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Abstract

Changes in metabolism can be initiated in response to signals received from other cells. An
example of this is provided by macrophages that have been stimulated by IL-4 to become
alternatively/M2 activated. In these cells, fatty acid oxidation is increased and this is critical for
M2 activation. Compared to resting macrophages, M2 macrophages also exhibit changes in
glucose metabolism that we have found are essential for activation. In other cell types, mTORC2
has been linked to enhanced glycolysis. We have found that mTORC2 operates in parallel with the
IL-4Ra/Stat6 pathway to facilitate increased glycolysis during M2 activation. Our data strongly
implicate PI3K and AKT signaling initiated by M-CSF as components in this pathway, and
indicate that downstream induction of IRF4 expression plays a role in metabolic reprograming to
support M2 activation. We show that loss of mMTORC2 in macrophages suppresses tumor growth
and decreases immunity to a parasitic nematode.

Introduction

Macrophages are tissue-resident cells that play critical roles in in a broad range of
immunologic and homeostatic processes (Ginhoux et al., 2015; Wynn et al., 2013). The
ability of these cells to serve multiple functions reflects their ability to express different
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genes in response to distinct extracellular signals including pathogen and damage associated
molecular patterns and cytokines (Glass and Natoli, 2015; Wynn et al., 2013). IL-4, which
can be made by a variety of innate and adaptive immune cells (Pulendran and Artis, 2012),
induces a Stat6-dependent macrophage activation state referred to as M(IL-4), or M2 or
“alternative” activation (Murray et al., 2014). M2 macrophages are important in immunity to
parasitic helminths, tissue remodeling and wound repair, adipose tissue homeostasis, and
tumor growth and metastasis.

Recent work has revealed that macrophage activation status is intrinsically linked to
metabolic remodeling (O'Neill and Pearce, 2016). Initial studies established that fatty acid
oxidation (FAQO) and oxidative phosphorylation (OXPHOS) are enhanced in M2
macrophages, and critical for M2 activation (Huang et al., 2014; Odegaard and Chawla,
2011; Vats et al., 2006). Integrated metabolomic and transcriptomic studies revealed that the
metabolic reprogramming that occurs during activation is more complex than originally
envisaged, and uncovered enhanced use of glucose for UDP-GIcNAc synthesis as a
metabolic signature of M2 macrophages (Jha et al., 2015). Moreover, a recent report showed
that inhibition of glycolysis prevents the expression of a subset of genes that comprise the
M2 activation module (Covarrubias et al., 2016).

It is now clear that manipulation of metabolic reprogramming in immune cells has
therapeutic potential. Depending on context, being able promote or inhibit M2 activation
could have therapeutic benefit and understanding how glucose metabolism is reprogrammed
downstream of stimulation with IL-4, and how this is integrated with changes in FAO, would
be an important step towards this goal. Recent work has implicated IL-4-induced signaling
through AKT and mTORC1 in the regulation of glucose metabolism for M2 activation
(Covarrubias et al., 2016), raising the possibility that the mTORC1 pathway may be good
target for manipulating alternative activation. However, loss of 7sc, a negative regulator of
mTORC1, allows enhanced M1 and diminished M2 activation (Byles et al., 2013),
indicating that the role of MTORC1 in M2 activation is context dependent (Covarrubias et
al., 2016). Moreover, in brown adipose tissue mMTORC?2 has been shown to be responsible
for AKT-induced increases in glycolysis (Albert et al., 2016), and mMTORC?2 has been
implicated in glycolytic remodeling in tumors (Masui et al., 2015). Questions remain
therefore about the role of MTOR in M2 activation and the potential for the contribution of
MTORC1 and mTORC2 complexes to this process.

In light of these accumulated findings, we decided to address the roles of mMTORC1 and
mTORC?2 in the metabolic reprograming that allows M2 activation. Our findings point to an
mTORC2-mediated pathway, involving PI3K and AKT, as being essential for accentuated
glucose metabolism to promote M2 activation, and implicate M-CSF as an upstream
activator of this pathway. Our data indicate that this pathway profoundly influences FAO,
and that its effects are mediated by interferon regulatory factor 4 (IRF4), a transcription
factor that is important for M2 activation (Satoh et al., 2010), and which previously had been
shown to play a critical role in metabolic reprogramming towards glycolysis during CD8* T
cell activation (Man et al., 2013; Yao et al., 2013). Our data show that IRF4 expression
requires both mTORC2 and Stat6 pathways and provide an underlying mechanism to
explain how glucose utilization is increased to support M2 activation.
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Glucose is crucial for M2 activation

Macrophages grown from bone marrow were unstimulated (MO) or activated with IL-4 (M2)
and glucose consumption and changes in extracellular acidification rates (ECAR, a measure
of the production of lactic acid, an end product of cytoplasmic glucose metabolism) were
assessed. Glucose consumption, expression of genes encoding enzymes in the glycolysis
pathway, and basal ECAR were increased in M2 compared to MO macrophages (Fig. 1A, B,
C), and M2 macrophages exhibited increased glycolytic reserve (GR, defined as the ability
to upregulate aerobic glycolysis, measureable as increased ECAR, following inhibition of
mitochondrial ATP synthesis by oligomycin and inner membrane depolarization by FCCP,
Fig. 1C). High GR is a measure of the increased ability of M2 cells to route pyruvate to
lactate in order to meet their ATP needs through aerobic glycolysis. We asked whether
increased glucose utilization is important for alternative activation by stimulating cells with
IL-4 in the presence of 2-deoxyglucose (2-DG). Expression of the M2 activation markers
RELMa and PD-L2, was markedly inhibited by 2-DG (Fig. 1D). Similar results were
obtained when medium that lacked glucose was used (Fig. S1). As expected, 2-DG caused a
reduction in basal ECAR and GR (Fig. 1E). These data confirm and expand recent findings
on the importance of glucose for M2 activation (Covarrubias et al., 2016).

For comparison, macrophages classically activated with IFN-y plus LPS (M1 macrophages),
were also examined in these experiments. As expected (O'Neill and Pearce, 2016), M1
macrophages consumed significantly more glucose than MO cells (Fig. 1A), exhibited
elevated basal ECAR, and had very little GR since they effectively run maximal glycolysis
at baseline (Fig. 1C).

The fact that M2 macrophages have large GR (Fig. 1C) indicated that glucose-derived
pyruvate is entering mitochondria and being used to fuel the TCA cycle and support
mitochondrial ATP synthesis in these cells. Consistent with this, we found that 2-DG and
UK5099 (which inhibits the mitochondrial pyruvate carrier, MPC-1; (Halestrap, 1975))
caused declines in ATP levels in M2 macrophages (Fig. 1F). In addition, like 2-DG, UK5099
caused a reduction in the IL-4-induced expression of PD-L2 and RELMa (Fig. 1G).
However, it had no effect on iNOS expression in M1 macrophages, in which pyruvate is
largely converted to lactate due to the inhibition of the electron transport chain by NO (Fig.
1H) (Everts et al., 2012). Targeting MPC-1 with a short hairpin RNA (shRNA) also resulted
in decreased commitment to the M2 phenotype, as measured by RELMa. expression (Fig.
11).

Previous work showed a requirement for OXPHQOS for M2 activation (Vats et al., 2006). We
found that 2-DG, UK5099 and Mpc-1-shRNA all inhibited IL-4-induced elevations in
OXPHQOS as measured by oxygen consumption rates (OCR) and/or SRC (Fig. 1J,K,L). We
postulated previously that de novo fatty acid synthesis (FAS) could be contributing to the
fueling of FAO in M2 macrophages (Huang et al., 2014). In this scenario, we assumed that,
since lipolysis is necessary for FAO and M2 activation, de novo synthesized fatty acids (FA)
would first need to be incorporated into triacylglycerols (TAGSs) prior to use for FAQ.
Indeed, expression of both Fasnand Acaca, which encode FAS enzymes, were increased in
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M2 macrophages (Fig. S1B). We tested whether glycolysis and mitochondrial pyruvate
import could be contributing to this pathway by measuring the effects of 2-DG and UK5099
on TAGs in M2 macrophages, and found that TAG levels were diminished when glucose use
was inhibited (Fig. 1M). Moreover, the FAS inhibitor C75 prevented IL-4 induced increases
in RELMa expression, but had no effect on iNOS expression in M1 cells (Fig. S2C,D), and
Acaca-shRNA inhibited IL-4 induced increases in PD-L2 and RELMa. expression and OCR
(Fig. S2E). Together, these data indicate that glycolysis and mitochondrial pyruvate import
are essential for M2 activation, possibly because they are being used to fuel FAS for
increased FAO and OXPHOS.

Infection of mice with the gastrointestinal helminth parasite Heligmosomoides polygyrus
bakeri (H. polygyrus) evokes a Th2 response in the mesenteric LN and M2 activation of
peritoneal macrophages (pMacs) (Huang et al., 2014; Reynolds et al., 2012). To determine
whether glucose metabolism is critical for M2 development /in vivo, we injected H.
polygyrus-infected mice with 2-DG i.p. and examined pMac activation status 3 h later (Fig.
1N). Although we found that the total number of peritoneal cells, which increased as a result
of infection, was not affected by 2-DG, (Fig. 10), the percentage of pMacs (defined as
CD11b*F4/80* cells) that expressed RELMa was significantly suppressed (Fig. 1P).
Further, 2-DG suppressed pMac proliferation in infected mice (Fig. 1Q). Taken together, our
data suggest that enhanced glucose metabolism is essential for M2 macrophage activation.

Metabolic reprogramming necessary for M2 activation requires mTORC2 signaling

mTOR is a component of two functionally distinct protein complexes (MTORC1 and 2)
which are key regulatory molecules in the control of immune cell function and energy
homeostasis (Weichhart et al., 2015). mTORCL1 is implicated in the regulation of glucose
metabolism, but while mTORC1 has been implicated in the expression of a subset of M2
genes, constitutive activation of mMTORC1 has been shown to negatively regulate alternative
activation (Byles et al., 2013; Covarrubias et al., 2016), raising the possibility that mMTORC2
could also be playing a role in metabolic reprogramming for M2 activation. We found that
NDRG1, and AKTS473, downstream targets in the mTORC2-dependent signaling pathway
(Garcia-Martinez and Alessi, 2008), and S6K T389 (S6K), a downstream target in the
mTORC1 pathway, were phosphorylated in M2 macrophages, indicating that both mTORC1
and mTORC?2 pathways are active in these cells (Fig. 2A). The mTOR inhibitor, Torin 1 (Liu
et al., 2010), which inhibits both mTORC1 and mTORC?2 as indicated by decreased
phosphorylation of their respective targets, S6K and AKTS473, in macrophages responding to
IL-4 (Fig. S2A) effectively suppressed M2 activation (Fig. S2B). In contrast, rapamycin (at
20 nM, at which it selectively inhibits mMTORCL1 (Fig. S2A)) did not inhibit M2 activation
(Fig. S2B). Moreover, Torin, but not rapamycin, inhibited increased uptake of glucose by
M2 compared to MO macrophages, as measured using flow cytometry to detect uptake of the
fluorescent glucose analog 2-NBDG (Fig. S2D).

We next examined the response to IL-4 of macrophages in which key components of the
MTORC2 and mTORC1 complexes, namely Rictorand Raptor, were deleted.
Phosphorylation of NDRG1(Garcia-Martinez and Alessi, 2008) was lost in macrophages
from Rictor™LysMcre (Ricto®™®) mice, but increased in IL-4 stimulated macrophages
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from RaptorfLysMcre (Rapto®™®) mice (Fig. 2A), suggesting that mMTORC1 might
restrain mTORC?2 activation in M2 macrophages. We also found that phosphorylation of
AKTS473 was greatly diminished in Rictor®™® macrophages, but not in RaptoAM®
macrophages (Fig. 2A). As anticipated, S6K phosphorylation was diminished in Rapto/AM®
macrophages but not Ricto®M® macrophages (Fig. 2A). Deletion of neither Raptor nor
Rictorimpaired 1L-4 induced Stat 6 phosphorylation (Fig. 2A), indicating that Stat6
activation in M2 macrophages is mTOR-independent. We found that Ricto®M® M2
macrophages had lower GR and basal ECAR and Raptor®™® M2 macrophages had higher
GR and basal ECAR than control M2 macrophages (Fig. 2B,C). These changes in
metabolism in Ricto®™M® cells were linked to reduced IL-4-induced expression of genes
encoding glycolysis pathway enzymes (Fig. S2E).

We showed that glycolysis and mitochondrial pyruvate import are essential for increased
OXPHOS in M2 cells (Fig. 1). We reasoned that if mMTORC?2 is controlling glucose usage,
Ricto®™® macrophages should exhibit diminished changes in OXPHOS following
stimulation with IL-4. Consistent with this control and Raptor®™® M2 macrophages
behaved similarly to each other in a mitochondrial fitness test, but Rictor™M® M2
macrophages had significantly diminished baseline OCR and SRC (Fig. 2D,E,F). Moreover,
the sensitivity of SRC to etomoxir (ETO), which inhibits mitochondrial Carnitine palmitoyl
transferase-1 (Cpt1), and was apparent in control and Raptor®™® M2 macrophages, was
largely lost in Ricto®™® M2 macrophages (Fig. 2D), suggesting that FAO was diminished
in the absence of Rictor. As expected, ETO inhibited M2 activation, and in our hands this
result was recapitulated when Cpt1a expression was suppressed using a CptZa-hpRNA (Fig
S2,G)

Finally, we asked whether deletion of Rictor affects the expression of M2 genes. We found
that IL-4 induced expression of CD301, RELMa., Argl, Ym1, /l10, Lipa, Cd36, Fabp4,
Pparg and Ppargc1bwas diminished when Rictorwas deleted (Fig.2G; S2H). In contrast,
expression of CD301 and RELMa was increased over control M2 levels when RaptorAM®
macrophages were stimulated with IL-4 (Fig. 2G). Raptor deletion had no effect on Y,
1110, Lipa, Cd36, Pparg or Ppargclb expression, but did diminish expression of ArgZ and
Fabp4 (Fig. S2H).

Our data indicate that mTORC2 controls M2 activation by regulating glucose metabolism
and this in turn has effects on FAO. To further assess this, we asked whether enforcing
expression of Glutl (S/c2aZ) would rescue the ability of Rictor®™® macrophages to become
alternatively activated. We found that enforced expression of Glutl (Fig. 2H) reversed the
phenotype of Rictor®™® macrophages, allowing them to express levels of PD-L2 and
RELMa in response to IL-4 that were equivalent to those expressed by IL-4 stimulated WT
macrophages (Fig. 21). Overexpression of Glutl resulted in increased GR and SRC (Fig.
2J,K).

The PI3K, mMTORC2, AKT pathway in M2 macrophages

In recent work, we found that AKT is essential for regulating glycolytic metabolism in
dendritic cells (Everts et al., 2014), and previous work has shown that AKT is important for
M2 activation (Byles et al., 2013; Ruckerl et al., 2012), and increased glycolysis in these
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cells (Covarrubias et al., 2016). In keeping with these results, the AKT inhibitor triciribine
suppressed M2 activation as assessed by PD-L2 and RELMa expression (Fig. 3A) and
simultaneously blocked increases in glucose uptake and ECAR (Fig. 3B,C). Consistent with
the functional link between glucose usage and OXPHQOS in M2 activation, triciribine
inhibited IL-4 induced increases in basal OCR and SRC (Fig. 3D). Our data collectively
point to a pathway in which mTORC2-mediated phosphorylation of AKT is critical for M2
activation.

PI3K is implicated in M2 activation, and PI3K has been shown to directly activate mTORC2
(Weichhart et al., 2015; Zinzalla et al., 2011). We therefore asked whether PI3K plays a role
in activating mTORC2 in M2 activation. We found that the PI3K inhibitor LY 294002
strongly suppressed IL-4 induced expression of PD-L2 and RELMa (Fig. 3E) and
associated elevations in basal ECAR, and basal OCR and SRC (Fig. 3F,G). mTORS2481
phosphorylation, a marker of mMTORC?2 activation (Copp et al., 2009), was increased in M2
compared to MO macrophages, and this effect was diminished by inhibition of PI3K (Fig.
3H). Moreover, induced phosphorylation of AKTS473 in M2 macrophages was prevented by
inhibition of PI3K (Fig. 3H). We also found that phosphorylation of the mTORC?2 target
NDRG1 was inhibited by LY294002 (Fig. 3H). AKT inhibition had no effect on NRDG1
phosphorylation (Fig. 31), confirming that AKT activation is occurring downstream of
mTORC2 in M2 macrophages. Consistent with previous reports, inhibition of neither PI3K
nor AKT had any measurable effect on Stat6 phosphorylation (Fig. 31) (Covarrubias et al.,
2016; Munugalavadla et al., 2005), indicating that the PI3K/mTORC2/AKT pathway is
occurring in parallel to the Stat6 pathway following IL-4 stimulation.

In all, our findings suggest a pathway in which, following stimulation with 1L-4, mMTORC2
is activated by PI3K, and then itself activates AKT, and that this pathway is important for the
changes in metabolism that are essential for M2 activation.

M-CSF synergizes with IL-4 to drive mTORC2 activation

Given the recognized role of PI3K in growth factor initiated signaling (Zinzalla et al., 2011),
and our finding that it is critical for mTORC2 activation in M2 macrophages, we
hypothesized that the growth factor, macrophage colony-stimulating factor (M-CSF), which
plays an important role for proliferation, differentiation and survival of macrophages, and
which is used to grow the bone marrow-derived macrophages used herein, could be
synergizing with IL-4 to activate mTORC2. This is plausible since previous work indicated
that M-CSF can induce AKTS473 phosphorylation (Heller et al., 2008), and control glucose
uptake by macrophages (Chang et al., 2009). We found that commitment to expression of
RELMa and PD-L2 in response to IL-4 was significantly reduced when M-CSF was
withdrawn (Fig, 4A). This treatment had no effect on M1 activation as measured by
expression of INOS and TNF-a (Fig. 4B). Reduced M2 activation in the absence of M-CSF
was associated with reduced glucose consumption, ECAR, and OCR (Fig. 4C,D). That this
was due to a failure of MTORC2 activation was indicated by diminished AKTS473
phosphorylation when M-CSF was withdrawn prior to I1L-4 stimulation (Fig. 4E).

Next we assessed the contribution of M-CSF to M2 activation /n vivo. We elicited pMacs
with thioglycolate in the presence or absence of IL-4/anti-1L-4 complexes (which initiate M2
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activation /n vivo), and/or a neutralizing anti-CSF1R antibody (Fig. 4F). Compared to
pMacs recovered from mice injected with IL-4c alone, pMacs from mice injected with IL-4c
plus anti-CSF1R antibody had diminished levels of phosphorylation of NDRGL1 (Fig. 4G)
and AKTS473 (Fig. 4H) and significantly diminished expression of RELMa (Fig. 41)

Together, our data indicate that M-CSF synergizes with I1L-4 to induce M2 activation by
promoting MTORC?2 signaling and downstream metabolic reprogramming.

The mTORC2 pathway enhances the expression of Irf4, which is crucial for metabolic
reprogramming in M2 macrophages

IRF4 has been reported to play roles in alternative macrophage activation (Satoh et al., 2010)
and in mTOR-mediated regulation of glycolysis in CD8* T cells (Man et al., 2013; Yao et
al., 2013). We hypothesized that IRF4 could be playing a role in M2 activation through its
ability to regulate metabolism. As expected, M2 activation, as measured by increased
expression of PD-L2, RELMa (Fig. 5A), Argl, Ym1, 1110, Lipa, Cd36, Fabp4, Pparg and
Ppargc1b (Fig. S3A) was diminished in /r#4~~ compared to WT macrophages. IRF4
deficiency had no effect on iINOS expression, indicating that this transcription factor is not
important for M1 activation (Fig. S3B). /rf47~ macrophages exhibited defects in IL-4-
induced increases in glucose consumption, baseline ECAR, and GR (Fig. 5B-D), and failed
to upregulate expression of genes encoding key regulators of glycolysis, including S/c2al,
Hk1, Hk2, Gpil, Gapdh, Pfkp and Ldha (Fig. S3C). Moreover, |L-4-stimulated /rf4~/~
macrophages lacked etomoxir-sensitive SRC (Fig. 5E), and had low basal OCR and SRC,
indicating that they had not committed to FAO (Fig. 5E-G). Thus IRF4 plays a role in the
metabolic reprogramming that supports M2 activation

We asked whether mTOR was involved in IRF4 expression in M2 macrophages. We found
that Torin but not rapamycin strongly inhibited IRF4 expression (Fig. 5H), and that levels of
IRF4 were reduced in IL-4 stimulated Rictor-deficient, but increased in IL-4 stimulated
Raptor-deficient M2 macrophages (Fig. 51). This reflected diminished transcription of /rf4in
the absence of Rictor (Fig. 5J). Our data therefore support a role for mTORC?2 in the
expression of IRF4 in macrophages stimulated with IL-4.

We reasoned that if IRF4 expression is induced via the mTORC2 pathway, it should also be
sensitive to inhibition of other key components of this pathway that are important for M2
activation, including M-CSF, PI3K and AKT. Consistent with this, we found that removal of
M-CSF from IL-4-stimulated macrophages, or inhibition of PI3K or AKT, all inhibited IRF4
expression (Fig. 5K—M). Conversely, IL-4-stimulated phosphorylation of AKTS473 and Stat6
were similar in WT cells and macrophages from /r7£/fl-LLysMcre mice (Fig. S3D,E),
indicating that major IL-4 initiated upstream signaling events are occurring normally in the
absence of IRF4.

While our data support a role for mTORC2 in M2 macrophages, it is accepted that signaling
via Stat6 is critical for this activation process. We found that Sta6~~ macrophages were
unable to express RELMa. and PD-L2 in response to IL-4 (Fig. S3F), but also failed to
increase expression of IRF4 (Fig. S3G). This did not reflect an effect of the absence of Stat6
on mTORC2-dependent signaling, since NDRG1 and AKTS473 were equivalently
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phosphorylated in IL-4 stimulated WT and Stat6~~ macrophages (Fig. S3H). Our findings
indicate that IRF4 expression relies on both the Staté and mTORC2 pathways, and is critical
for metabolic remodeling and M2 activation in 1L-4 stimulated macrophages. While our data
point towards a role for CSFR1 in initiating mTORC?2 activation, activation of PI3K
downstream of the common vy chain of the IL-4 specific type | IL-4R (Heller et al., 2008)
could also be contributing to this activation pathway. In this context, it is intriguing that
IL-13 has been reported to be less effective than IL-4 at promoting M2 activation despite the
fact that it induces equivalent signaling through Stat6, since the type Il IL-4R which
recognizes IL-13 (in addition to I1L-4) is not coupled to PI3K/AKT (Heller et al., 2008). We
found that in pMacs isolated from mice that had been injected with pug-equivalent amounts
of IL-4c or IL-13c, RELMa and IRF4 expression was lower in the 1L-13 stimulated vs. IL-4
stimulated cells (Fig. S4A,B). Similar results were observed in a comparison of 1L-4 vs.
IL-13 stimulated bone marrow derived macrophages (Fig. S4C and data not shown). This
was despite near-equivalent Stat6 phosphorylation in IL-13 vs. IL-4 stimulated cells (Fig.
S4D), but reflected a relative lack of activation of the mTORC2 pathway, measured by
mTORS2481 and AKTS473 phosphorylation, in the IL-13 stimulated cells (Fig. S4E,F).

Loss of mMTORC2 signaling in macrophages suppresses tumor growth and decreases
immunity to a parasitic nematode

Tumor growth is supported by tumor-associated macrophages (TAMS) that exhibit M2 like
properties (Noy and Pollard, 2014). To examine the role of mTOR in TAMS, we implanted
B16 melanoma cells into Ricto®™®, Rapto*M?® and control (LysMCre) mice, and tracked
tumor growth. Tumors grew more slowly in Ricto®™® mice than in WT and RaptoAM®
mice (Fig. 6A) and TAM (defined as CD45*CD11b*CD64*F4/80* cells) M2 activation, as
measured by RELMa and IRF4 expression, was significantly diminished in Ricto®™® mice
(Figs. 6B,C). We did not see a difference in the number of TAMSs in tumors isolated from
Ricto™® or Rapto™® mice compared to WT mice, but did measure increased expression
of genes encoding IFN-y, TNFa and iNOS, which are linked to tumor control, and reduced
expression of //10, which inhibits anti-tumor immunity (Fig. S5A,B) (Noy and Pollard,
2014). We found no difference in the infiltration of tumors by myeloid-derived suppressor
cells (MDSCs; defined as CD457CD11b*Gr1* cells; Fig. S5C), which suggested the slower
growth rate of tumors in Ricto®™® mice was not due to diminished infiltration of MDSCs.

Finally, we asked whether loss of mMTORC?2 signaling in macrophages could affect resistance
to H. polygyrus. Primary infection with H. polygyrusin B6 mice induces a Th2 response,
but nevertheless is chronic (Reynolds et al., 2012). However, injection of IL-4c into infected
mice enhances type 2 immunity and M2 activation resulting in elimination of the parasites
(Huang et al., 2014). Consistent with this, the ability of IL-4c to eliminate worms from
infected Ricto®™® mice, was diminished compared to in control mice (Fig. 6D). Increased
basal OCR in pMacs from infected mice following IL-4c injection (Huang et al., 2014) was
diminished in infected Rictor®™® mice (Fig. S6A). Moreover, glycolysis in pMacs,
measured by ECAR, increased as a result of infection in control but not infected Ricto®M®
mice (Fig. S6B) (Injection of IL-4c had no effect on ECAR in these experiments). Failure of
metabolic reprograming in Rictor-deficient macrophages in infected/IL-4c-injected mice
correlated with diminished expression of RELMa. and IRF4 (Fig. S6C,D).
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Together, our findings indicate that diminished mTORC2 signaling negatively affects
macrophage M2 activation, with an associated gain in resistance to tumor progression, and
loss of resistance to helminth parasites.

Discussion

Changes in key metabolic regulatory events in immune cells can be initiated not only by
changes in nutrient and oxygen conditions, but also in response to the presence of danger
signals or antigen, or instructional signals received from other cells. For example in
macrophages stimulated by IL-4 to become alternatively activated, FAO increases to support
OXPHOS and these processes are critical for full M2 activation (Huang et al., 2014; Vats et
al., 2006). Compared to MO macrophages, M2 macrophages also exhibit changes in glucose
metabolism. mTOR plays a central role in integrating nutrient availability, and growth factor
and immune factor initiated signaling with metabolic demand (Sengupta et al., 2010;
Weichhart et al., 2015; Yang and Chi, 2012), processes that are important as immune cells
move from quiescent to activated states. Recent reports have implicated mTOR signaling in
macrophage polarization, indicating that mTORCL1 (Byles et al., 2013; Covarrubias et al.,
2015; Festuccia et al., 2014) can play both positive and negative roles in M2 cell activation
depending on context (Byles et al., 2013; Covarrubias et al., 2016), and revealing a role for
mTORC1 in an AKT-dependent pathway that regulates glucose metabolism in these cells
(Covarrubias et al., 2016). However, the role of mMTORC2, which has been implicated in
regulating glycolysis in other cell types (e.g. brown adipocytes (Albert et al., 2016)), has not
been examined in detail in macrophages. Here we report that mTORC2 operates in parallel
with the canonical IL-4Ra/Stat6 pathway to facilitate increased glycolysis during M2
activation. Our data implicate PI3K and AKT signaling initiated by M-CSF as components
in this pathway, and indicate that downstream induction of IRF4 expression plays a role in
facilitating metabolic reprograming to support M2 activation.

We found that increased glucose uptake is critical for M2 activation since 2-DG prevented
IL-4 from inducing/sustaining M2 activation even in the presence of TAGs and FA. We
previously reported that M2 activation can occur in the absence of external FA sources as
long as glucose is present, and suggested that glucose can be used to synthesize FA for FAO
(Huang et al., 2014). Our findings here support this contention since inhibition of glycolysis,
or of pyruvate entry into mitochondria, or of FAS, led variously to reductions in OCR, SRC
and etomoxir-sensitive oxygen consumption, and diminished cellular ATP levels supporting
the view that glucose is bioenergetically important for M2 macrophages. This interpretation
is consistent with renewed interest in the ability of increased flux through FAS to
concomitantly drive high levels of FAO and glycolysis for ATP regeneration (Cader et al.,
2016). It is important to note that a similar pathway of FAO supported by FAS operates in T
cells (O'Sullivan et al., 2014). It is also of note that a key intermediate in the synthesis of FA
from glucose is acetyl-CoA, which is made from citrate by the enzyme Acly. Recent reports
showed that Acly is important for M2 activation and postulated that this was due to the
importance of acetyl-CoA in histone acetylation (Covarrubias et al., 2016), but our data
suggest that it may also be important because of its role in FAS.
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Our data indicate that mTOR is critical for M2 activation. However, while mTORCL1 is
important for enhanced glycolysis in activated T cells (Delgoffe et al., 2009; Pollizzi et al.,
2015), its role in M2 macrophages is less clear, since enhanced mTORC1 activity caused by
deletion of 7scZenhances M1 activation and inhibits M2 activation (Byles et al., 2013;
Covarrubias et al., 2015) whereas in the presence of 7scZ, mTORC1 has been reported to be
important for M2 activation (Covarrubias et al., 2016). We found that mTORC1 is active in
M2 macrophages, since S6K is phosphorylated in these cells. Moreover, results from
experiments in which rapamycin was used to inhibit mTORCL, and in which mTORC1 was
inactivated by Raptor deletion, support the view that mMTORC1 antagonizes M2 activation to
some extent even in the presence of 7scZ, since in IL-4 stimulated cells glycolysis and
OXPHQOS, along with the expression of CD301 and RELMa were increased in the absence
of Raptor. Nevertheless, in our studies expression of Argl was decreased in the Raptor-
deficient IL-4 stimulated cells, which is consistent with previous reports, but so was
expression of Fabp4, which previously was shown to be induced by IL-4 in a Raptor-
independent manner (Covarrubias et al., 2016).

Like mTORC1, mTORC2 has been linked to enhanced glycolysis in other cell types, largely
due to its ability to activate AKT (Albert et al., 2016; Masui et al., 20144, b, 2015). Our data
indicate that there is tonal mMTORC?2 activity in resting macrophages, since both NDRG1 and
AKTS473 are phosphorylated. However, AKTS473 phosphorylation is increased in M2 vs. MO
macrophages, indicating that mMTORC?2 activity is upregulated following exposure to IL-4.
Loss of mMTORC2 function through deletion of Rictorled to inhibition of M2 activation and
diminished glycolysis and OXPHOS. Deletion of Rictorin hepatocytes has also been
reported to result in reduced glycolysis and FAS coupled to loss of AKTS473 phosphorylation
(Hagiwara et al., 2012). Our observations are consistent with the findings in T cells that
mTORC2 is critical for AKTS473 phosphorylation and Th2 cell development. Th2
polarization is also driven by IL-4 through Stat6, but despite its effect on Th2 polarization,
deletion of Rictorwas reported to have no effect on Stat6 phosphorylation (Delgoffe et al.,
2011; Lee et al., 2010). This indicates that in Th2 cells, as in M2 macrophages, the Stat6-
dependent and mTORC2-dependent pathways operate in parallel to promote changes in
cellular function. (Heller et al., 2008).

PI3K and/or AKT have either directly or indirectly been implicated in M2 activation
previously (Byles et al., 2013; Covarrubias et al., 2016; Ruckerl et al., 2012). Our findings
that PI3K activates mTORC2 and that mTORC2 phosphorylates AKT, and that all three are
important for M2 activation, provide context for these earlier findings. Our data suggest that
full activation of this pathway is dependent on M-CSF/CSF-1R. This is consistent with
previous reports that enhancement of macrophage survival by M-CSF is dependent on PI3K
and AKT, and linked to the ability to increase glucose uptake by promoting G/ut1 expression
(Chang et al., 2009). Since our data show that under constant M-CSF stimulation the
addition of IL-4 leads to increased glycolysis, it is likely that M-CSF and IL-4
synergistically promote the activation of the mMTORC2 signaling axis and the metabolic
reprogramming which are essential for M2 activation. This interpretation is supported by our
finding that, unlike IL-4, IL-13 fails to activate the mTORC2 pathway. This may represent
the critical difference between the strength of alternative activation signal delivered by IL-4
versus IL-13.
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Our data point to the induced expression of IRF4, a transcription factor controlling M2
activation (Satoh et al., 2010), as being a key function of mMTORC2 to promote metabolic
reprogramming during M2 activation. IRF4 is expressed in M2 macrophages and has been
shown to regulate the expression of glycolytic genes (Man and Kallies, 2015; Man et al.,
2013; Yao et al., 2013), suggesting a conserved link between mTOR, IRF4 and metabolic
reprogramming in immune cells. Our data show that IRF4 expression in M2 macrophages is
dependent on both 1L-4/Stat6 and M-CSF/mTORC?2 and this is compatible with the fact that
in T cells IRF4 also integrates disparate extracellular signals from cytokine receptors, T cell
receptor, and nutrient sensing pathways to sustain metabolic remodeling and appropriate
cellular function.

Infiltration by macrophages is a common feature of many solid tumors and M2 activated
TAMs are recognized as playing an important role in allowing tumors to progress and
metastasize (Noy and Pollard, 2014; Wynn et al., 2013). We found that tumor growth was
delayed in mice in which Rictorwas deleted in macrophages, and that in these tumors TAM
M2 marker expression was muted and pro-inflammatory mediator expression was increased.
Others have reported that CSF-1R blockade leads to suppression of TAM M2 activation and
reductions in tumor progression (Pyonteck et al., 2013), and cancer therapies based on the
inhibition of M-CSF/CSF-1R interactions are in clinical trials (Ries et al., 2015). Our
findings that M-CSF promotes mTORC?2 activation and that mTORC?2 is important for TAM
M2 activation are generally consistent with these reports. The finding that mice lacking
Rictorin macrophages developed fewer M2 macrophages in response to infection with H.
polygyrus or injection of 1L-4 support a role of mMTORC?2 in metabolic reprogramming and
M2 macrophage activation.

We believe that our data from targeting numerous points in the mTORC2 pathway are
consistent with a role for mTORC2 signaling in metabolic reprograming during M2
activation. Our data indicate that alternative macrophage activation in response to IL-4
requires not only signaling through the canonical Staté pathway, but also input from the
mTORC2 pathway, and suggest that this signal is initiated synergistically by IL-4 and M-
CSF and mediated by AKT downstream of mMTORC2. We propose that induction of
expression of IRF4 is ultimately the mechanism through which glucose metabolism is
promoted to support FAO and OXPHOS. Fuller understanding of this process will require
mechanistic insights from approaches such as ChiP-seq to identify genes targeted by IRF4 in
IL-4 stimulated cells, and genome-wide assays to broadly identify mTORC2-dependent
changes, including those at genes discussed herein. Our findings point to mTORC2 as a
potential target for the therapeutic manipulation of M2 activation /n vivo. This approach may
have value in the treatment of cancers and the inhibition of detrimental tissue changes such
as fibrosis that are associated with allergies and atopy.

Experimental Procedures

Animals and in vivo experiments

Mice were orally infected with H. polygyrusand parasite burden was quantitated as
described (Huang et al., 2014). Infected mice were injected with 2-DG or PBS i.p. for 3 hr,
and pMacs were harvested and analyzed, or with IL-4c on days 9, 11, 13 and 15 after
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infection. For CSF1R blockade, mice were injected i.p. with thioglycollate (Sigma)
immediately prior to injection with IL-4c with anti-CSF1R mAb or control IgG. For
comparisons of effects of IL-4 and IL-13,mice were injected i.p. with 1L-4c or IL-13c, or
PBS, on days 0 and 3, and pMacs were harvested by lavage on day 4. For tumor
experiments, B16-OVA melanoma cells were injected s.c. Tumors were measured every
other day and excised post mortem at day 16 post-implantation; single cell suspensions were
made for analysis. Total PECs and pMacs were determined by cell counting in combination
with flow cytometry. Cells were maintained on ice until use or analysis.

Preparation of macrophages from bone marrow and macrophage activation

Marrow was flushed from bones, dissociated by pipetting, and grown in mouse M-CSF in
complete medium for 7 d after which macrophages were stimulated with I1L-4, IL-13 or LPS
plus IFN-y with or without 2-DG, UK5099, rapamycin, Torin 1, LY294002, triciribine
(AKTi) or C75 for 24 hr. For M-CSF withdrawal, bone marrow macrophages were
transferred to M-CSF-free medium for 24 hr prior to IL-4 stimulation. Macrophages were
harvested 24 hr later for analysis.

Retroviral transduction

Sequences for luciferase, Mpc-1, Cptiaand Acacashort hairpin RNAs (ShRNASs) were
obtained from Open Biosystems and cloned into MSCV-LMP retroviral vector encoding
huCD8 or green fluorescent protein (GFP) as a reporter. For overexpression, S/c2al
sequence (Glutl) was cloned into MSCV-IRES retroviral vector, encoding GFP as a reporter
(Chang et al., 2015). Day 3 bone marrow macrophage cultures were spin infected with
retrovirus (Everts et al., 2014). At day 7 of culture, macrophages were harvested and
transduced cells were identified by huCD8 or GFP expression.

Metabolism assays

ECAR and OCR measurements were made using an XF-96 Extracellular Flux Analyzer
(Seahorse Bioscience) as described (Huang et al., 2014). Glucose, ATP and TAGs were
measured using commercially available Kits.

Flow Cytometry

Cells on ice were blocked with anti-CD16/32 before surface staining with Ab to CD45,
CD11b, F4/80, CD64, CD301, PD-L2, and Ly-6G/Ly-6C. For intracellular staining, cells
were fixed and permeabilized and stained with rabbit anti-RELMa., mouse anti-NOS2,
mouse anti-TNFa, mouse ant-phospho-AKT Ser473 (p-AKT$473), mouse anti-phospho-
Stat6 Tyr641, rabbit anti-phospho-mTOR Ser2481 (p-mTORS2481)  anti-Glutl, mouse anti-
IRF4, or mouse anti-Ki67, followed by incubation with appropriate fluorochrome-
conjugated secondary antibodies. Cells were also stained with 2-NBDG. Data were acquired
by flow cytometry and analyzed with FlowJo v.9.5.2 (Tree Star).

Cell fractionation and Western blotting

Cells were lysed in buffer containing 1% Triton X-100 and 0.1% SDS with protease and
phosphatase inhibitors. Anti-phospho-p70 S6 kinase (p-S6K), anti-p70 S6 kinase (S6K),
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anti-phospho-NDRG1 Thr346 (p-NDRG1), anti-NDRG1, anti-p-AKT$473, anti-AKT, anti-p-
Stat6, anti-Stat6 and anti-p-actin were used and detected with peroxidase-linked secondary
antibody followed by ECL Western Blotting Detection Reagents (GE Healthcare). Images
were analyzed using ImageJ (NIH).

Gene expression

The Tagman method was used for real-time PCR with primers from Applied Biosystems.
The expression of MRNA was normalized to that of mMRNA encoding p-actin. Analysis of
reported RNAseq data set (Huang et al., 2014) was used for data in Fig. 1B and S1B.

Statistical analysis

Comparisons for two groups were calculated using One-way ANOVA and, where indicated,
unpaired two-tailed Student’s #tests. Differences were considered significant when p-values
were below 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Glucose metabolism is essential for M2 macrophage activation
(A) Glucose uptake by bone marrow macrophages cultured for 24 hr in medium alone (MO0)

or with IFNvy plus LPS (M1), or with IL-4 (M2). (B) Relative expression of genes encoding
glycolysis pathway enzymes. (C) ECAR at baseline and after sequential treatment with
oligomycin (Oligo) and FCCP. GR, glycolytic reserve. (D) PD-L2 and RELMa expression
in macrophages cultured for 24 hr in 1L-4 with or without 2-DG, and in MO macrophages.
(E) Effect of 2-DG on Basal ECAR and GR in M2 macrophages. (F) Levels of ATP in
macrophages cultured for 24 hr without (MO0) or with (M2) IL-4 with or without 2-DG or
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UK5099. (G) PD-L2 and RELMa. expression in macrophages cultured for 24 hr in IL-4 with
or without UK5099, and in MO macrophages. (H) iNOS expression by macrophages
cultured for 24 hr in MO or M1-polarizing conditions with or without UK5099. (I) RELMa
expression in M2 macrophages transduced with Luc hpRNA or Mpc-1 hpRNA retroviruses.
(J-K) Basal OCR and SRC of M2 macrophages with or without 2-DG or UK5099. (L)
Relative OCR of Mpc-1 hpRNA transduced M2 macrophages, relative to untransduced MO
macrophages. (M) Levels of TAGs in macrophages cultured for 24 hr with IL-4 with or
without 2-DG or UK5099. (N) Plan to assess the role of glucose in M2 macrophage
activation during helminth infection. (O) The total number of PEC; (P) the frequency of
RELMa* pMacs, and (Q) the percentage of pMacs expressing the proliferation marker Ki67
(Ki67*M®), in mice from experiment shown in (N). PEC from naive mice (2 per group)
were controls. *£< 0.05, **P< 0.005 and ***P< 0.0001 (Student’s #test). In D-I data are
from flow cytometry. In D, G, H and | data from pooled replicates from one experiment are
shown. In D, G, numbers are percentages of macrophages that are positive for both markers
and in H, I, numbers are mean fluorescence intensity (MFI). Numbers in these panels
represent mean + s.e.m of data from three or more independent experiments. In A, E, F, -M
and O-Q, data are mean * s.e.m. of technical replicates from one experiment, representative
of 3 or more independent experiments. In B data from macrophages harvested from two MO
cultures and three M2 cultures are shown.
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Figure 2. mTORC?2 is required to promote metabolic reprogramming and cellular activation in
IL-4 stimulated macrophages

Bone marrow macrophages were from WT (Ctrl), Ricto®™® and Raptor™® mice. (A)
Activity of mTORC1 and mTORC2 was assessed by immunoblot analysis for the indicated
phosphoproteins from MO macrophages, or macrophages stimulated for 3 hr with 1L-4 (M2).
(B) ECAR of M2 macrophages at baseline and following sequential treatment with
oligomycin and FCCP. (C) Basal ECAR of M2 macrophages. (D) OCR of M2 macrophages
at baseline and following sequential treatment with oligomycin, FCCP, etomoxir (ETO) and
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rotenone + antimycin. (E-F) Basal OCR and SRC of M2 macrophages. (G) Expression of
CD301 and RELMa in M2 macrophages, assessed by flow cytometry. MFI: mean
fluorescence intensity. (H-K) WT or Rictor®™® macrophages were either untransduced
(UT) or transduced with retrovirus encoding a control reporter gene (EV-Ctrl)) or a reporter
gene plus the S/cZal sequence (encodes Glutl), and stimulated with IL-4. Glutl expression
(H), and expression of PD-L2 and RELMa (I) were measured by flow cytometry. MO WT
macrophages were included in as a control in (1). ECAR (J) and OCR (K) were measured
sequentially before and following the addition of inhibitors as indicated. In B-F, H, J and K,
data are mean = s.e.m. of technical replicates from one experiment representative of two or
more independent experiments. Data in A, G and | are from pooled replicates from one
experiment representative of two or more independent experiments. Numbers in G and | are
mean MFI £ s.e.m (G) or mean % = s.e.m, of date from two or more experiments. **P <
0.005 and ***P < 0.0001.
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Figure 3. PIBK/AKT signaling is essential for M2 activation
(A) PD-L2 and RELMa expression by macrophages cultured for 24 hr in the absence (MO0)

or presence of IL-4 (M2) plus or minus triciribine (AKTi). (B) 2-NBDG staining of
macrophages treated as in panel A. (C,D) Basal ECAR, basal OCR and SRC of
macrophages treated as in A. (E) Expression of PD-L2 and RELMa. by M0 macrophages, or
by M2 macrophages with or without LY294002 (PI3Ki) for 24 hr. (F,G) Basal ECAR, basal
OCR and SRC in macrophages treated as in panel E. (H) Phosphorylation of mTORS2481 (p-
mTORS2481) and AKTS473 (p- AKTS473) in macrophages treated as in panel E. (1)
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Phosphorylation of NDRG1 and Stat6 from unstimulated macrophages (MO) or
macrophages stimulated with IL-4 (M2) for 3 hr in the presence or absence of PI13Ki and
AKTI, assessed by immunoblot analysis. Data in A,B, E and H are from flow cytometry, and
are from individual experiments, but numbers represent mean % or mean MFI, + s.e.m, of
data from three or more independent experiments. In C, D, F and G, data are mean £ s.e.m.
of technical replicates from one experiment representative of three or more independent
experiments. Data in | are from one experiment representative of three independent
experiments. ***P< 0.0001.
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Figure 4. M-CSF is essential to regulate mTORC2 signaling in M2 macrophages
(A) Expression of PD-L2 and RELMa in macrophages cultured for 24 hr with (M2) or

without (MO) IL-4 or M-CSF. (B) Expression of iNOS and TNF-a in macrophages cultured
for 24 hr with (M1) or without (MO) IFN-y + LPS or M-CSF. (C) Glucose consumption, and
(D) basal ECAR and basal OCR of M2 macrophages treated as in (A). (E) Level of
phosphorylated AKT3473 in macrophages as in A, assessed by flow cytometry. MFI values
are shown. (F) Scheme to examine the effect of blocking M-CSF/CSF1R interaction on M2
activation in vivo. (G) Phosphorylated NDRG1 (p-NDRG1) in pMacs was measured by
immunoblot; band density was normalized to loading controls and is presented in arbitrary
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units (AU). (H) Level of AKTS473, phosphorylation, and (1) frequency of RELMa* cells, in
pMacs. Data in A,B, E, H and I are from, flow cytometry and in A, B and E are from one
experiment representative, but numbers represent mean % (A) or MFI (B,E) values, + s.e.m,
from three independent experiments. In C,D and G-I, data are mean * s.e.m. of technical
replicates from one experiment representative of three or more independent experiments. * P
< 0.05, **P < 0.005 and ***P < 0.0001.
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Figure 5. IRF4 mediates glucose metabolism to promote M2 activation
Bone marrow macrophages were from WT (/rf4*/*) and /rf47~ mice. (A) Expression of PD-

L2 and RELMa in macrophages cultured for 24 hr without (MO0) or with (M2) IL-4. (B)
Glucose uptake and (C) basal ECAR after macrophage culture in 1L-4 for 24 hr. (D) ECAR
of macrophages cultured for 24 hr in IL-4, followed by sequential treatment with oligomycin
and FCCP. (E) OCR of macrophages cultured for 24 hr in I1L-4, followed by sequential
treatment with oligomycin, FCCP, etomoxir and rotenone + antimycin. (F) OCR and (G)
SRC of macrophages after culture in IL-4 for 24 hr. (H) IRF4 expression by macrophages
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after culture without or with IL-4 for 24 hr plus or minus rapamycin (Rapa; 20 nM) or Torin
1 (Torin; 100 nM). (1) IRF4 expression by Raptor or Rictor deficient macrophages after
culture without or with IL-4 for 24 hr. (J) Expression of /rf4in IL-4 stimulated WT
macrophages, or macrophages lacking Raptoror Rictor, as measured by qRT-PCR
(expression normalized to WT MO macrophages and presented in arbitrary units, AU). (K-
M) IRF4 expression by macrophages after culture without (MO) or with (M2) IL-4 or M-
CSF (K), PI3Ki (L) or AKTi (M) for 24 hr. Data in A, H, I, K-M are from flow cytometry
and are from individual experiments, but numbers represent mean % (A) or MFI, + s.e.m., of
data from 3 or more independent experiments. In B—-G, data are mean * s.e.m. values from
technical replicates from one experiment, representative of three or more independent
experiments). *P< 0.05, **P < 0.005 and ***P < 0.0001.
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Figure 6. Loss of MTORC2 activity in macrophages suppresses tumorigenesis and inhibits
protective immunity against H. polygyrus
(A) Growth profile of tumors following inoculation of 2x10° B16-OVA melanoma cells into

WT (Ctrl), Raptor®™? or Rictor®™® mice. (B) Top, IRF4 expression by TAMS from day 16
tumors from from Ctrl, Rapto®™® and Ricto®M®. Bottom, geometric MFI of IRF4 staining
shown in top panel. (C) Top, RELMa expression by TAMs, as in (B). Bottom, gMFI of
RELMa. staining shown in top panel. (D) Adult H. polygyrus counts from infected WT
(Ctrl) and Rictor®™® mice which on days 9, 11, 13 and 15 after infection were injected with
PBS (Inf) or IL-4c (Inf+IL-4c), followed by analysis on day 16. Data are mean + s.e.m. of
five to six individually analyzed mice/group in one experiment, and representative of two
independent experiments (A-C), or from one experiment representative of two independent
experiments (mean = s.e.m. of three to five mice per group) (D). *P < 0.05, **P < 0.005 and
***P<0.0001.
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