes to
pathological conditions.

Materials and methods

Mice

SHIP heterozygotes were maintained on C57BL/6 x 129Sv mixed background as previously
described [21]. STAT6~/~ mice were on a C57BL/6 background. Mice were housed in the
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Animal Research Center at the Child & Family Research Institute and experimentation was
performed in accordance with institutional and Canadian Council on Animal Care
guidelines.

E. coliserotype 0127:B8 LPS was from Sigma Aldrich (St Louis, MO, USA). IL-4, 1L-10,
GM-CSF, and M-CSF were from StemCell Technologies (Vancouver, Canada). MG132,
LY?29, and LY30 were from Calbiochem (San Diego, CA, USA). PI3Kp110 isoform-specific
inhibitors PIK-90, TGX-221, SW18, SW30, SW14, and AS605240 were synthesized as
described previously [46]. AntiYm1 and anti-SHIP2 were from StemCell Technologies;
anti-argl and anti-Shc were from BD Biosciences, anti-GAPDH was from Fitzgerald
Industries International; anti-PTEN, anti-SHIP, and anti-pSTAT6 were from Santa Cruz
Biotechnology.

M¢ derivation and purification of TAMs and TG-elicited peritoneal M¢s

BMM¢s were derived from BM aspirates of femurs and tibias as previously described [16].
M-CSF and GM-CSF BMM@¢s cultures were >95% Mac-1" and F4/80* after 10 days in
culture. TAMs were labeled with F4/80-PE (eBiosciences) and purified using an EasySep™
PE selection kit (StemCell Technologies) from M27 Lewis lung carcinoma tumors grown
subcutaneously on the hind flanks of C57BL/6 mice as described previously [6]. TG-elicited
peritoneal M¢s were prepared by injecting mice intra-peritoneally with 2 mL of 3%
thioglycollate in sterile PBS. After 4 days, mice were euthanized and peritoneal M¢s were
harvested by lavaging the peritoneal cavity with 3 x 5 mL of complete medium.

In vitro M¢ stimulations

M¢s were stimulated 71L-4 or 1L-411L-10 (10 ng/mL) for 1-5 days and WCLs were
harvested for Western blot analysis (0.5-1.0 x 10%cells), SHIP, or arginase assays. For NO
analysis, cells were treated for 24 h with LPS (10 ng/mL) or LPS+ L-arginine (2 mM) and
clarified cell supernatants were collected for Griess assays. For inhibitor experiments, cells
were preincubated with inhibitor, control, or vehicle for 15 min.

SDS-PAGE and Western blotting

WCLs were prepared for SDS-PAGE and Western blot analyses as described previously
[47]. Molecular weights of proteins detected are listed in Supporting Information Table 1.
Densitometry was performed using ImageJ software (National Institute of Health, USA).

SHIP activity assays

To measure SHIP activity in BMM¢s, SHIP was immunoprecipitated with anti-SHIP-P1C1-
agarose conjugate (Santa Cruz) as described previously [48]. Resultant immunoprecipitates
were washed three times, and equivalent numbers of input BMMg¢s were compared in SHIP
activity assays. Substrate, 100 uM inositol-1,3,4,5-tetrakisphosphate (1P4; Echelon
Biosciences, Salt Lake City, UT, USA), was incubated with immunoprecipitates for 20 min
and the reaction was stopped by heating to 80°C for 5 min. Inorganic phosphate released
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was measured by the addition of Malachite Green reagent (Echelon Biosciences) and
absorbance was read at 650 nm and compared with a standard curve.

Arginase assays

Arginase activity was determined indirectly by measuring the concentration of urea
generated by the arginase-dependent hydrolysis of L-arginine as described previously [49].

Nitric oxide assays

NO production was determined indirectly by measuring the accumulation of nitrite in tissue
culture supernatants using the Griess Reagent Kit (Invitrogen) [15].

SHIP knockdown in RAW264.7 cells and BMMé¢s and SHIP overexpression in RAW264.7
cells

Cells were transfected with SHIPSiRNA or nsRNA [16]. For SHIP overexpression
experiments, RAW?264.7 cells were transfected with a MSCV vector containing the full
length SHIP cDNA [50] or empty vector control using the NanoJuice Transfection Kit
(EMD Chemicals) according to the manufacturer’s instructions.

STAT6-luciferase reporter assays

RAW264.7 cells (1047100 pL) were transiently transfected with plasmid encoding STAT6-
luciferase as described previously [51] or STAT5-luciferase as a control. Transfections were
performed for inhibitor experiments or in the presence of SHIPSIRNA or nsRNA.
Transfected cells were allowed to recover for 48 h and then were stimulated £50 ng/mL IL-4
for 24 h. Cells were lysed and luciferase activity was assessed using the Dual Luciferase
Reporter Assay System according to the manufacturer’s protocol (Promega, Madison, WI,
USA) and read on the VictorX multimode plate reader (Perkin Elmer).

Statistical analyses

Unpaired, two-tailed Student’s #tests were performed using GraphPad Prism version 5
(GraphPad Software Incorporated).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

SHIP~/~ M¢s are more sensitive to IL-4-induced M2 skewing. SHIP*/* and SHIP™/~
BMM¢s were treated with the indicated dose of IL-4 for 3 days. Whole cell lysates (WCLs)
were analyzed for SHIP, Ym1, argl, and GAPDH by Western blotting (A). SHIP
immunoprecipitates were assayed for enzymatic activity (B) and arginase activity (C). SHIP
*I* (D) or SHIP~= (E) BMM¢s were treated with the indicated concentrations of 1L-4,
followed by LPS (10 ng/mL) for 24h in the absence or presence of L-arginine. Clarified cell
supernatants were analyzed for nitrite. Data in (A) are representative of four independent
experiments. Data are means=SEM from four independent experiments in (B) and (C) and
three independent experiments in (D) and (E). *p<0.05 comparing IL-4-treated to untreated
in (B); *p<0.03 comparing SHIP*/* versus SHIP™'~ in (C) and control versus L-arginine
supplementation in (D) and (E) (Student’s #test).
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SHIP protein levels and activity decrease over time in response to IL-4 and correlate with an
increase in M2 markers. SHIP** BMM¢s were treated with 1L-4 (10 ng/mL) for the
indicated times. WCLs were analyzed for SHIP, SHIP2, PTEN, Ym1, argl, and Shc by
Western blotting (A), SHIP immunoprecipitates were assayed for enzymatic activity (B), and
10 pg protein was used to determine arginase activity (C). SHIP** BMM¢s were 1L-4-
treated followed by 24 h treatment with 10 ng/mL LPS, in the absence or presence of L-
arginine. Clarified cell supernatants were analyzed for nitrite (D). Data in (A) are
representative of three experiments and in (B—D) are the means£SEM of three independent
experiments. *p<0.002 comparing control versus L-arginine supplementation (Student’s #

test).
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Figure 3.

SHIP levels are reduced in M2 M¢ models and inversely correlate with M2 marker
expression. SHIP™* BMM¢s were treated with 1L-4, 1L-4+1L-10, or IL-10 for 1-3 days. (A)
WCLs were analyzed for SHIP, Ym1, argl, and Shc by Western blotting. Densitometry
values for SHIP are relative to loading control and normalized to untreated sample. (B) SHIP
immunoprecipitates were assayed for SHIP activity. Data are means+SEM of three
independent experiments assayed in duplicate. *p<0.05 comparing IL-4-treated to
IL-4+1L-10-treated BMMg¢s (Student’s t-test). (C) SHIP** BMM¢s were derived for 10
days in 5 ng/mL of GM-CSF (GM) or M-CSF (M)+treatment with IFN-y or IL-4 for 3 days.
(D) BMM¢s treated with IFN-y or IL-4 for 3 days were compared with peritoneal M¢s
(peri) from C57BL/6 mice or Lewis lung carcinoma TAMs purified by F4/80* selection.
WCLs were analyzed for SHIP, Ym1, argl, and GAPDH by Western blotting. Data shown
are representative of three experiments.
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Figure 4.
PI3K activity is required for decreased SHIP protein levels, increased M2 marker

expression, and STAT6 transcription. SHIP™* BMM¢s were untreated (u), were not-pre-
treated (c), or pre-treated with 0.1% DMSO, the PI3K inhibitor LY29 or its inactive analog
LY 30 followed by IL-4 treatment. (A) WCLs were analyzed for SHIP, Ym1, argl, and
GAPDH by Western blotting. (B) SHIP immunoprecipitates were assayed for enzymatic
activity. (C) SHIP** BMM¢s were untreated (u), not pre-treated (c), or pre-treated with
0.1% DMSO, or the isoform-specific PI3K inhibitors PIK-90(a), TGX-221(p), SW18(8A),
SW30(6B), SW14(6C), or AS605240(y) followed by IL-4 treatment. WCLs were analyzed
for SHIP, Ym1, argl, and GAPDH by Western blotting. (D) RAW264.7 cells were
transfected with pSTAT6-luciferase. After 48h, cells were treated with or without LY?29 or
LY 30 and then IL-4-stimulated for 24h. WCLs were analyzed for luciferase activity. In (A,
C) data are representative of three experiments, and in (B, D) data are the means+SEM of
three independent experiments. ns, not significant; *p<0.001 comparing LY 29 with
untreated or with LY 30 (Student’s #test).
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Figureb.
STATG is required for decreased SHIP expression and increased argl expression, but SHIP

does not block STAT6 phosphorylation. (A) Thioglycollate-elicited peritoneal M¢s from
STAT6*"* and STAT6™/~ mice were either untreated (c) or treated with I1L-4. WCLs were
analyzed for SHIP, Ym1, argl, and GAPDH by Western blotting. (B) SHIP*/* BMM¢ were
either untreated (c) or treated with 1L-4 for 3 days followed by cytokine starvation overnight.
Cells were then stimulated with 50ng/mL IL-4 for the indicated times. (C) SHIP*/* and
SHIP™~ BMM¢s were starved overnight and IL-4-stimulated. (D) SHIP*/* BMM¢s were
treated with SHIP siRNA or nsRNA for 3 days, starved overnight, and stimulated with IL-4.
In (B-D), WCLs were analyzed for SHIP, pSTAT6, and GAPDH by Western blotting. Data
shown are representative of three experiments with similar results.
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Figure6.

Reducing SHIP protein levels increases argl expression and activity in response to IL-4 and
enhances STATS transcription. (A) SHIP** and SHIP*~ BMM¢s were either untreated (c)
or treated with IL-4. WCLs were analyzed for SHIP, Ym1, argl, and GAPDH by Western
blotting. Data shown are representative of three experiments with similar results. (B)
RAW?264.7 cells were treated with SHIPSiRNA or nsRNA for 3 days. WCLs were analyzed
for SHIP and GAPDH by Western blotting. Densitometry values are relative to GAPDH and
normalized to nsSRNA control. Data shown are representative of four experiments with
similar results. (C) RAW264.7 cells were treated with SHIPSIRNA or nsRNA for 6h and
were treated or not with IL-4. WCLs were collected and 10 ug of protein was assayed for
arginase activity. (D) RAW264.7 cells were transfected with pgtate-luciferase in the
presence of SHIP siRNA or nsRNA. After 48h, cells were stimulated +IL-4 for 24h. WCLs
were analyzed for luciferase activity. Data in (C, D) are the means£SEM of three
independent experiments assayed in duplicate. ns, not significant; *p<0.05 comparing SHIP
SiRNA with nsSRNA (Student’s £test).
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Figure7.
Increasing SHIP protein levels reduces IL-4-induced M2 marker expression and arginase

activity. (A) SHIP** BMM¢s were untreated or treated with IL-4 with the indicated dose of
the proteasome inhibitor, MG132. WCLs were analyzed for SHIP, Ym1, argl, and GAPDH
by Western blotting. Data shown are representative of three experiments. (B) RAW264.7
cells were transfected with empty vector (c) or vector encoding SHIP (OE) for 3 days.
WCLs were analyzed for SHIP and GAPDH by Western blotting. SHIP densitometry values
are relative to GAPDH and normalized to empty vector. Data shown are representative of
four experiments with similar results. (C) Control (c) and transfected RAW264.7 cells were
treated or not with IL-4 and protein lysates were assayed for arginase activity. Data are the
means£7SEM of three independent experiments assayed in duplicate. *p<0.05 comparing
IL-4-induced arginase activity in control versus SHIP overexpressing cells (Student’s #test).
(D) Model describing SHIP role in IL-4 signaling. IL-4 acts through the IL-4R (type | shown
here) to trigger phosphorylation, dimerization, and transcription by STAT6. The IL-4R also
activates PI3K, specifically the PI3Kp1106 catalytic subunit, which is required for STAT6-
driven transcription. SHIP limits PI3K signaling, attenuating the expression of STAT6
responsive genes. Both STAT6 and PI13K are required to turn off SHIP activity by reducing
SHIP protein levels.
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