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A B S T R A C T

Oncostatin M (OSM), an inflammatory cytokine belonging to the interleukin-6 (IL-6) superfamily, plays a vital
role in multitude of physiological and pathological processes. Its role in breast tumor progression and metastasis
to distant organs is well documented. Recent reports implicate OSM in macrophage M2 polarization, a key pro-
tumoral phenomenon. M2 polarization of macrophages is believed to promote tumor progression by potentiating
metastasis and angiogenesis. In the current study, we delineated the mechanism underlying OSM induced
macrophage M2 polarization. The findings revealed that OSM skews macrophages towards an M2 polarized
phenotype via mTOR signaling complex 2 (mTORC2). mTORC2 relays signals through two effector kinases i.e.
PKC-α and Akt. Our results indicated that mTORC2 mediated M2 polarization of macrophages is not dependent
on PKC-α and is primarily affected via Akt, particularly Akt1. In vivo studies conducted on 4T1/BALB/c mouse
orthotropic model of breast cancer further corroborated these observations wherein i.v. reintroduction of
mTORC2 abrogated monocytes into orthotropic mouse model resulted in diminished acquisition of M2 specific
attributes by tumor associated macrophages. Metastasis to distant organs like lung, liver and bone was reduced
as evident by decrease in formation of focal metastatic lesions in mTORC2 abrogated monocytes mice. Our study
pinpoints key role of mTORC2-Akt1 axis in OSM induced macrophage polarization and suggests for possible
usage of Oncostatin-M blockade and/or selective mTORC2 inhibition as a potential anti-cancer strategy parti-
cularly with reference to metastasis of breast cancer to distant organs such as lung, liver and bone.

1. Introduction

The solid tumors are not isolated niche of transformed cancer cells
alone; they also include a complex and heterologous peritumoral
stroma comprised of non cancer cells such as fibroblasts, smooth muscle
cells, neutrophils and macrophages [1]. Of particular significance are
macrophages, as they represent the most abundant subpopulation of
immune cells infiltrating into tumor stroma and constitute 5–40% of
tumor mass [2]. While cytotoxicity of macrophages in the early immune
response contributes to tumor killing, at later stages i.e in malignant

tumors, macrophages promote tumor progression resulting in poor
patient prognosis [3]. These diametrically opposite functions are pos-
sible due to tremendous degree of heterogeneity and plasticity which is
a hallmark of monocyte-macrophage lineage cells [4]. Dictated by cy-
tokine milieu of the tumor microenvironment, macrophages rapidly
undergo phenotype switching to acquire either of the two functionally
distinct extremes of physiological/phenotypic continuum viz. classi-
cally activated M1 polarized state or alternatively activated M2 polar-
ized state [5,6]. The M1 macrophages predominantly secrete pro-in-
flamatory mediators to trigger inflammatory responses and are
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tumoricidal. In contrast, the M2 macrophages mainly produce anti-in-
flammatory mediators for dampening the inflammatory responses and
exhibit pro-tumoral functions [7]. Although, both the subtypes have
been observed in tumor, the majority of tumor associated macrophages
(TAMs) exhibit M2 specific attributes [1]. Mounting evidence suggests
that the infiltrated macrophages initially have an immature or anti-
tumoral M1-polarized phenotype; however continued presence in
tumor microenvironment polarizes them to pro-tumoral M2-skewed
TAMs [8]. Better discernment of mechanisms governing macrophage
M2 polarization particularly in consideration of unique physiochemical
features of tumor microenvironment is well warranted as this is likely
to unravel key molecular determinants which in turn could be targeted
for attenuating macrophage M2-polarization and/or their reprogram-
ming to M1 subtype. It is proposed that by way of depriving tumor cells
of important growth support derived from M2 macrophages, and/or
enhancing the anti-tumor immune response contributed by M1 mac-
rophages, this could serve as effective anti-cancer strategy [1].

Hypoxic tumor milieu has been postulated as one of the most
probable causes of macrophage M2-polarization [8]. Consistent with
this, the hypoxic area of human endometrial [9], breast [10,11],
prostate [12] and ovarian carcinomas [13] are known to have large
congregation of M2 like TAMs. Although the evidence in support of
hypoxic microenvironment being instrumental in macrophage recruit-
ment and polarization are gradually mounting [8], the exact me-
chanism underlying sequestration of macrophages to hypoxic regions
and their subsequent polarization is poorly understood and warrants an
in-depth investigation. We recently demonstrated Oncostatin M (OSM)
as one of the key mediators for recruitment and polarization of mac-
rophages with in hypoxic cancer milieu though the underlying me-
chanism of OSM induced Macrophage M2 polarization remains obscure
[14].

OSM, a member of IL-6 family of cytokine is produced by in-
flammatory cells as well as by some tumor cells and primary human
cells eg. oesteoblasts [15,16]. Ample experimental evidence suggest for
a key role of OSM during tumor progression particularly breast cancer
[17]. While normal mammary epithelial cells express lower levels of
OSM, its levels are markedly upregulated in ductal carcinoma in situ and
invasive breast carcinoma [18]. In addition, other tumor micro-
environment subpopulations such as tumor-associated macrophages
and neutrophils also express and release high levels of OSM in response
to breast cancer cells [19]. The essential prerequisites for metastatic
transformation of cancer cells viz. epithelial to mesenchymal transition
[20], cell-substrate detachment and ECM degradation [17,21], all are
positively modulated by OSM, thus pointing towards OSM as one of the
key actuators of cancer metastasis. Accordingly, targeting OSM resulted
in diminished mammary tumor metastasis and osteolytic bone de-
gradation thereby designating OSM as a liable therapeutic target for
impeding bone metastasis and bone erosion in breast cancer patients
[22]. OSM like other IL-6 family cytokines like LIF promotes macro-
phage M2 polarization in ovarian cancer model [23]. While the me-
chanisms by which OSM promotes tumor cell intrinsic pathways of
cancer progression are well documented [24], however the mechanism
underlying M2 polarization remains obscure. Thus in current study, we
set out to identify the mechanism by which OSM may educate macro-
phages to acquire the pro-tumoral M2 polarized phenotype. Particular
emphasis was laid on hypoxic tumor environment as hypoxia is known
to selectively promote macrophage M2-polarization via hypoxic cancer
cell derived OSM.

2. Materials and methods

2.1. Cell culture

Human leukemia monocyte THP-1 cells, human mammary cancer-
derived cells (MCF-7, MDA-MB-231) were procured from ATCC. Cells
were maintained in RPMI 1640 or DMEM, respectively, using standard

mammalian cell culture methods. THP-1 cells were differentiated to
macrophages using 30 nM Phorbol 12-myristate 13-acetate (PMA) ac-
cording to Daigneault et al [25]. Human PBMCs were allowed to dif-
ferentiate into resting macrophages after 7 days of culture in RPM1
1640. Non-adherent cells were removed by discarding the media and
washing with PBS. Differentiation was ascertained by evaluating the
expression of macrophage specific markers viz, CD16 and Myeloid Cell
Leukemia sequence-1(Mcl-1).

2.2. Hypoxia treatment

Cancer cells were exposed to hypoxia using hypoxia chamber (Stem
cell technologies, USA) maintained at low oxygen levels (1% O2, 5%
CO2 and 94% N2). The culture were placed in the hypoxia chamber and
existing culture medium was replaced with deoxygenated RPMI 1640/
DMEM. Deoxygenated medium was prepared before each experiment
by equilibrating the medium with a hypoxic gas mixture containing 1%
O2, 5% CO2 and 94% N2 at 37 °C. The oxygen concentration in the
hypoxic chamber and the exposure medium was monitored by using an
oxygen indicator (Forma Scientific Marietta, OH).

2.3. Fluorescence immunocytochemistry and flow cytometry

For fluorescence immunocytochemical detection of M2-polarized
macrophage, the culture supernatant of control and experimental
macrophage cultures (grown in sterile coverslips) was removed and
cells were washed twice with DPBS, followed by fixation with 3.7%
paraformaldehyde at 37 °C. After washing with DPBS thrice the spe-
cimen were blocked with 5% BSA for 1 h. Thereafter cells were in-
cubated overnight with anti-human CD206 or anti-human CD163
mouse antibodies (1:100) at 4 °C. Specimens were then incubated with
Alexa fluor 555 conjugated anti-mice IgG (1:200) for 1 h. Finally cells
were mounted in prolong gold antifade-DAPI aqueous mounting media
and visualized (200X) using Carl Zeiss florescence microscope. For
flowcytometry based detection of CD206 positive M2-macrophges, the
control and experimental macrophage cultures were fixed with 3.7%
paraformaldehyde for 20min at 37 °C washed with PBS twice and
harvested for flowcytometry. Cells were suspended in PBS and in-
cubated with FITC conjugated anti-CD206 antibody for 1 h at 4 °C.
Finally, 10,000 viable cells were analyzed by flowcytometry using FACS
Calibur flowcytometer (BD Biosciences, USA).

2.4. Immunoblotting

Total protein were extracted from cells using radio im-
munoprecipitation assay (RIPA) buffer containing protease and phos-
phatase inhibitors. Protein content in the supernatants was determined
using Lowry’s Folin method [26] and separated on 6 and 12% SDS-
PAGE. Blots were incubated with corresponding primary and HRP-
conjugated secondary antibodies. Peroxidase activity was analyzed
with the ECL chemiluminescence substrate system (USA).

2.5. Real-time PCR

Total RNA was isolated with Trizol reagent (Molecular Research
Center), and cDNA was obtained from 2 µg of total RNA using High
Capacity cDNA Reverse Transcription Kit. Quantitative PCR was per-
formed on a Light Cycler 480 System (Roche) in 96-well plates using
SYBR Green qPCR Master Mix in accordance with manufacturer’s pro-
tocol. Data were analyzed using the Roche Light Cycler 480 software
(Version 1.5). Cp and Ct were calculated by the Second Derivate
Maximum Method. The amount of the target mRNA was examined and
normalized to the β-actin gene mRNA. The relative expression ratio of a
target gene was calculated as described by Pfaffi [27]. Results represent
data from three separate experiments. Forward and Reverse Primer
sequence is given in suppl.8
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2.6. Short interfering RNA (siRNA) transfection

Briefly, 4×105 cells were differentiated in RPMI supplemented
with 10% CSFBS and were transfected with 600 pM of pooled pre-va-
lidated siRNAs using siPort NeoFX reagent (Ambion, USA). 24 h after
transfection, the culture media was replaced with fresh media. Cells
were further maintained for 24 h and subsequently harvested for re-
spective experiments. The sources of siRNAs has been mentioned in
suppl. 13.

2.7. Plasmids and transfection

All plasmid transfection experiments were carried out using pre-
validated and quantified plasmids using Lipofectamine LTX (3000) re-
agent according to manufacturer’s instruction. The sources of Plasmids
has been mentioned in suppl. 13.

2.8. Animals

All procedures with mice were done under an Institutional Animal
Care and Use Committee-approved protocol (#IAEC/2014/141).
Female BALB/c mice of 4 weeks age were procured from institutional
laboratory animal facility. Mice were housed in polypropylene cages in
a group of five /cage. They were maintained on pellet diet, water ad
libitum, and regular alternate cycles of 12 h light and darkness. Prior to
tumor initiation, animals were acclimatized for 7 days.

2.9. Subcutaneous orthotropic mammary tumor model of 4T1 cells in
BALB/c mice

4T1/BALB/c tumors were initiated by injecting 1×106 viable 4T1
cells subcutaneously in the T4 of mammary fat pad of the BALB/c mice.
After two days the animals were boosted by injecting another dose of
1× 106 viable 4T1 cells at the initial injection site. The growth of
tumor was monitored throughout the experiment with tumor size being
measured daily using vernier calipers and represented in terms of tumor
volume [=4/3π X(Long axis/2) X(Short axis/2)]. After the tumor at-
tained a size of 8–10mm3, the tumor bearing mice were randomized
into 4 groups based on tumor volume with each group comprising of 4
mice/group. Mouse PBMCs were isolated using Ficoll Plaque density
gradient 1.084. The mice were treated with GdCl3 10mg/kg once a
week through caudal vein. The isolated monocytes were cultured in
RPMI media supplemented with 10% FBS and 1% antimycotic and
antibiotic. Mouse monocytes were transfected with the siRNA targeted
against Rictor and Quantum-dots (Q-Dots) before being reintroduced to
the mice [28]. Q-dots also known as quantam dots are labeled nano-
crystals which permeate in the cells owing to their small sizes in nan-
ometer range. Once inside the cells they grow in sizes due to which they
get entrapped as they cannot diffuse out of cell. They give out red
fluorescence and expressed by them till 7 generations. 2 weeks later all
the mice were killed by cervical dislocation. The tumor was removed
and stored for further examination. Liver, lung and bone were excised.
The animal groups are as described in suppl. 12.

2.10. Isolation of macrophages from tumor

Tumor tissue was cut into 2mm fragments, followed by collagenase
digestion (0.3 mg/ml). The suspension was filtered through a 70 μm
stainless steel wire mesh to generate single cells which were then
processed for flowcytometric detection, immunoflurocsence micro-
scopy of CD206 and RT-PCR for mRNA expression of Arginase-1 and
Cycloxygenase-2.

2.11. H&E staining

H&E staining was performed on formalin-fixed, paraffin embedded

tissue sections (5 µm). Tissue architecture and metastatic foci were
visualized by examining hematoxylin and eosin stained section of each
specimen (200×) using Leica11521249BZ:00 DFC450C bright field/
fluorescence microscope.

2.12. MicroCT analysis

A high-resolution X-ray micro-computed tomographic (μCT) for
two-dimensional (2D) and three-dimensional (3D) assessment of bones
(excised bones) were carried out using a Sky Scan 1076 μCT scanner
(SkyScan, Ltd, Kartuizersweg, Kontich, Belgium). Briefly, after scanning
bone samples at a nominal resolution (pixels) of 9 μm and X-ray source
of 50 kV-201 µA, cross-sectional reconstruction was made using
SkyScan Nrecon software based on a modified Feldkamp algorithm. To
analyze trabecular region and create 2D trabecular network model,
region of interest (ROI) was drawn on a total of 100 slices in the region
of secondary spongiosa (SS) situated 1.5 mm away from the distal
border of growth plate (GP) excluding primary spongiosa (PS) and
cortical bone. For whole bone lesion model ROI was drawn on a total
500 slices including both trabecular and cortical region of tibia. Bone
model was created by using CTAn and CTVol software.

2.13. Statistical analysis

Data were summarized as Mean and SEM. Groups were compared
by one-way analysis of variance (ANOVA) followed by Newman–Keuls
post hoc test. A two-tailed p < 0.05 was considered statistically sig-
nificant.

3. Results

3.1. Hypoxic cancer cell secretome induced M2-polarization of
macrophages was associated with potentiated mTOR signaling complex-2

Hypoxic cancer cell secretome skews macrophages towards an M2-
polarized phenotype [14]. Akt isoforms (differentially regulate) play a
central role in macrophage polarization [29]. Because mTORC2 is es-
sential for full activation of Akt, we sought to assess mTORC2 activation
status during hypoxic cancer secretome induced macrophage M2-po-
larization. In addition to enhanced presence of M2 specific attributes,
the level of key mTORC2 activation marker viz. p-Ser2481-mTOR was
markedly upregulated in macrophages (THP-1 and HuPBMMCs drived
macrophages) incubated (for 24 h) with CM harvested from breast
cancer cells subjected to varying durations (3, 6 and 24 h) of hypoxia
(Fig. 1A and suppl.2A, 3A). Similar to M2-polarization, the extent of
mTORC2 potentiation was proportional to the duration of hypoxia
(Fig. 1B and Suppl.2B, 3B). Phosphorylation status of both PI3K de-
pendent (Akt) and independent (PKC-α) downstream targets of
mTORC2 was assessed as an additional confirmatory measure of
mTORC2 activation. Increased HM phosphorylation of key downstream
targets viz p-Ser473Akt and p-Ser657PKCα further corroborate heigh-
tened mTORC2 activation in macrophages by hypoxic cancer cell se-
cretome. The level of M2 specific CD206 expression levels and p-
Ser2481-mTOR exhibited maximal elevation in macrophages that were
incubated with CM harvested from 6hrs hypoxic cells with no further
increase when incubated with 24 h hypoxic cells. Therefore, to develop
the data further, we next incubated macrophages for varying durations
(0, 12, 24 h) with CM harvested from breast cancer cells MDA-MB-231
subjected to hypoxia (Hx-Ca-CM) for a fixed duration (6 h) and eval-
uated mTORC2 activation status. Macrophages exhibited a character-
istic duration dependent increase in the activation status of mTORC2 as
reveled by elevated p-Ser2481-mTOR, p-Ser473Akt and p-Ser657PKCα
levels in concurrent to upregulation in markers of M2 polarization
(Fig. 1C and D). To ascertain that breast cancer cells experienced hy-
poxia, HIF-1α expression was evaluated in MDA-MB-231 and MCF-7
(suppl.1)
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3.2. Rictor directed modulation of mTORC2 activity resulted in altered M2-
polarization of THP-1 derived macrophages by hypoxic cancer cell
secretome

Precisely concurrent activation of mTORC2 signaling during Hx-Ca-
CM induced M2 polarization suggested that mTORC2 pathway could be
coordinating the process. To examine this hypothesis, we first evaluated
the effect of mTORC2 abrogation on macrophage M2 polarization. The
mTORC2 signaling was obstructed in macrophages via siRNA mediated
downregulation of Rictor, a key regulatory/structural subunit essential
for functionally intact mTORC2 [30]. Compared to normal macrophage
cultures, the ones incubated with cancer cell CM (Ca-CM) exhibited M2-
polarized macrophages to a greater extent as revealed by flowcytomety
based detection of M2-specific cell surface marker viz. CD206 and q-RT-
PCR based mRNA expression level analysis of M2-specific functional
markers viz Arginase-1 (Arg-1) and Cyclooxygenase-2 (COX-2). As ex-
pected, compared to Nx-Ca-CM, exposition of macrophages to Hx-Ca-
CM resulted in elevated CD206+ve cell count, however the macro-
phages cultures where mTORC2 signaling was obstructed prior to ex-
position to normoxic or hypoxic conditioned media, the CD206 positive
cell count was much diminished as compared to corresponding control
cells. The mRNA expression levels of M2-specific functional markers

viz. Arg-1 and COX-2 exhibited similar trend (Fig. 2A and Suppl.5). The
data indicated that impaired mTORC2 signaling not only results in di-
minished M2 polarization of macrophages by Hx-Ca-CM particularly,
but even the basal level of macrophage phenotype switching following
their incubation with Nx-Ca-CM gets markedly hampered. The role of
mTORC2 was further ascertained by augmenting the mTORC2 signaling
in macrophages via ectopic over expression of Rictor. Results revealed
that compared to control macrophages, the ones with heightened
mTORC2 signaling exhibited increased presence of M2-specific attri-
butes. Amongst the macrophages exposed to Nx-Ca-CM, the Rictor
overexpression mediated increased mTORC2 signaling was sufficient to
produce robust increase in M2-polarization as revealed by increased
CD206+ve cell count, Arg-1 and COX-2 mRNA expression levels. Rictor
overexpression also culminated in enhanced Hx-Ca-CM induced M2-
polarization albeit to a lesser degree as compared to corresponding
macrophages (Rictor over expressing) exposed to Nx-Ca-CM. The results
indicated for regulatory role of mTORC2 during M2-polarization of
macrophages particularly in response to their exposure to hypoxic
cancer cell secretome (Fig. 2B).

Fig. 1. Hypoxic cancer cell secretome induced M2-polarization of macrophages was associated with potentiated mTOR signaling complex-2. (A) THP-1 derived
macrophages were incubated with conditioned media (CM) from hypoxia primed (3, 6 and 24 h) breast cancer MDA-MB-231 cells (Hx-Ca-CM) for 24 h as indicated in
the figure, followed by phenotypic evaluation using flowcytometry and immunocytochemistry. Representative flowcytometry data and photomicrographs depicting
M2 polarization of THP-1 derived macrophages using M2 surface markers anti-CD206 and anti-CD163. (B) Lysates of THP-1 derived macrophages incubated with
conditioned media (CM) from hypoxia primed (3, 6 and 24 h) breast cancer MDA-MB-231 cells (Hx-Ca-CM) for 24 h as indicated in figure were resolved through SDS-
PAGE and western blots of the membranes were detected using antibodies against p-Ser2481mTOR, mTOR, p-Ser657PKC-α PKC-α, p-Ser473Akt, Akt and β-actin. (C)
THP-1 derived macrophages were incubated with conditioned media (CM) from Hypoxia primed (6 h) breast cancer MDA-MB-231 cells (Hx-Ca-CM) for (3, 6 and
24 h) as indicated in figure, followed by phenotypic evaluation using flowcytometry and immunocytochemistry. Representative flowcytometry data and photo-
micrographs depicting M2 polarization of THP-1 derived macrophages using M2 surface markers anti-CD206 and anti-CD163. (D) Lysates of THP-1 derived mac-
rophages incubated with conditioned media (CM) from Hypoxia primed (6 h) breast cancer MDA-MB-231 cells (Hx-Ca-CM) for (3, 6 and 24 h) as indicated in figure
were resolved through SDS-PAGE and western blots of the membranes were detected using antibodies against p-Ser2481mTOR, mTOR, p-Ser657PKC-α, PKC-α, p-
Ser473Akt, Akt and β-actin.
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3.3. Macrophages exposed to hypoxic cancer cell CM, exhibited potentiated
mTORC2 in an Oncostatin M (OSM) dependent manner

Because OSM is an important constituent of hypoxic cancer cell
secretome and a key mediator of macrophage M2-polarization, we next
studied if OSM could be involved in activation of mTORC2 pathway in
the macrophages following their exposition to hypoxic cancer cell se-
cretome. Compared to macrophages incubated with Nx-Ca-CM, the
ones incubated with Hx-Ca-CM exhibited potentiated mTORC2 sig-
naling as revealed by upregulated p-Ser2481-mTOR, p-Ser473Akt and p-
Ser657PKCα levels. The neutralizing antibody mediated functional
blockade of OSM attenuated the mTORC2 activation caused by both
Hx-Ca-CM and OSM supplemented Nx-Ca-CM. Furthermore, compared
to macrophages exposed to Nx-Ca-CM, the ones exposed to recombinant
OSM (0.2 µg/ml) supplemented Nx-Ca-CM exhibited potentiated
mTORC2 pathway (Fig. 3A and suppl.6A). Results indicated that acti-
vation of mTORC2 during macrophage M2 polarization was dependent
on OSM. The characteristic concentration dependent potentiation of
mTORC2 in THP-1 derived macrophages following treatment with Nx-
Ca-CM supplemented with varying concentration OSM further under-
lined the involvement of OSM (Fig. 3B).

3.4. OSM induced macrophage M2 polarization is mediated by mTORC2

As the Hx-Ca-CM induced M2 polarization was mediated by
mTORC2 activation, we set out to ascertain if mTORC2 is involved in
OSM induced M2 macrophage polarization. To this end, we obstructed
mTORC2 signaling in macrophages using siRNA against rictor. Results
indicated increased expression of M2 macrophage surface marker
CD206 and CD163 in macrophages treated with OSM compared to
macrophages exposed to Nx-Ca-CM. Similarly, the mRNA expression of
M2 functional marker Arg-1 and COX-2 were also upregulated in OSM
treated macrophages. This effect of OSM was reverted in macrophages

where mTORC2 was obstructed before OSM treatment. Thus intact
mTORC2 activity is essential for M2 macrophage polarization mediated
by OSM as even the basal level of M2 polarization was inhibited due to
silencing of rictor in macrophages. To confirm the mTORC2 activity
mediating M2 polarization Rictor was overexpressed ectopically in
macrophages. Results indicated that macrophages with heightened
mTORC2 activity displayed enhanced expression of M2 macrophages
surface markers CD206 and CD163 in addition to functional markers
Arg-1 and COX-2 compared to macrophages transfected with backbone
vector. The rictor overexpressed macrophages treated with OSM ex-
pressed enhanced M2 characteristics compared to vector transfected
macrophages treated with OSM. Thus it is evident that mTORC2 is in-
dispensible to M2 macrophage polarization caused by OSM. IL-4 is a
well known classical mediator of M2 polarization. Hence, we evaluated
whether IL-4 induced M2 polarization is also mediated by activation of
mTORC2 pathway in the macrophages. Compared to macrophages in-
cubated in normal unconditioned media the ones incubated with IL-4
exhibited potentiated mTORC2 activation, evident by upregulation of
p-Ser2481-mTOR, and its effectors p-Ser473Akt and p-Ser657PKCα levels
(Suppl.7A). These observations indicated that IL-4 induced M2 polar-
ization is circumstantial to mTORC2 activation. Modulation of mTORC2
via silencing and overexpression of rictor revealed that mTORC2
mediates IL-4 induced M2 polarization (suppl.7B).

3.5. Hypoxic cancer cell CM induced macrophage M2 polarization via OSM
is affected by mTORC2 through Akt and not PKCα

Akt and PKCα are two key downstream effectors through which
mTORC2 relays the signals. Having established key role of mTORC2 in
OSM induced macrophage M2-polarization, we next decided to eluci-
date as to which of the two key downstream cascades is primarily
employed by mTORC2 for affecting OSM induced macrophage M2-po-
larization. To this end, prior to OSM treatment THP-1 derived

Fig. 2. Rictor directed modulation of mTORC2 activity resulted in altered M2-polarization of THP-1 derived macrophages by hypoxic cancer cell secretome. (A) THP-
1 derived macrophages transfected with Scrambled (control) siRNA or siRNA directed against rictor were primed with Nx-Ca-CM and Hx-Ca-CM as indicated in
figure. Representative flowcytometry and RT-PCR analysis of M2 specific surface (CD206) and functional markers (Arg-1 and COX-2). (B) THP-1 derived macro-
phages transfected with control vector (PLX304) or PLX304-Rictor were primed with Nx-Ca-CM and Hx-Ca-CM as indicated in figure. Representative flowcytometry
and RT-PCR analysis of M2 specific surface (CD206) and functional markers (Arg-1 and COX-2). RT-PCR experiment was done in duplicates thrice. Bars represent
relative fold change in expression ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001.
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macrophages were treated with either staurosporine (100 nM), potent
inhibitor of PKC-α at stipulated concentration was found to inhibit PKC-
α [31,32] or Akt inhibitor IV, a cell permeable and reversible

benzimidazole compound that inhibits Akt phosphorylation/activation
by targeting the ATP binding site of a kinase upstream of Akt, but
downstream of PI3K [33]. Staurosporine treatment did not impede OSM

(caption on next page)
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or hypoxic cancer cell CM induced M2-polarization of THP-1 macro-
phages. On the other hand, OSM or hypoxic cancer cell CM induced M2-
polarization of THP-1 macrophages was markedly impeded in presence
of Akt inhibitor IV. Results indicated that Akt but not PKC α was in-
dispensable for mTORC2 to affect OSM induced M2 polarization
(Fig. 4A). We validated the inhibition of PKC-α via PKC-α dependent
phosphorylation of p65NF-kB at ser276. This phosphorylation was in-
hibited by staurosporin. Results are incorporated in suppl.8.

PI3K is one of the key upstream positive modulator of Akt activity.
There is ample evidence for role of PI3K in macrophage M2 polariza-
tion. Interestingly, OSM is known to potentiate PI3K signaling.
Furthermore, while mTORC2 is not a direct downstream target for
PI3K, there are ample evidence for existence of crosstalk between
mTORC2 and PI3K signaling. Thus, OSM induced M2 polarization could
at least in part be a consequence of PI3K/Akt activation rather than that
of mTORC2 per se. Therefore, we set out to study role PI3K/Akt during
OSM induced M2 polarization with respect to essentiality of mTORC2.
PI3K generates specific phosphatidyl inositol triphosphate (PIP3) which
in turn are recognized by phosphoinositide-dependent kinases (PDKs).
One specific PDK i.e PDK1 phophorylates Akt at Ser308 resulting in its
activation. While full activation of Akt requires its subsequent

phosphorylation at Ser473 at its hydrophobic motif (HM) primarily by
an activated mTORC2, but several studies reveal that PI3K activation is
sufficient to restore Akt Ser473 phosphorylation and activation in cells
lacking mTORC2. Interestingly, mTORC2 is directly activated by
(PtdIns(3,4,5)P3) [34]. Surprisingly, pretreatment (2 h) with PI3K in-
hibitor, LY294002 completely reversed OSM induced macrophage M2
polarization. This result pointed towards possibility that M2 polariza-
tion by OSM was in actuation attributable to PI3K /Akt pathway, while
mTORC2 activation in presence of OSM could only be a subsidiary
event (owing to (PtdIns(3,4,5)P3) buildup), completely dissociated with
M2-polarization. To rule out this possibility additional experiments
were carried out using exogenously supplied (PtdIns(3,4,5)P3) in pre-
sence of PI3K inhibitor LY294002. While addition of (PtdIns(3,4,5)P3)
restored OSM induced M2 polarization even in presence of LY29400,
when macrophages having abrogated mTORC2 (via siRNA mediated
silencing of rictor) were subjected to similar treatment
(OSM+LY29400+ (PtdIns(3,4,5)P3) the M2 polarization remained
much impeded as compared to macrophages treated with OSM alone
(Fig. 4B and suppl.9). Results indicated that even if Akt is active, ab-
rogation of mTORC2 will markedly impede OSM induced macrophage
polarization. Our results indicated for indispensability of mTORC2 for

Fig. 3. Macrophages exposed to hypoxic cancer cell CM, exhibited potentiated mTORC2 in an Oncostatin M (OSM) dependent manner and OSM induced macrophage
M2 polarization is mediated by mTORC2. (A) THP-1 derived macrophages incubated with Nx-Ca-CM, Hx-Ca-CM, Oncostatin M (OSM 0.2 µg/ml), neutralizing
antibody against OSM (OSM NA 0.8 µg/ml) and IgG as indicated in the figure. Macrophages incubated with IgG served as isotype control (lane 5 and lane 7). Lysate of
the cells were resolved through SDS-PAGE and western blots of the membranes were detected using antibodies against p-Ser2481mTOR, mTOR, p-Ser657PKC-α PKC-α,
p-Ser473Akt, Akt and β-actin. (B) THP-1 derived macrophages incubated with Nx-Ca-CM and exposed to different concentrations of OSM i.e. 0.05, 0.1, 0.2, 0.4 μg/ml.
Lysate of the cells were resolved through SDS-PAGE and western blots of the membranes were detected using antibodies against p-Ser2481mTOR, mTOR, p-Ser657PKC-
α PKC-α, p-Ser473Akt, Akt and β-actin. (C) THP-1 derived macrophages transfected with Scrambled (control) siRNA or siRNA directed against rictor, control vector
(PLX304) or PLX304-Rictor were primed with Nx-Ca-CM and treated with OSM (0.2 µg/ml) as indicated in figure. Representative flowcytometry data and photo-
micrographs depicting M2 polarization using M2 surface markers anti-CD206 and anti-CD163 and RT-PCR analysis of M2 specific functional markers (Arg-1 andCOX-
2). All experiments were performed thrice and integrated density in western blots was determined by densitometry analysis using thermo my image analysis software.
Results show relative levels of p-Ser2481mTOR, p-Ser657PKC-α -α, p-Ser473Akt, i.e. ratio between integrated density of p-Ser2481mTOR/ mTOR, p-Ser657PKC-α/PKC-α,
and p-Ser473Akt/Akt. RT-PCR experiment was done in duplicates thrice. Bars represent relative fold change in expression ± SEM. *P < 0.05, **P < 0.01 and
***P < 0.001.

Fig. 4. Hypoxic cancer cell CM induced macrophage M2 polarization via OSM is affected by mTOR through Akt and not PKC-α. (A) THP-1 derived macrophages were
pretreated with staurosporin 100 nM (PKCα inhibitor) or Akt kinase inhibitor (625 nM) and incubated with Hx-Ca-CM or OSM (0.2 µg/ml) or transfected with
PLX304-Rictor as indicated in figure. Representative flowcytometry data depicting M2 polarization using M2 surface markers anti-CD206. (B) Scrambled siRNA or
siRNA directed against rictor transfected THP-1 derived macrophages pretreated with LY294002 and stimulated with OSM (0.2 µg/ml) or (PtdIns(3,4,5)P3) as
indicated in the figure. Representative flowcytometry and RT-PCR analysis of M2 specific surface (CD206) and functional markers (Arg-1 and COX-2). (C) Scrambled
siRNA or siRNA rictor transfected THP-1 derived macrophages were pretreated with LY294002 and stimulated with OSM (0.2 µg/ml) or (PtdIns(3,4,5)P3) as
indicated in the figure. Lysates of above cells were resolved through SDS-PAGE and western blots of the membranes were detected using antibodies against p-
Ser2481mTOR, mTOR, p-Ser657PKC-α PKC-α, p-Ser473Akt, p-Thr308Akt, Akt and β-actin. All experiments were performed thrice and integrated density in western blots
was determined by densitometry analysis using thermo my image analysis software. Results show relative levels of p-Ser2481mTOR, p-Ser657PKC-α -α, p-Ser473Akt, p-
Thr308Akt, i.e. ratio between integrated density of p-Ser2481mTOR/mTOR, p-Ser657PKC-α/PKC-α, p-Ser473Akt/Akt and p-Thr308Akt/Akt. RT-PCR experiment was
done in duplicates thrice. Bars represent relative fold change in expression ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001.
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Fig. 5. Distinct Role of Akt1 during OSM induced Macrophage M2 Polarization. (A) THP-1 derived macrophages were transfected with control pHRIG vector or Akt
dominant negative gene construct (pHRIG-Akt1DN) and treated with either Hx-Ca-CM or OSM (0.2 µg/ml) as indicated in the figure. Lysates of above cells were
resolved through SDS-PAGE and western blots of the membranes were detected using antibodies against p-ser9GSK3-β, GSK3-β, Akt and β-actin. (B) THP-1 derived
macrophages transfected with Control pHRIG vector or Akt dominant negative gene construct (pHRIG-Akt1DN) and were treated with either Hx-Ca-CM or OSM
(0.2 µg/ml) as indicated in the figure. Representative flowcytometry data depicting M2 polarization using M2 surface markers anti-CD206 and RT-PCR analysis of M2
specific functional markers (Arg-1 and COX-2). All experiments were performed thrice and integrated density in western blots was determined by densitometry
analysis using thermo my image analysis software. Results show relative levels p-Ser9GSK3-β and Akt i.e. ratio between integrated density of p-Ser9GSK3-β/ GSK3-β
and Akt/ β-actin. RT-PCR experiment was done in duplicates thrice. Bars represent relative fold change in expression ± SEM. *P < 0.05, **P < 0.01 and
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OSM induced macrophage polarization. To ascertain PI3K inhibition,
western blotting was performed to evaluate the levels of p-Thr308Akt
(Fig. 4C).

Arranz et al. (2012) showed that inhibition of Akt1 give rise to M1
macrophages whereas inhibition of Akt2 give rise to M2 macrophages
[29]. To further corroborate this study in our system, THP-1 derived
and HuPBMCs derived macrophages were transfected Akt dominant
negative gene construct (pHRIG-Akt1DN). To ascertain successful
transfection western blotting was performed. There was decrease in
phosphorylation of GSK3-β at Ser9 which is target of Akt (Fig. 5A and
suppl.10). The major finding in this set of experiment was effect of
pHRIG-Akt1DN on M2 polarization of macrophages. Results revealed
that ablation of Akt1 completely abrogated OSM induced macrophage
M2 polarization thereby establishing this particular isoform as a key
effector for OSM induced mTORC2 mediated macrophage M2-polar-
ization (Fig. 5B and suppl.10B).

3.6. In vivo myeloid specific rictor abrogation resulting in regression of 4T1
primary tumor and concurrently diminished recruitment and M2
polarization of tumor associated macrophages and impeded distant tissue
metastasis to liver, lung and bone

To further substantiate the above findings, the results were extra-
polated in syngenic 4T1/BALB/c in vivo mouse model of breast cancer.
Because the model is syngenic in BALB/c mice, and employs animals
that have functionally intact immune system, it allows for studying the
role of immune system in tumor progression. To investigate role of
mTORC2 in macrophage polarization we abrogated rictor expression in
monocytes that had been reintroduced into mice. Mice treated with
rictor knock down monocytes exhibited reduced tumor volume com-
pared to mice receiving monocytes with control siRNA (Fig. 6). After
cervical dislocation, the macrophages were isolated from ressected
tumor mass. The macrophages from mice receiving rictor knock down
monocytes exhibited diminished M2 macrophage polarization com-
pared to rictor non-modulated monocyte in both untreated and OSM
treated groups as evident by flowcytometry and immunofluroscence
microscopy of isolated monocytes. Similar trend was observed in the
mRNA levels of Arginase-1 and COX-2 (Fig. 7). Metastasis to distant
organ such as liver, lung and bone was evaluated as a measurement of

M2 macrophages assisted invasive potential. The control BALB/c mice
that were not inoculated with 4T1 cells exhibited uniform tissue ar-
chitecture of lung, liver and bone. As compared to vehicle control,
OSM-treated 4T1/BALB/c mouse exhibited enhanced transformed cel-
lular burden in lung, liver and bone where as mouse with reintroduced
rictor abrogated macrophages had diminished metastatic foci in these
organs in both OSM treated and non-treated animals (Fig. 8A–C). Mi-
croCT analysis revealed formation of osteolytic lesions and loss of tra-
becular network in tibia exercised from tumor bearing mice as com-
pared to Sham which were enhanced on OSM treatment. But mice
reintroduce with rictor abrogated macrophages exhibited decreased
number of osteolytic lesions and less loss of trabecular network (Fig. 9A
and B).

4. Discussion

Our study demonstrates mTORC2 as a critical regulator of macro-
phage M2-polarization by hypoxic cancer cell secretome derived
Oncostatin M. mTORC is key component of signaling networks that
orchestrates various stress signals and regulate growth and home-
ostasis. This PI3KK family kinase nucleates at least 2 distinct multi-
protein complex mTORC1 and mTORC2. mTORC2 plays a critical role
in actin cytoskeleton reorganization and cell migration, protein synth-
esis and maturation, autophagy and metabolism. mTORC2 appears to
be specifically involved in Th2 development as rictor null mice exhibits
defective Th2 development. Byles et al. (2013) reported that con-
stitutive mTORC1 activation renders macrophages refractory to IL-4
induced M2 polarization [16]. Although Festuccia et al. (2014) re-
ported that rictor deletion induces M1 macrophage polarization in re-
sponse to LPS [35]. While majority of reports indicate macrophages as
being either M1 or M2 polarized subtype, studies conducted by Tor-
roella-Kouri et al revealed that macrophages associated with D1-DMBA-
3 mammary tumors are neither M1 nor M2 but, a poorly differentiated
naive form of macrophages [36]. Although above studies suggest
mTORC2 inactivation leading to M1 polarization; role of mTORC2 ac-
tivation in M2 polarization of macrophages remains elusive. In view of
this, the role of mTORC2 was investigated in M2 polarization of Mac-
rophages particular to hypoxic cancer cell derived OSM. Our results
revealed that both cell surface and functional markers specific to

Fig. 6. In vivo myeloid specific rictor abrogation resulting in regression of 4T1 primary tumor. (A) Representative syngenic 4T1/BALB/c subcutaneous tumor
specimens belonging to various groups described in suppl 12. (B) Quantification of tumor volumes (mm3) of the indicated groups. *P < 0.05, **P < 0.01 and
***P < 0.001. (No. of animal per group (n)= 4).
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Fig. 7. In vivo myeloid specific rictor abrogation resulting in diminished recruitment and M2 polarization of tumor associated macrophages. (A) Comparison of M2
polarized population between scrambled and rictor silenced exogeneously reintroduced macrophage population. Extracted macrophages were labeled with Q-dots.
Representative flowcytometry data and photomicrographs depicting M2 polarization of macrophages isolated from tumor using M2 surface markers anti-CD206 and
RT-PCR analysis of M2 specific functional markers (Arg-1 and COX-2). Bars represent relative fold change in expression ± SEM. *P < 0.05, **P < 0.01 and
***P < 0.001. (No. of animal per group (n)= 4).
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macrophage M2 macropahges were downregulated due to rictor dele-
tion which is an approach to abrogate mTORC2 activation whereas its
overexpression prompted macrophages to exhibit an enhanced expres-
sion of these markers.

After establishing the role of mTORC2 in OSM induced M2 polar-
ization of macrophages, the downstream cascades involved were deli-
neated. mTORC2 phosphorylates AGC kinases which includes Akt, PKC-
α and SGK-1. While PKC-α activation pronouncedly requires mTORC2,
Akt can be activated by various PDK1 kinase and non-receptor tyrosin
kinases eg, ACK-1, ILK and MAPKAP2 [37,38]. Nonetheless, Akt1 is an
established key mediator in signaling cascades involved in M2 polar-
ization. SGK-1 is phosphorylated by mTORC2 at Ser422 but it still re-
mains to be investigated whether indeed it is a mTORC2 dependent
event, as its expression is elevated in rictor null cells. It has also been
hypothesized to be regulated by rictor in an mTORC2 independent
fashion [39]. Another effector substrate of mTORC2 is Akt [40].
Phosphorylation of HM site of Akt1 via mTORC2 has been shown to be
elevated in numerous cancers [41]. Inhibition of Akt by Akt IV kinase
inhibitor revealed that both hypoxic cancer cell CM and Oncostatin M
induced macrophage M2 polarization was abrogated. Even mTORC2

activation via rictor upregulation could not prompt macrophages to
acquire a M2 skewed phenotype when Akt was inhibited as evident by
flowcytometric analysis and mRNA expression of Arg-1 and COX-2.
PI3K is upstream activator of Akt, which is already established by the
study as key mediator in OSM induced M2 polarization of macrophages
[42]. Hence, further experiments were carried out to ascertain the de-
finitive role of PI3K in OSM signaling cascade leading to M2 polariza-
tion. Interestingly, PI3K inhibition attenuated macrophage M2 polar-
ization almost to the basal levels. This is indicated that OSM induced
macrophages M2 polarization is precisely mediated by PI3K/Akt axis
and mTORC2 activation could be an ancillary event. Gan et al. (2011)
discovered evidence for direct activation of mTORC2 kinase activity by
Phosphatidylinositol 3,4,5-Trisphosphate as PI3K facilitates (PtdIns
(3,4,5)P3) which non-specifically activates various kinases including
mTORC2 [34]. To assess this, exogeneous addition of (PtdIns(3,4,5)P3)
restored OSM induced M2 polarization of macrophages in which PI3K
was inhibited. However, addition of (PtdIns(3,4,5)P3) could not over-
come inhibitory effect of abrogation of mTORC2. Hence, mTORC2 can
be considered as vital determinant for macrophage M2 polarization.

Akt exists in three isoforms i.e Akt1, Akt2 and Akt3. Akt1 was

Fig. 8. In vivo myeloid specific rictor abrogation reduced cellular burden in lung and decreased metastatic lesions in liver and bone. (A) Hematoxylin and eosin stain,
original magnification 20× upper and 40× lower of liver, lung (B) and bone (C) of sham control and various tumor groups as indicated in figure and corresponding
quantification of no. of metastatic lesions. Experiment was done in duplicates thrice. Bars represent no. of metastatic lesions ± SEM. *P < 0.05, **P < 0.01 and
***P < 0.001 (No. of animal per group (n)= 4).
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originally identified as the oncogene in retrovirus. Akt1 is involved in
cellular survival pathways, inhibiting apoptosis and inducing protein
synthesis pathways. Its activation has a role in skeletal muscle hyper-
trophy and general tissue growth. Akt1 deleted mouse models exhibit
growth retardation and promotes cell survival [43]. Akt2 is a important

signaling molecule in insulin signaling and induces glucose uptake.
Mouse null for Akt2 but normal for Akt1 are smaller in size and display
a diabetic phenotype [44]. Akt3 has been reported to have a limited
tissue distribution and most commonly exist in brain. Akt3 null mice
have normal growth and metabolism but have small brains [45]. Arranz

Fig. 9. In vivo myeloid specific rictor abrogation reduced formation of osteolytic lesions and loss of trabecular network. (A) Representative 3D reconstruction of tibia
showing osteolytic lesions (Red circle) network in sham control and various tumor groups as indicated in figure and its corresponding quantification. Bars represent
no. of osteolytic lesions ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001. (B) Representative 2D cross section of tibia showing loss of trabecular network in sham
control and various tumor groups as indicated in figure. (C) Quantification of BV/TV (Trabecular volume) of sham control and various tumor groups as indicated in
figure. *P < 0.05, **P < 0.01 and ***P < 0.001. (No. of animal per group (n)= 4).
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et al., reported that Akt1 and Akt2 differentially regulate macrophage
polarization and ablation of Akt1 gives rise to M1 phenotype [29]. In
view of this, attempt was made for evaluating which isoform could be
involved in Oncostatin M induced macrophage M2 polarization. Role of
Akt1 isoform was unraveled by using Akt dominant negative gene
construct (pHRIG-Akt1DN). The Akt1DN gene construct is an Akt gene
where a point mutation in the 179th amino acid from the N terminal
converts a lysine to a methionine. This mutated form of the Akt1 pro-
tein can still be phosphorylated at the Ser473 site but loses its ability to
relay signals to downstream effectors factors [46]. Flowcytometric
analysis and immunocytochemistry ascertained that inhibition of Akt1
abrogated the effect of OSM induced M2 polarization. Hence, it was
confirmed that OSM induced macrophage M2 polarization is mediated
by mTORC2 through downstream activation of Akt1.

To ascertain physiological relevance of these observations, the
findings were validated using in vivo 4T1/BALB/c mouse orthotropic
model of breast cancer. Mouse models have been extensively employed
in immunological experiments and they reflect many aspects similar to
human immunology [47]. Although there do exist immunological dif-
ferences particularly pertaining to cytokine biology [48]. For instance,
humans are sensitive to LPS in nanograms of dose whereas mice require
LPS in milligrams to induce cytokine release [49,50]. Mouse serum
when added to human mononuclear cells diminishes release of cyto-
kines [51]. However, effect of Oncostatin M is found to be similar in
both mouse and human macrophages. But there does exists a difference
between interaction of human OSM (hOSM) and mouse OSM (mOSM)
with their receptors. hOSM binds to both LIFR (gp130/LIFRβ) and
OSMR (gp130/OSMRβ) receptor complexes. Whereas mOSM interact
with only gp130/OSMRβ receptor complex [52]. Oncostatin M induces
M2 macrophage phenotype in mouse models of diabetes and obesity
[53,54]. The endogenous monocytes of these mice were depleted with a
monocyte depletor (GdCl3) to synchronize the recruitment of mono-
cytes which were exogeneously reintroduced after experimental ma-
nipulations. Our results revealed that abrogation of mTORC2 in
monocytes hindered recruitment of macrophages in both control as well
as Oncostatin M treated groups as reported by us earlier. The polar-
ization of TAMs towards M2 phenotype was also decreased in mTORC2
inhibited macrophages. These findings highlighted the critical in-
volvement of mTORC2 signaling in M2 polarization of TAMs. We fur-
ther investigated the metastasis of breast tumor to distant organs like
liver, lung and bone. The results demonstrated that decreases in for-
mation of metastatic lesions in these organs and restored trabecular
bone network in mice which received mTORC2 abrogated monocytes.

Hence, this study paves way for development of specific mTORC2
inhibitors as a strategy to counteract M2 polarization and its associated
tumor progression and metastasis either alone or in combination with
established anti cancer therapeutics. Further extensive clinical studies
are required to translate these findings into an effective therapeutic
approach; nonetheless, our study establishes specific mTORC2 in-
hibitors as a potential target for devising newer anti-cancer im-
munotherapeutics.
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