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Activated macrophages are described as classically activated or M1
type and alternatively activated or M2 type, depending on their
response to proinflammatory stimuli and the expression of genetic
markers including iNOS, arginase1, Ym1, and Fizz1. Here we report
that Akt kinases differentially contribute to macrophage polariza-
tion, with Akt1 ablation giving rise to an M1 and Akt2 ablation
resulting in an M2 phenotype. Accordingly, Akt2~'~ mice were
more resistant to LPS-induced endotoxin shock and to dextran
sulfate sodium (DSS)-induced colitis than wild-type mice, whereas
Akt1~~ mice were more sensitive. Cell depletion and reconstitu-
tion experiments in a DSS-induced colitis model confirmed that the
effect was macrophage-dependent. Gene-silencing studies showed
that the M2 phenotype of Akt2~/~ macrophages was cell autono-
mous. The microRNA miR-155, whose expression was repressed in
naive and in LPS-stimulated Akt2~'~ macrophages, and its target
C/EBPp appear to play a key role in this process. C/EBPf, a hallmark
of M2 macrophages that regulates Arg1, was up-regulated upon
Akt2 ablation or silencing. Overexpression or silencing of miR-155
confirmed its central role in Akt isoform-dependent M1/M2 polar-
ization of macrophages.
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Activated macrophages express proinflammatory factors and
are known as classically activated or M1-type macrophages.
Toll-like receptor (TLR) stimulation may induce the M1 phe-
notype through the activation of several signaling cascades,
which regulate the induction of proinflammatory mediators such
as TNF-a, IL-6, and iNOS. However, macrophages can also
undergo alternative activation to become alternatively activated
or M2-type macrophages. M2 macrophages are characterized by
reduced responsiveness to TLR ligands, which results in the in-
duction of low levels of proinflammatory cytokines and in the up-
regulation of arginase 1 (Argl), IL-10, found in inflammatory
zone 1 (Fizzl), and chitinase 3-like-3 (YM1/CHI3I3) (1). Al-
though the molecular mechanisms that regulate M2 macrophage
polarization are not well understood, it appears that STAT6
activation and the induction of C/EBP play a central role in this
process (2—4). C/EBPp regulates the expression of Arg! (3), the
gene that encodes the inducible arginase, and selective inhibition
of C/EBPf in macrophages blocks M2 polarization (4).

Akt (also known as PKB) is a family of three serine/threonine
protein kinases (Aktl, Akt2, and Akt3) that regulate a host of
cellular functions, including cell survival, proliferation, differen-
tiation, and intermediary metabolism (5-7). Even though the
majority of the literature does not make a distinction between
different Akt isoforms, there is a growing list of differences be-
tween them. Aktl appears not to be dispensable for eNOS in-
duction and endothelial cell function (8, 9), whereas Akt2 is not
dispensable for insulin signaling (10). Deletion of Aktl resulted
in enhanced atherosclerosis in the APOE™~ mouse model (5),
and Akt1™~ mice do not develop endotoxin tolerance (11). Aktl
ablation protects and Akt2 ablation promotes MMTV-PyMT and
MMTVErbB2-induced mammary tumors (12) and Akt1™" tumors,
although very few, are more invasive as the result of microRNA
expression differences (7). Moreover, Akt2-expressing tumor cells

www.pnas.org/cgi/doi/10.1073/pnas.1119038109

are more resistant to hypoxia than Akt1™~ ones (13). Aktl and
Akt2 share common upstream activators but frequently result in
targeting distinct downstream molecules (14).

In the present study we show that Akt2 ~~ macrophages are
hypo-responsive to LPS, exhibiting the opposite phenotype than
Akt1™~ macrophages both in culture and in vivo. Moreover, we
show that Akt2~~ macrophages display an M2 phenotype at-
tributed to reduced expression of miR-155, which targets
C/EBP, a key regulator of Argl expression and M2 polarization.

Results

Akt2~'~ Macrophages Are Hypo-Responsive, Whereas Akt1~'~
Macrophages Are Hyper-Responsive to LPS. LPS activates the
PI3K/Akt-signaling cascade (15). Here we show that, upon
stimulation with LPS, peritoneal macrophages from Akt2~~
mice produce lower levels of IL-6 and TNFa than wild-type
(WT) macrophages, whereas macrophages from Aktl™~ mice
produce higher levels of both proinflammatory mediators (Fig. 1
A and B). In agreement with the cell culture experiments, Akt2™/~
mice inoculated with a marginally lethal dose of LPS produce
lower levels of IL-6 and TNFa (Fig. 1 C and D) and exhibit partial
resistance to endotoxin shock compared with similarly treated
WT and Aktl~~ mice (Fig. 1E).

In the active infection model of cecal ligation and puncture
(CLP), Akt2™"~ mice were more susceptible as determined by
their shorter survival (Fig. 1F). These mice also produced lower
levels of IL-6 and the murine IL-8 homolog KC than WT and
Akt1™~ mice (Fig. 1 G and H) and had lower number of neu-
trophils infiltrating the peritoneum (Fig. 1/). A robust proin-
flammatory response is essential for containing the infection.
Indeed, aspartic transaminase (AST) levels in the serum, which
increase upon liver and muscle damage, were elevated in Akt2™/~
mice relative to WT or Aktl™ mice, following CLP-induced
peritonitis (Fig. 17). Bacterial counts in the peritoneum of Akt2™~
mice did not differ from those in WT mice, but they were lower in
Akt1™~ mice (Fig. 1K), indicating that the robust proinflammatory
response of Akt1~~ mice was more effective in clearing pathogens.

To elucidate whether the differential response of Akt isoforms
upon LPS stimulation was due to the ability of LPS to selectively
activate different isoforms or due to differences in signaling
output between isoforms, we stimulated peritoneal macrophages
from Aktl™~, Akt2™”", and WT mice with LPS and found
equally robust phosphorylation of Akt in macrophages of all
genotypes. Moreover, the ablation of Aktl or Akt2 did not in-
duce compensatory changes in the expression of the remaining
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Fig. 1.
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Depletion of Akt1 or Akt2 leads to distinct responses to LPS-induced septic shock or CLP-induced peritonitis. (A and B) IL-6 and TNFa were measured

by ELISA in the supernatants of peritoneal macrophages from WT, Akt1~~, and Akt2~'~ mice stimulated 24 h with LPS. Results expressed as the mean + SEM
of data obtained from five independent experiments. (C and D) WT (n = 8), Akt17~ (n = 8), and Akt2~"~ mice (n = 8) were treated with 1.5 mg/25 g LPS. IL-6
and TNF-a levels were measured in serum at 6 h. (E) Survival of the mice was monitored. (F) WT (n = 9), Akt1~/~ (n = 7), and Akt2~/~ (n = 6) mice were subjected
to CLP or sham operation (n = 4), and survival was monitored. (G and H) Serum IL-6 or KC was determined at 6 h following CLP. (/) Peritoneal lavage was

collected 24 h following CLP (n = 5/group), and the number of neutrophils was measured. (J) AST was measured in the sera of mice subjected to CLP. (K) Akt1

/-

mice had reduced bacterial burden in the peritoneal lavage fluid compared with WT or Akt2~~ ones, 24 h following CLP (n = 5/group). Results are expressed as the
mean + SEM. Comparison was made using an ANOVA test (A-D and G—K) and log-rank analysis (€ and F).

Akt isoform (Fig. S1 4 and B) and did not affect TLR4 and
CD14 expression (Fig. S1 C and D). Moreover, the observed
differences in LPS responses were not due to differences in LPS-
induced NFkB activation (Fig. S1E) (11).

Akt1~'~ Macrophages Undergo M1 Polarization, Whereas Akt2~'~
Macrophages Undergo M2 Polarization. M1 macrophages stimu-
lated with LPS express high levels of TNF-a, IL-6, and iNOS and
produce high levels of the iNOS catalytic product, NO (1),
whereas LPS-stimulated M2 macrophages produce reduced lev-
els of all these molecules. Data presented here show that LPS-
stimulated Akt1™~ macrophages also express high levels of iNOS
and produce high levels of NO, TNFa, and IL-6, whereas LPS-
stimulated Akt27~ macrophages produce low levels of these
proinflammatory mediators (Fig. 1 A and B; Fig. 24). These data
suggest that the ablation of Aktl may give rise to an M1, whereas
the ablation of Akt2 may give rise to an M2 macrophage phenotype.

Expression of high levels of Argl and increased arginase ac-
tivity is one of the hallmarks of M2 macrophages. Thioglycollate-
elicited Akt2™'~ peritoneal macrophages expressed high levels of
Argl at both the mRNA and protein levels and exhibit high Argl
enzymatic activity (Fig. 2B). Moreover, LPS treatment induced
Argl activity in WT and Akt2™", but not in Aktl™~ macro-
phages (Fig. 2C). Increased Argl activity was also observed in
primary, not thioglycollate-elicited peritoneal macrophages from
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Akt2™~ mice (Fig. 2D). Similarly, alveolar macrophages from
Akt2™~ mice express increased mRNA levels of Argl (Fig. S2).
These data combined support the hypothesis that Akt2 ablation
gives rise to an M2 macrophage phenotype.

Argl converts L-arginine to urea and ornithine, competing
with iNOS, which converts it into NO. By inhibiting NO pro-
duction, Argl promotes the M2 phenotype and contributes to
the suppression of the M1 phenotype. The defect of LPS-stim-
ulated Akt2™~ macrophages in NO production was reversed
following supplementation of the culture media with L-arginine
(Fig. 2F), suggesting that the low levels of iNOS in Akt2™ cells
cannot compete with the high levels of Argl for L-arginine.

Arginase activity can also be induced by IL-4, which promotes
M2 differentiation of macrophages. Akt2™~ macrophages trea-
ted with IL-4 up-regulated their arginase activity to significantly
higher levels than IL-4—treated WT and Aktl~~ macrophages
(Fig. 2F), supporting the propensity of macrophages to polarize
to M2 phenotype in the absence of Akt2. Basal IL-4 levels in the
serum of WT and Akt2™~ mice did not differ (Fig. S34), sug-
gesting that the M2 phenotype observed in macrophages from
Akt2™™ mice was not due to circulating IL-4.

Leptin and adiponectin also regulate arginase expression and
macrophage polarization to the M2 phenotype (16). Previous
studies had shown that 6-mo-old Akt2™~ mice have reduced
levels of circulating leptin (17). Because of this finding, we
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Fig. 2. Akt1™~ macrophages exhibit enhanced M1 response whereas Akt2~/~ macrophages possess M2 phenotype. (A) iNOS mRNA levels and NO pro-
duction in thioglycollate-elicited peritoneal macrophages stimulated for 24 or 48 h with LPS. (B) Arg1 mRNA and protein levels and activity were eval-
uated in thioglycollate-elicited peritoneal macrophages. (C and D) Arginase activity was measured after LPS stimulation for 48 h in peritoneal
macrophages (C) and in primary non thioglycollate-elicited peritoneal macrophages (D). (E) Thioglycollate-elicited peritoneal macrophages were stim-
ulated for 48 h with LPS in the presence or absence of 2 mM L-arginine, and NO production was determined. (F) Peritoneal macrophages were cultured in
the presence or absence of IL-4 for 24 h and arginase activity was measured. (G) Raw264.7 cells were infected with a lentivirus-expressing empty vector,
shAkt1 (sh1-2), or shAkt2 (sh2-3). mRNA and protein levels of Arg1 were analyzed. (H) Protein levels of Ym1, mRNA levels of Ym1 and Fizz1, and IL-10
production after 24 h of LPS stimulation were measured in thioglycollate-elicited peritoneal macrophages. Results are expressed as the mean + SEM of
three (D, E, G) or four (A-C, F, H) independent experiments. Western blots are representative of at least three independent experiments. Comparisons were

made using an ANOVA test.

measured the levels of leptin and adiponectin in the serum of
WT, Aktl1 ™", and Akt2~~ mice at the age of 6-8 wk, the age of
the mice used in our experiments, and found that they do not
vary between mice of these genotypes (Fig. S3 B and C). This
suggested that the M2 polarization observed in Akt2~~ macro-
phages is leptin- and adiponectin-independent and may be cell
autonomous, which is consistent with the observation that the
knockdown of Akt2, but not Aktl, increased the expression of
Argl (Fig. 2G). shAktl did not alter Akt2 expression nor did
shAkt2 affect Aktl expression (Fig. S4 A-D).

Additional features of the M2 macrophages are the expression
of YMI1 and Fizzl and the elevated production of IL-10 upon
LPS stimulation. Akt2~~ macrophages expressed elevated levels
of Fizzl and YM1 and produced more IL-10 upon LPS stimu-
lation (Fig. 2H). IL-10 was undetectable at basal levels both in
WT and Akt2”~ macrophages and in the serum of both strains.

As ablation of Akt2 results in an M2 macrophage phenotype,
we investigated whether it can result in M2-related pathologies
such as fibrosis in the lung, heart, or liver. WT and Akt2™~ mice at
the age of 42 wk were histologically examined and showed no signs
of fibrosis or other tissue abnormalities (Fig. S54). Moreover,
total lung capacity, a measure of lung compliance that decreases
in fibrosis, and serum levels of AST, a measure of liver or muscle
damage, did not differ between the two strains (Fig. S5 B and C).

Akt1 Ablation Promotes, Whereas Akt2 Ablation Protects from,
Dextran Sulfate Sodium (DSS)-Induced Inflammatory Bowel Disease
in Mice. Macrophage polarization plays a critical role in the
pathogenesis of DSS-induced colitis and other forms of
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inflammatory bowel disease, and transfer of M2 macrophages to
DSS-treated animals is protective (18). We therefore hypothe-
sized that the ablation of Aktl will promote DSS-induced colitis,
whereas the ablation of Akt2 will inhibit it. Monitoring the body
weight (Fig. 34), measuring the colon length (Fig. 3B), and
histological analyses of the colon of DSS-treated mice (Fig. 3C)
indeed confirmed that Aktl ablation exacerbates the disease,
whereas Akt2 ablation reduces its severity. The expression of
Argl was also higher in the colon of both DSS-treated and un-
treated Akt2™'~ mice (Fig. 3D), suggesting that Akt2™~ macro-
phages accumulating in the intestine express higher levels of
Argl. Moreover, the expression of inflammatory cytokines and
chemokines was lower in the colon (Fig. 3E) and in the serum
(Fig. 3F) of Akt2™~ DSS-treated mice. Finally, CD4+ and CD8+
T cells from mesenteric lymph nodes of the same Akt2™~ mice
were found to express reduced levels of the T-cell activation
marker CD69 (Fig. 3G), an effect that is likely secondary to re-
duced macrophage activation because replacement of Akt27/~
macrophages with WT macrophages rendered mice susceptible to
the disease (Fig. 4) and T-cell activation in culture was not af-
fected by a single Akt isoform depletion (Fig. S6).

To confirm that the protection against DSS-induced in-
flammatory bowel disease observed in Akt2™'~ mice was due to
the M2 phenotype of macrophages, we depleted macrophages
from WT Akt1™~ and Akt2™~ mice using liposome-encapsulated
clodronate and transferred WT Akt1™~ or Akt2™~ macrophages.
The results showed that transfer of Akt2~'~ macrophages into WT
animals reduced the severity of DSS-induced inflammatory bowel
disease whereas transfer of WT macrophages into Akt2~~ mice
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exacerbated the disease (Fig. 4 A-D). Transfer of WT macro-
phages into Akt1™~ mice reduced the severity of the disease
whereas transfer of Aktl™~ macrophages into WT mice did not
worsen it, suggesting that additional cell types deficient in Aktl
may contribute to the increased susceptibility of Akt1™~ mice to
the disease (Fig. 4 E-H), such as intestinal epithelial cells in which
Akt protects from cytokine-induced apoptosis (19).

Akt2 Ablation Results in Reduced Levels of miR-155 and Increased
Expression of Its Target C/EBPB, a Key Regulator of M2 Polarization.
The expression of Argl and the M2 polarization of macrophages
are regulated primarily by C/EBP and STAT6 (3, 4). Akt2™/~
macrophages and Raw264.7 cells in which Akt2 expression is
silenced express elevated levels of C/EBPP compared with their
respective WT controls or Aktl-deficient cells (Fig. 5 4 and B).
On the other hand, STAT6 phosphorylation was not affected by
the ablation of either Aktl or Akt2 in macrophages (Fig. 5C).
These results suggest that the M2 phenotype promoted by Akt2
ablation or knocking down was due to altered C/EBPp expres-
sion. Indeed, chromatin immunoprecipitation (ChIP) experi-
ments showed increased binding of C/EBPp on Argl promoter in
Akt2™~ macrophages (Fig. 5D).

C/EBPp expression is regulated posttranscriptionally by the
microRNA miR-155, which targets its 3’ UTR (4, 17). Earlier
work from our group had shown that Aktl ablation promotes
miR-155 expression in LPS-stimulated macrophages (11). Mea-
suring miR-155 in Akt2™~ macrophages revealed that Akt2 ab-
lation had the opposite effect, reducing miR-155 expression in
both resting and LPS-activated macrophages (Fig. 5E). These
results suggest that the down-regulation of miR-155 in Akt2™~
macrophages results in the up-regulation of its target C/EBPp and,
consequently, the induction of Argl, a hallmark of M2 macro-
phage polarization. Introduction of miR-155 into Akt2™~ mac-
rophages suppressed C/EBPp and Argl expression and resulted in
increased LPS-induced iNOS expression (Fig. 5 F-H), suggesting
that miR-155 up-regulation can restore the M1 phenotype in these
cells. Suppression of miR-155 with antisense-miR-155 augmented
C/EBPp and Argl levels in Akt1™~ macrophages and suppressed
LPS-induced iNOS expression. Induction or suppression of miR-
155 modulated C/EBPg, Argl, and LPS-induced iNOS expression
in WT macrophages. Overall, these results indicated that miR-155
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was, at least partly, responsible for the differential phenotype
observed in Aktl™~ and Akt2™~ macrophages.

Discussion

Macrophages are central mediators of the inflammatory re-
sponse, contributing both to the initiation and the resolution of
inflammation. Our earlier studies had shown that the ablation of
Aktl gives rise to a proinflammatory phenotype (11). In the
present report we show that the ablation of Akt2 gives rise to
an anti-inflammatory phenotype that is due to the hypo-re-
sponsiveness of macrophages to LPS signals, evidence of the
opposite roles of Akt isoforms.

Activated macrophages can be M1- or M2-polarized. M2-po-
larized macrophages express high levels of Argl that compete
with iNOS for L-arginine, the common substrate of both, sup-
pressing the production of NO and converting L-arginine into
urea (20). Data presented in this report showed that the ablation
of Akt2 resulted in M2 polarization because they express ele-
vated Argl, Yml, and Fizz1, markers of M2 polarization. LPS-
induced IL-10 expression, but not the basal expression of IL-10,
was also elevated in Akt2™'~ macrophages.

Modulating the M1/M2 polarization status of macrophages
can affect the severity of inflammatory diseases such as in-
flammatory bowel disease (18). Data presented in this report
show that the ablation of Akt2 partially protects mice from DSS-
induced inflammatory bowel disease. Ablation of Aktl, on the
other hand, increased the severity of the disease. Transfer of WT
macrophages into Akt2™~ mice resulted in increased disease
severity compared with WT mice that received WT macro-
phages, due to loss of the protective effect of Akt2™~ macro-
phages. Transfer of Akt2™~ macrophages into Akt2”~ mice
protected them from the disease. Increased susceptibility of the
Akt2™~ mice that receive WT macrophages may be due to the
already compromised health status of the Akt2™~ mice, which
develop insulin-resistant diabetes mellitus (10).

Opposite contribution of the two Akt kinases was also ob-
served in LPS-induced endotoxin shock, with the ablation of
Akt1 enhancing and the ablation of Akt2 reducing the severity of
the disease. In a polymicrobial sepsis model, defective M1 re-
sponse rendered Akt2 mice more susceptible to the disease
whereas the robust M1 response of Aktl™~ mice resulted in
improved bacterial clearance. Our results are further supported
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Fig. 4. Protection from DSS colitis in Akt2 ™~ mice is due to the M2 phenotype
of Akt2~/~ macrophages whereas Akt1™~ macrophages are only partly re-
sponsible for the enhanced susceptibility of Akt1~~ mice to DSS colitis. Mac-
rophages were depleted from WT (n = 8) and Akt2~~ mice (n = 8) and then
reconstituted with WT macrophages or with Akt2~~ macrophages (four mice
per group). (A) Body weight loss was monitored daily and following eutha-
nasia at day 9 colon length (B), histological analysis (C), and IL-6 and KC levels
in serum (D) were evaluated. In an independent experiment macrophages
were depleted from WT (n = 10) and Akt17~ (n = 10) and reconstituted with
WT or Akt1~~ macrophages in all possible combinations (five mice per group).
Weight loss (E), colon length (F), histology (G) and serum IL-6 and KC (H) were
evaluated. Results are expressed as the mean + SEM. Comparisons were made
with ANOVA analysis (A) or with a Student’s t test (B-D). M@: macrophages.
8P < 0.05 and %%5P <0.001 vs. WT animals reconstituted with WT macrophages.
*P < 0.05, *P <0.01, and **P <0.001 vs. KO mice reconstituted with KO mac-
rophages. *P < 0.05, **P<0.01, and ***P <0.001 vs. WT mice reconstituted with
KO macrophages.

by an earlier study showing that deletion of Akt2 renders mice
more susceptible to Salmonella enterica infection (21). These
findings support the role of macrophage polarization in the de-
velopment of inflammatory diseases, and they show that Aktl
and Akt2 play central but opposite roles in the control of mac-
rophage responsiveness and inflammation.

Argl is primarily regulated by the transcription factors C/
EBPB and STAT6 (3). Ablation or knockdown of C/EBPf
abrogates Argl expression and M2 differentiation (4). Ablation
or knockdown of Akt2 enhances C/EBPf expression and its
binding to the Argl promoter, suggesting that the M2 phenotype
observed in Akt2™~ macrophages is mediated by C/EBPp. C/
EBP is regulated by miR-155, which is differentially regulated
by Aktl and Akt2 in macrophages. The ablation or knockdown
of Akt2 inhibits the expression of miR-155, suggesting that the
up-regulation of C/EBPp and Argl in Akt2~~ macrophages is, at
least partly, due to miR-155 suppression.
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Fig. 5. The M2 phenotype in Akt2™~ macrophages was due to increased C/
EBPp expression, mediated by down-regulation of miR-155. (A) C/EBPp (LAP*,
LAP, and LIP isoforms) expression was analyzed by Western blot in peritoneal
macrophages and (B) Raw264.7 cells transduced with empty vector, shAkt1
(sh1-2), or shAkt2 (sh2-3) constructs. (C) phospho-STAT6 (Tyr641) and total
STAT6 expression levels were analyzed in peritoneal macrophages. (D) ChiIP of
C/EBPB in WT and Akt2~'~ macrophages and PCR quantification using primers
flanking the C/EBPB-binding element of the Arg1 promoter were performed.
Results are shown as the ratio of target to input. (E) miR-155 expression was
evaluated in LPS-stimulated (24 h) and unstimulated WT and Akt2~"~ macro-
phages. (F and G) Expression of C/EBPS (F) or Arg1 (G) was measured by real-
time RT-PCR in macrophages transfected with miR-155 or as-miR-155 or
scrambled RNA (control). (H) iNOS expression was measured by real-time RT-
PCRin macrophages transfected with scrambled RNA (control), miR-155, or as-
miR-155 and stimulated with LPS for 6 h. Results are expressed as the mean +
SEM of data obtained from at least three independent experiments. Western
blots are representative of at least three independent experiments. Compar-
isons were made using Student’s t test. In (F-H) *P < 0.05, **P < 0.01, ***P <
0.001 and *P < 0.05, #P < 0.01, and *#P < 0.001 compared with the control of
the same strain or the WT control, respectively.

In conclusion, the present report demonstrates that Akt2
ablation results in the M2 polarization of macrophages
whereas Aktl ablation promotes their M1 polarization. The
studies presented here show that, by inhibiting individual Akt
isoforms, we may be able to modulate innate immunity and
inflammation.
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Materials and Methods

Mice. WT, Akt17"~, and Akt2™~ mice (22) were housed at the University of
Crete School of Medicine, and at the Association for Assessment and
Accreditation of Laboratory Animal Care International-accredited animal
facility of the Tufts University Health Sciences campus. All procedures
described below were approved by the Veterinary Department of the Her-
aklion Prefecture (Heraklion, Crete, Greece) or by the Institutional Animal
Care and Use Committee of Tufts University School of Medicine.

Cell Culture. Primary murine peritoneal macrophages and the murine mac-
rophage cell line RAW264.7 were cultured as previously described (23).
Escherichia coli-derived LPS (1 pg/mL; O111:B4; catalog no. L2630; Sigma-
Aldrich), IL-4 (10 ng/mL; R&D Systems), or L-arginine (2 mM; Sigma-Aldrich)
were used when indicated.

LPS-Induced Endotoxin Shock. A minimal lethal dose of LPS (1.5 mg/25 g of
body weight) was used as described previously (11). Injected animals were
monitored for a 24-h period and euthanized accordingly with the estab-
lished end points. Serum was collected at 6 h after LPS stimulation and
stored at —80 until ELISAs were performed (S/ Materials and Methods).

Nitric Oxide Determination. NO production was determined indirectly by
measuring the accumulation of the stable end product NO in the cell culture
supernatant using the Griess reaction, as described previously (24) and in S/
Materials and Methods.

Isolation of Total RNA and Real-Time RT-PCR. Total cellular RNA was isolated
and Real Time PCR was performed as described in S/ Materials and Methods.

Arginase Activity Determination. Arginase activity was assessed as described
previously (25) and in S/ Materials and Methods.

Silencing Experiments. Silencing Experiments are described in S/ Materials and
Methods.

DSS-Induced Colitis Model. An acute model of DSS-induced colitis was
established as described previously (26) and in S/ Materials and Methods.

Chemokine/Cytokine Determination in Colon Extracts. Chemokine/cytokine
determination in colon extracts is described in SI Materials and Methods.

. Gordon S, Martinez FO (2010) Alternative activation of macrophages: Mechanism and
functions. Immunity 32:593-604.

. Lawrence T, Natoli G (2011) Transcriptional regulation of macrophage polarization:
Enabling diversity with identity. Nat Rev Immunol 11:750-761.

. Gray MJ, Poljakovic M, Kepka-Lenhart D, Morris SM, Jr. (2005) Induction of arginase
| transcription by IL-4 requires a composite DNA response element for STAT6 and
C/EBPbeta. Gene 353:98-106.

4. Ruffell D, et al. (2009) A CREB-C/EBPbeta cascade induces M2 macrophage-specific
gene expression and promotes muscle injury repair. Proc Nat/ Acad Sci USA 106:
17475-17480.

5. Fernandez-Hernando C, et al. (2007) Loss of Akt1 leads to severe atherosclerosis and

occlusive coronary artery disease. Cell Metab 6:446-457.

. Franke TF, et al. (1995) The protein kinase encoded by the Akt proto-oncogene is a
target of the PDGF-activated phosphatidylinositol 3-kinase. Cell 81:727-736.

. lliopoulos D, et al. (2009) MicroRNAs differentially regulated by Akt isoforms control
EMT and stem cell renewal in cancer cells. Sci Signal 2:ra62.

. Yang ZZ, et al. (2003) Protein kinase B alpha/Akt1 regulates placental development
and fetal growth. J Biol Chem 278:32124-32131.

9. Cho H, Thorvaldsen JL, Chu Q, Feng F, Birnbaum MJ (2001) Akt1/PKBalpha is required
for normal growth but dispensable for maintenance of glucose homeostasis in mice.
J Biol Chem 276:38349-38352.

10. Cho H, et al. (2001) Insulin resistance and a diabetes mellitus-like syndrome in mice
lacking the protein kinase Akt2 (PKB beta). Science 292:1728-1731.

11. Androulidaki A, et al. (2009) The kinase Akt1 controls macrophage response to li-
popolysaccharide by regulating microRNAs. Immunity 31:220-231.

12. Maroulakou IG, Oemler W, Naber SP, Tsichlis PN (2007) Akt1 ablation inhibits,
whereas Akt2 ablation accelerates, the development of mammary adenocarcinomas
in mouse mammary tumor virus (MMTV)-ErbB2/neu and MMTV-polyoma middle T
transgenic mice. Cancer Res 67:167-177.

13. Polytarchou C, et al. (2011) Akt2 regulates all Akt isoforms and promotes resistance to
hypoxia through induction of miR-21 upon oxygen deprivation. Cancer Res 71:4720-4731.

14. Zhou GL, et al. (2006) Opposing roles for Akt1 and Akt2 in Rac/Pak signaling and cell

migration. J Biol Chem 281:36443-36453.

N

w

o

~

0o

9522 | www.pnas.org/cgi/doi/10.1073/pnas.1119038109

Flow Cytometry. Mesenteric lymph nodes were aseptically removed, and cell
suspensions were prepared by mechanical dissociation. Nonspecific binding
was blocked with Fc block (BD Biosciences). Cells were stained with phycoerythrin
(PE)-conjugated anti-CD8 antibody, allophycocyanin (APC)-conjugated anti-CD4
antibody, and FITC-conjugated anti-CD69 antibody (all from eBioscience).
Stained cells were analyzed by flow cytometry (FACSCalibur, BD Biosciences).

Histology and Histopathological Score. Tissues were prepared and evaluated
as described previously (27) and in S/ Materials and Methods.

Immunoblot Analysis. Western blot analyses were performed as described
previously (28) and in S/ Materials and Methods.

Detection of miR-155 Expression. Detection of miR-155 expression is described
in SI Materials and Methods.

Chromatin Immunoprecipitation. ChIP was performed according to the pro-
tocol described previously (29). The C/EBPB antibody described above was
used in a concentration of 1:100. ChIP data were normalized to input. Pri-
mers used for PCR and quantitative-PCR of the Arg1 promoter that contains
the C/EBPB binding site were the following: 5’GGAGGGTGGTAGCCGAC-
GAGA 3’; 5" TAGCCCAGCACCCTCAACCCAA 3.

Statistical Analysis. All values are expressed as the mean + SEM of data
obtained from at least three experiments. Comparison between groups was
made with the Student’s t test and ANOVA test. Log-rank analysis was used for
survival experiments. P < 0.05 was the significance level. Unless otherwise
specified, *P < 0.05, **P < 0.01, ***P < 0.001, compared with WT (Fig. 2 B, D,
and H), WT LPS (Figs. 1 A-D and 2A), WT DSS (Fig. 3) or empty vector
(Fig. 2G), and +P < 0.05, ++P < 0.01, +++P < 0.001, compared with Akt17~
(Fig. 2 B, D, and H), Akt1~'~ LPS (Figs. 1 A-D and 2A), Akt1~"~ DSS (Fig. 3) or
shAkt1 (Fig. 2G). “ns” indicates “nonsignificant,” P > 0.05. #, ##, and ###
indicate P < 0.05, P < 0.01, and P < 0.001 compared with “control” (no LPS or
no IL-4 in Fig. 2 C and F, respectively).
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