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Alternatively activated macrophages (AAMs) play essential
roles in the promotion of tissue remodeling, vasculogenesis, and
tumor progression; however, the detailed mechanisms underly-
ing the activation of AAMs remain largely unknown. Here, by
using quantitative proteomic analysis, we identified 62 proteins
that were up-regulated in IL-4-induced macrophages. Among
these, Caspase-6 was increased significantly. Caspase-6 is
important in the apoptotic signaling pathway; however, its role
in non-apoptosis is also reported. Here, we first examined the
non-apoptotic role of Caspase-6 in the alternative activation of
macrophages after administration of IL-4, 4T1 tumor condi-
tional medium, or co-culture with 4T1 cells. Both treatments
promoted alternative activation of RAW264.7 cells and primary
macrophages, whereas disruption of caspase-6 expression and
activity could markedly suppress the biomarker levels of AAMs.
Overexpression of Caspase-6 could significantly promote the
activation of AAMs. Importantly, we further present evidence
that caspase-6 could regulate breast cancer cell invasion by
modulating MMP-2 and MMP-9 expression in 4T1 tumor-asso-
ciated macrophages, as ablation of protein levels or activity of
caspase-6 suppressed tumor cell invasion in vitro. In conclusion,
the observed results markedly expanded our views of the
dynamic changes in protein composition during alternative
activation of macrophages, and they revealed a critical new role
of caspase-6 in regulating this cellular biological process, which
suggested that caspase-6 might be a key nod molecule to regu-
late immunological steady-state and be a therapeutic candidate
for tumor immunotherapy.

It is well established that macrophages play a central role in
innate and adaptive immune responses (1). They contribute to

* This work was supported by National Natural Science Foundation of China
Projects 81473220,81273527,and 81421091 and by National Key Research
and Development Program no.2016YFA0500301. The authors declare that
they have no conflicts of interest with the contents of this article.

I This article contains supplemental Table S1.

" Both authors contributed equally to this work.

2To whom correspondence may be addressed: The State Key Laboratory of
Protein and Plant Gene Research, College of Life Sciences, Peking Univer-
sity, Beijing 100871, and Institute of System Biomedicine, School of Basic
Medical Sciences, Peking University, Beijing 100191, China. Tel.: 86-10-
62755470; Fax: 86-10-62751526; E-mail: jijg@pku.edu.cn.

3To whom correspondence may be addressed. Tel./Fax: 86-25-89686635;
E-mail: ppshen1812@gmail.com.

17450 JOURNAL OF BIOLOGICAL CHEMISTRY

the recognition, uptake, and killing of non-self agents and also
the initiation and progression of the adaptive immune response
(2). It has been well documented that during acute inflamma-
tion the macrophages are stimulated by toll-like receptor
ligands (LPS) and IFN-+, undergo classical M1 activation, and
secrete high levels of pro-inflammatory cytokines, reactive
nitrogen, and oxygen intermediates. All these factors promote
Th1 response, and then enhance microbicidal and tumoricidal
activity (as “killer” cells) (3, 4). Interestingly, more and more
evidence shows that macrophages not only play a role in the
defense mechanism but also are involved in the promotion of
tissue remodeling, vasculogenesis, and tumor progression,
which are defined as the alternatively activated macrophages
(5-7). When stimulated by the Th2 cytokines, such as IL-4 and
IL-13, macrophages express an alternative M2 activation state,
which is characterized by expressing a higher level of the anti-
inflammatory cytokine, such as IL-10, and a lower level of pro-
inflammatory cytokines, such as IL-12. Meanwhile, the up-reg-
ulation of cell-surface mannose receptor (MRC1/CD206),
hemoglobin/haptoglobin scavenger receptor (CD163), and the
activity of arginase-1 are identified in M2 macrophage (3-5),
which is distinct from LPS and IFN-y-mediated M1 classical
activation.

In addition to functioning in normal tissues, macrophages
are also a major cellular component of the tumor microenvi-
ronment, where they are commonly termed as tumor-associ-
ated macrophages (TAMs).* Despite the role of macrophages in
ingesting pathogens, many reports showed that these TAMs act
as a source of systemic and local cues to promote the prolifer-
ation, survival, migration, and invasion of cancer cells and sup-
port tumor angiogenesis and suppression of antitumor immu-
nity (8-10). This tumor-promoting function of TAMs is
consistent with clinical research that discovered a high density
of macrophages in many cancer types, which are considered to
be related to increased tumor vascularization, metastasis, and a
poor prognosis (11, 12). Furthermore, it was proposed that

“The abbreviations used are: TAM, tumor associated macrophage; AAM,
alternatively activated macrophage; M; SILAC, stable isotope labeling with
amino acids in cell culture; Z, benzyloxycarbonyl; fmk, fluoromethyl
ketone; BMDM, bone marrow-derived macrophage; L, light; H, heavy;
iNOS, induced nitric-oxide synthase; PPAR, peroxisome proliferator-acti-
vated receptor; GOBP, GO biological process; PM, peritoneal macrophage;
MMTV, murine mammary tumor virus.
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tumor-promoting TAM activation is mainly toward an alterna-
tive M2 activation, which underlies their ability to support the
growth and angiogenesis of tumors (4, 13, 14). Recently, much
progress has been made to illustrate that TAMs are closely
associated with tumor proliferation and tumor mobility, but the
detailed molecular mechanism is still largely unknown.

Caspase-6, a member of the caspase family, is an effector
caspase and is well known for its role in regulating apoptosis
by cleaving the nuclear structural protein NuMA (nuclear
mitotic apparatus protein) and the lamin A/C proteins and by
inducing nuclear shrinkage and fragmentation (15-17). As
such, Caspase-6 localizes in the cytoplasm and neurites of
Alzheimer disease neuron-induced apoptosis (18), and
Caspase-6 is also actively involved in Huntington disease by
cleaving the mutated huntingtin protein (19). Caspase-6 is tra-
ditionally recognized as an important molecule in programmed
cell apoptosis; however, it does not have detrimental role in this
process (20). Many studies have indicated that when compared
with wild-type cells, caspase-6~'~ cells appear to undergo nor-
mal apoptosis following exposure to etoposide or staurospo-
rine, and the reason for that is because the disruption of the
caspase-6 gene does not affect caspase-3 and -7 expression (21,
22). Furthermore, more evidence revealed that deficiencies in
caspase-6 did not result in aberrant expression of other
caspases in vivo. This is due to the fact that caspase-8 can com-
pensate developmentally for the absence of caspase-6 in consti-
tutive knock-out animals (23, 24). All the evidence indicated
that Caspase-6 is dispensable for the induction of apoptosis.
Furthermore, unlike Caspase-3 and Caspase-7, recent studies
have suggested an alternative non-apoptotic role for Caspase-6.
For instance, by modifying cell cycle entry, Caspase-6 also reg-
ulates B cell activation and differentiation into plasma cells (25);
additionally, Caspase-6 also plays critical roles in polymorpho-
nuclear neutrophil-driven macrophage activation through the
cleavage of IL-1 receptor-associated kinase M (26). Allin all, the
latest evidence suggests that Caspase-6 indeed has important
roles in regulating non-apoptotic cellular events. Despite the
important role of Caspase-6 in immunological regulation, there
is still no evidence demonstrating whether Caspase-6 plays any
role in the alternative activation of macrophages.

In this study, we first employed the proteomics analysis in
conjunction with SILAC-based LC-MS/MS (27) to systemati-
cally investigate the profile of differentially expressed proteins
in IL-4-treated macrophages. This quantitative approach pro-
vided a whole picture of the expression patterns of 3317 pro-
teins, among which the expression level of Caspase-6 was dra-
matically increased in macrophages treated with IL-4. We
further demonstrated that Caspase-6 could regulate alternative
activation of macrophages and enhance the pro-invasiveness
signature of TAMs by regulating the level of anti-inflammatory
cytokines and matrix metalloproteinase, such as MMP-2 and
MMP-9. Inhibition of Caspase-6 reversed the anti-inflamma-
tory phenotype of M2 and TAMs to some extent and rescued
the TAM-induced MMP-2 and MMP-9 increase and tumor cell
invasion. Collectively, our findings primarily revealed a new
role for Caspase-6 in regulating alternatively activated macro-
phages and novel molecular events, which suggested that
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Caspase-6 might serve as a key therapeutic target in future can-
cer immunotherapy.

Results

Alternative Activation of RAW264.7 Macrophages—Previous
studies have indicated that macrophages undergo alternative
M2 activation when stimulated with Th2 cytokines, such as
IL-4 and IL-13, in vitro. Importantly, these “alternatively” acti-
vated cells initiate the synthesis of arginase-1, an enzyme that
suppresses NO generation and promotes them to release orni-
thine, which is a critical mediator in the wound-healing
response (3-5). Indeed, here, after 12 or 24 h of exposure to IL-4
(10 ng/ml), RAW264.7 cells showed significantly elevated activ-
ity of arginase-1 (Fig. 1A), as measured by an arginase-1 activity
assay kit, suggesting an M2-activated state of RAW264.7 cells.
The activation of arginase-1 was further confirmed by quanti-
tative real time-PCR, in which the messenger RNA level of argi-
nase-1 was remarkably up-regulated (Fig. 1B), similar to the
elevation level of arginase-1 activity measured by an arginase-1
activity assay kit. In addition, previous studies showed that
IL-10 is not only able to stimulate M2c cells activation, but also
an important product from M2a (5). Here, we consistently
observed that in IL-4-stimulated RAW?246.7 cells, both mRNA
and protein levels of IL-10 were significantly enhanced (Fig. 1,
C and D). Another signature molecule for the M2 state of
macrophage is the mannose receptor (also known as CD206),
which was also dramatically up-regulated in IL-4-stimulated
RAW?264.7 cells (Fig. 1E), suggesting a successful induction of
M2 macrophages. Furthermore, we also tested the phagocy-
totic ability of macrophages by flow cytometry analysis, as its
M2 macrophages generally have decreased phagocytotic capac-
ity. Results shown in Fig. 1F, confirmed that the phagocytotic
ability of RAW?246.7 cells was significantly down-regulated
after IL-4 stimulation. Taken together, these experimental data
of molecular and functional studies indicated that stimulation
of RAW264.7 cells with IL-4 was a successful method to acquire
alternatively M2-activated macrophages that possess specific
phenotypes.

Quantitative Proteomics Analysis of Alternatively Activated
Macrophages—To further exploring the modulated proteins
and functional phenotype of the alternatively activated macro-
phages, quantitative proteomic analysis was performed in con-
junction with SILAC-based LC-MS/MS to acquire the relative
changes in comprehensive protein expression profile of IL-4-
induced alternatively activated macrophages (28, 29). SILAC
analysis work flow was displayed in Fig. 2A. To start, macro-
phages were labeled with heavy isotopes of 1.-'*C,-lysine and
L-3C'°N,-arginine (Lys-6/Arg-10) or light isotopes of L-'*C,-
lysine and 1-'?C, '*N,-arginine (Lys-0/Arg-0), respectively.
The Lys-0/Arg-0 labeled (L) cells were treated with IL-4 (10
ng/ml) for 24 h, and the Lys-6/Arg-10-labeled (H) cells were
used as control. Following this, identification and quantifica-
tion of whole cell lysate proteins of the IL-4-induced group or
the control group were performed by LC-MS/MS. All final pro-
teomic results were generated based on four independent bio-
logical experiments R1, R2, R3, and R4. The combined 96 raw
data were searched using the Andromeda search engine with
99% confidence (p < 0.01) (30), after removing pollutants,
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FIGURE 1.IL-4 induced alternative activation of macrophages. RAW264.7 cells were stimulated with IL-4 (10 ng/ml) for 12 or 24 h, respectively. A, arginase-1
enzymatic activities were measured as described. Band C, expression levels of arginase-1 and IL-10 transcript were measured by quantitative real time PCR. D,
protein levels of IL-10 were measured by ELISA. E, protein levels of mannose receptor in the surface of macrophages were detected by FLC. F, phagocytosis
abilities of IL-4-stimulated RAW264.7 cells were decreased compared with control, as measured by FLC. All bars were expressed as means = S.D. (p values of

plotted data of =0.05 were considered statistically significant).

reverse assignments, and proteins without unique peptides. In
total, we identified 3317 proteins in this study, and 2400 pro-
teins (72%) were identified in at least two replicates (Fig. 2B).
Only protein ratios (H/L) <0.67 were regarded as up-regulated,
and these were marked in blue, and protein ratios (H/L) >1.5
was considered to be down-regulated, and there were marked
in red. Finally, we obtained 62 proteins that were up-regulated
and 32 proteins that were down-regulated after IL-4 challenge
(supplemental Table 1).

In addition, we further manually annotated the up- and
down-regulated proteins into several functional categories.
These proteins were categorized using the GO biological pro-
cess (GOBP) and the KEGG enrichment analysis (31). As dem-
onstrated in Fig. 2C, the up-regulated proteins are shown by
blue dots, and the down-regulated proteins are shown by red
dots. GOBP and KEGG results indicated that the differentially
expressed proteins were predominantly involved in RNA trans-
port, nitrogen compound transport, ion transport, phagosome,
cytoskeleton organization, macromolecular complex subunit
organization, actin filament-based process, single-organism
biosynthetic process, small molecule metabolic process, etc.,
which provided clues for future research on exploring the
detailed mechanisms underlying the activation of AAMs.
Importantly, among the changed proteins, the well known key
players during macrophage phagocytosis such as CD14, Lamp1,
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and Lamp2 were significantly down-regulated (supplemental
Table 1), which further supports the credibility of the proteom-
ics analysis in this research.

Furthermore, by quantitative RT-PCR, we validated the
mRNA levels of the proteins having expression profiles with
more significant changes in the up- and down-regulated pro-
teins. As shown in Fig. 3, A and B, among the up-regulated
proteins Caspase-6 was remarkably increased. By closely look-
ing into Caspase-6, we found that the change of Caspase-6 was
strictly repeatable in three independent biological replicates
(Table 1). Thus, we decided to focus on Caspase-6, which was
often regarded as a pro-apoptosis executor; however, the role of
Caspase-6 in alternatively activated macrophages has never
been revealed before.

Caspase-6 Is Not an Apoptosis Executor in Alternatively
M2-activated Macrophages—Our quantitative proteomics data
had indicated that the protein levels of Caspase-6 were remark-
ably enriched in IL-4-induced alternatively M2-activated
macrophages. To further confirm the proteomics data, we per-
formed immunoblot assays with macrophages in the presence
of IL-4. As shown in Fig. 44, consistent with the proteomics
data, the protein levels of Caspase-6 were significantly in-
creased in IL-4-induced macrophages.

Previous studies have indicated that Caspase-6 is a cysteine
protease, and the functions of Caspase-6 are tightly related to
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FIGURE 2. Quantitative proteomics analysis of the alternatively M2-activated macrophages. A, schematic outline of the SILAC-based LC-MS/MS experi-
ment. B, in total, we identified 3317 proteins in this study by using four separate biological replicates, and 2400 proteins (72%) were identified in at least two
replicates. G, results of GOBP and KEGG enrichment analysis. The up-regulated proteins are blue dots, and the down-regulated proteins are red dots, and the
protein-protein interaction was shown as different colored lines. p value concerns significant enrichment of the terms, and p < 0.05 indicated significant

differences.

its enzymatic activity (15—17). Hence, we explored whether the
enzymatic activity of Caspase-6 is increased in alternatively
activated macrophages. Because Caspase-6 was cleaved during
its activation process (17), we detected the 18-kDa cleaved form
of Caspase-6 by using the appropriate antibody. As revealed in
Fig. 4A, we indeed detected the 18-kDa cleaved form of
Caspase-6 in alternatively activated macrophages, but not in
the control, suggesting Caspase-6 was activated during IL-4-
induced alternative macrophage activation. Moreover, to con-
firm Western blotting results, we further tested the Caspase-6
activity in IL-4-induced alternatively activated macrophages by
using a fluorometric assay kit. As expected, in macrophages
under the challenge of IL-4, the activity of Caspase-6 increased
strikingly (Fig. 4B).

As we showed above that Caspase-6 is cleaved and activated
during M2 macrophage activation, we further investigated
whether this event leads to apoptosis, the major role of
Caspase-6. Interestingly, flow cytometry results indicated that
these macrophages did not undergo apoptosis (Fig. 4C), sug-
gesting that caspase-6 may play its non-apoptosis physiological
roles in alternatively activated macrophages.
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Identification of Caspase-6 as a New Regulator of Alterna-
tively M2-activated Macrophages—According to the results
above, the up-regulated enzymatic activity and expression of
caspase-6 induced by IL-4 did not lead to apoptosis of macro-
phages. The non-apoptosis role of caspase-6 was also reported
previously in B lymphocyte cells and macrophages (20, 26).
However, it remains largely unknown how caspase-6 plays an
importantrole in regulating the alternative activation of macro-
phages. To explore the potential function(s) of caspase-6 in
mediating alternatively activated macrophages, we utilized
Z-VEID-fmk, a caspase-6 enzymatic activity inhibitor (Casp-
6i), in combination with IL-4. After co-incubation with IL-4
and Casp-6i, the macrophages displayed a significant reduction
in mRNA levels of arginase-1,1L-10, MMP-2, MMP-9 (Fig. 5A),
and arginase-1 activity (Fig. 5B) as compared with IL-4 alone
treatment, which were anti-inflammatory cytokines expressed
by M2 macrophages (3-5). In addition, the protein levels of
MMP-2 and MMP-9 were also reduced by Casp-6i (Fig. 5C).
Similar results were acquired in the experiments where macro-
phages were transfected with scramble siRNA or siRNA specif-
ically against caspase-6 (Casp-6si) prior to stimulus of IL-4.
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FIGURE 3. mRNA levels of the selected proteins in the quantitative pro-
teomics results were measured by quantitative real time-PCR. A, up-reg-
ulated proteins were detected by quantitative real time-PCR; results showed
that the mRNA level of caspase-6 was significantly increased in IL-4-induced
macrophages. B, down-regulated proteins were tested by quantitative real
time-PCR; results showed that the mRNA levels of map4 and soat1 were sig-
nificantly decreased in IL-4 induced macrophages. Bars were expressed as
means =+ S.D. (p values of plotted data of <0.05 were considered statistically
significant).

TABLE 1
Quantitative proteomic data of caspase-6
Protein Protein Ratio H/L  Ratio H/L
ID name normalized  count

Group 1 IPI00115542 Caspase-6; apoptotic protease 0.30312 5
Group 2 Mch-2; caspase-6 subunit  0.34641 3
Group 3 p18; caspase-6 subunit p11  (.37479 1

Results show that Casp-6si largely blocked the increased
mRNA levels of arginase-1, IL-10, MMP-2, MMP-9 (Fig. 5, D
and F), and arginase-1 activities (Fig. 5E), which were induced
by IL-4, compared with scramble siRNA. In conclusion, our
data convincingly supported that suppressing caspase-6, by
either Z-VEID-fmk or Casp-6si, distinctly interfered with the
activation of M2 macrophages by inhibiting the level of signa-
ture cytokines during this process.

To further confirming the role of caspase-6 in modulating
alternatively activated macrophages, we generated caspase-6
overexpressed macrophages (Casp-6"€" macrophages) and
control vector macrophages by transfecting lentiviral vector
particles of casp-6-fugw3 or fugw3-GFP into RAW264.7 cells,
respectively. When stimulated with IL-4, Casp-6"¢" macro-
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phages provoked an even higher increase of arginase-1, IL-10,
MMP-2, and MMP-9 messenger RNA levels (Fig. 5G) and argi-
nase-1 activity (Fig. 5H), as compared with control vector
macrophages that were stimulated with IL-4, suggesting a syn-
ergistic effect of IL-4 stimulation and caspase-6 expression. In
addition, the protein levels of MMP-2 and MMP-9 were also
significantly increased in Casp-6™¢" macrophages (Fig. 5I).
Taken together, these data indicated that Caspase-6 was indeed
a regulator of alternatively activated macrophages and incapa-
ble of inducing apoptosis of M2.

Identification of Caspase-6 as an Essential Regulator of
TAMs—As the evidence emerges, inflammation in the immune
system has recently been listed as one of the hallmarks of cancer
in Weinberg’s seminar cancer review (32). Importantly, TAMs
are predominantly polarized toward an M2-like phenotype (4,
13, 14, 33), serving as the key regulators of the link between
inflammation and cancer. To investigate this proposition, we
established a TAM model in vitro by introducing the tumor-
conditioned medium-treated macrophages, a model com-
monly used to mimic the phenotypes and functions of TAMs in
vitro (34, 35). In our study, RAW264.7 cells were challenged
with 4T1 tumor-conditioned medium for 24 h. Following this,
we compared the phenotype of TAMs with classically activated
M1 macrophages in which RAW264.7 cells were stimulated
with LPS (100 ng/ml) and IFN-vy (20 ng/ml) for 24 h, and alter-
natively activated M2 macrophages in which RAW264.7 cells
were incubated with IL-4 (10 ng/ml) for 24 h, respectively.
Results showed that in TAMs, as compared with control cells,
except for CD206 (Fig. 6A4), the arginase-1 activity (Fig. 6B) and
mRNA levels (Fig. 6C) were up-regulated; the expression of
IL-10 was also up-regulated (Fig. 6D). In addition, the amount
of nitric oxide release (Fig. 6E) and the level of TNF-« (Fig. 6F)
were not altered as compared with control. Another exception
is that the expression of IL-18 was significantly increased in
TAMs (Fig. 6G), compared with control, which are the impor-
tant features of M1 macrophages (3, 4, 36). Altogether, the pro-
files of TAMs were very similar to activated M2 macrophages
(IL-4 treated), rather than M1 macrophages (LPS + IFN-vy-
treated). Additionally, we also investigated the phagocytosis of
macrophages by flow cytometry analysis. As shown in Fig. 6H,
the phagocytic ability of M1 was significantly enhanced; how-
ever, the phagocytic ability of TAMs was significantly reduced
compared with control, but there was no difference with IL-4-
treated cells. Taken together, these results indicated that the
phenotype of TAMs was extremely similar with IL-4-induced
alternatively M2-activated macrophages. Thus, in conclusion,
the TAMs model we established here was mainly toward an
alternative activation in vitro.

As we showed with the non-apoptotic role of caspase-6 in
alternatively M2-activated macrophages, we are interested to
investigate whether caspase-6 showed a similar function in
TAMs. Similar to alternatively M2 activated macrophages, the
messenger RNA, and protein levels of pro-Caspase-6 (Fig. 7, A
and B), the protein levels of cleaved Caspase-6 (Fig. 7C) and the
enzymatic activity of Caspase-6 (Fig. 7D) were all increased
markedly in TAMs compared with control. Likewise, as the
flow cytometry analysis results showed in Fig. 7E, TAMs did not
undergo apoptosis upon induction, similar to M2 macro-
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FLC. The percentages of early or late apoptosis are presented in the lower right and upper right quadrants, respectively. Columns represent the average
proportions of apoptotic cells. All bars were expressed as means =S.D. (p values of plotted data of =0.05 were considered statistically significant). ns indicates

not significantly different.

phages. Collectively, the results we obtained here in TAMs sug-
gested that Caspase-6 might play a similar non-apoptotic role
in regulating the activation of TAMs, as it did in alternatively
activated macrophages.

To further examine the role of Caspase-6 in TAMs, we sup-
pressed the activity of Caspase-6 by Z-VEID-fmk or by inhibit-
ing its expression by siRNA in TAMs. As expected, consistent
with the results that were obtained in M2-activated macro-
phages, the induction of the TAM-responsive genes (argi-
nase-1,1L-10, VEGF, MMP-2, and MMP-9) (Fig. 8, A, C, D, and
F) (3, 4, 10, 36) and arginase-1 activity (Fig. 8, B and E) were
drastically abolished in TAMs in response to either Z-VEID-
fmk or Casp-6si treatment, respectively. Moreover, in an effort
to further confirm the role of Caspase-6 in modulating TAMs,
caspase-6 overexpressed macrophages were challenged with
tumor-conditioned medium. The results in Fig. 8, G-I, com-
pared with parental control, demonstrated that the Casp-6"&"
macrophages showed a synergistic increase of arginase-1,
MMP-2, MMP-9, IL-10, VEGF, and arginase-1 activity induced
by tumor-conditioned medium. Taken together, these data
indicate that Caspase-6 played an essential role in promoting
the alternative activation of TAMs in vitro.

All of the results we obtained above were performed in vitro.
However, we are more interested in the polarization of TAMs
that infiltrated into the tumor tissues. Therefore, in this study,
we isolated primary TAMs (CD11b*, F4/80", and MHCII™")
from tumor tissues of the MMTV-PyMT transgenic breast can-
cer mice (Fig. 94). As compared with the peritoneal macro-
phages (PMs), harvested from the peritoneal cavity and the
F4/807 cells that were more than 80% (Fig. 9A4), the messenger
RNA and protein levels of pro-caspase-6 were significantly
increased in those TAMs (Fig. 9, B and C). In addition, the real
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time quantitative PCR results also revealed that, in TAMs,
except for TNF-q, the gene expressions of arginase-1, IL-10,
VEGF, MMP-2, MMP-9, and IL-18 were dramatically up-reg-
ulated when compared with PMs (Fig. 9C). Collectively, similar
to the results we obtained in vitro, we concluded that caspase-6
was highly enriched in TAMs that were isolated from tumor
tissues, and these TAMs were mainly toward an M2-like
phenotype.

To further examine the role of Caspase-6 in regulating the
alternative activation of primary macrophages, we isolated
bone marrow cells from FVB/Nj female mice, and we induced
the cell maturation and differentiated into bone marrow-de-
rived macrophages (BMDMs) in the presence of mouse M-CSF
(20 ng/ml) in vitro. After the treatment of differentiation, flow
cytometry results indicated that the F4/807 cells were more
than 90% (Fig. 9D). Based on this, we established a TAMs model
in vitro, where BMDMs were co-cultured with 4T1 cells for 72 h
to further investigate the polarization of TAMs. Results showed
that in TAMs, as compared with untreated BMDMs, except for
CD206 and TNF-q, the messenger RNA levels of arginase-1,
IL-10, MMP-2, MMP-9, VEGF, and IL-18 were remarkably up-
regulated (Fig. 9E). Altogether, the profile of TAMs was quite
similar to alternatively activated macrophages. Furthermore,
we also performed experiments where the BMDMs were trans-
fected with scramble siRNA or siRNA specifically against
caspase-6 (Casp-6si) prior to co-culture with 4T1 cells. Results
showed that Casp-6si largely blocked the increased mRNA lev-
els of arginase-1, IL-10, MMP-2, MMP-9, and VEGF (Fig. 9F),
compared with scramble siRNA. In conclusion, these data con-
vincingly support that suppressing caspase-6, by Casp-6si, dis-
tinctly interfered with the alternative activation of BMDMs by
inhibiting the level of signature cytokines during this process.
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Caspase-6 Enhances Pro-invasive Signature of TAMs by Up-
regulating MMP-2 and MMP-9 Production—In the tumor
microenvironment, the key function of tumor-associated
macrophages is to promote tumor cell invasion and migration
(8-10,37-39). MMP-2 and MMP-9 are enzymes that belong to
the matrix metalloproteinase family that is involved in the deg-
radation and remodeling of the extracellular matrix (40, 41) and
has been demonstrated to promote tumor invasiveness in var-
ious tumor types, such as lung cancer, gastric cancer, mammary
carcinoma, esophageal cancer, thyroid cancer, etc. (42, 43). As
we discovered above that caspase-6 regulates expression of
MMP-2 and MMP-9 that is associated with activation of M2
macrophages and TAMs, we hypothesized here that caspase-6
may play an important role in modulating the pro-invasiveness
signature of TAMs through up-regulating MMP-2 and MMP-9
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production. To address this, RAW?264.7 macrophages were
transfected with siRNAs against caspase-6 (Casp-6si) or scram-
ble siRNA, respectively, and then induced cells into TAMs by
applying tumor conditional medium, and the tumor cell invasion
assay was performed in those cells. As we expected, the decrease of
caspase-6 in TAMs led to a significant suppression in the pro-
invasion capacity of these cells (Fig. 104). Additionally, incubation
with Z-VEID-fmk significantly reduced the pro-invasion capacity
of TAMs, too (Fig. 10B), further confirming the essential role of
Caspase-6 in promoting tumor progression activity of TAMs.
Finally, to further explore the significance of MMP-2 and
MMP-9 in the regulation of TAMs-enhanced tumor invasive-
ness, we conducted a cell invasion assay where MMP-2 and
MMP-9 were neutralized with special antibody (Bioworld Co.),
respectively. As expected, the neutralization of MMP-2 and
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FIGURE 7. Caspase-6 is not an apoptosis executor in TAMs. RAW264.7 cells were stimulated with tumor-conditioned medium for 12 or 24 h, respectively. A,
relative expression of caspase-6 was up-regulated in TAMs; results were detected by quantitative real time-PCR. B, protein level of pro-Caspase-6 was up-reg-
ulated in M2 and TAMs when compared with control, and results were tested by Western blotting assay. C, protein levels of pro-Caspase-6 and cleaved
Caspase-6 all were up-regulated in TAMs; results were detected by Western blotting with the specific antibodies. D, enzymatic activity of Caspase-6 was also
measured using an enzymatic activity assay kit. £, apoptosis was detected by FLC. The percentages of early or late apoptosis are presented in the lower right and
upper right quadrants, respectively. Columns represent the average proportions of apoptotic cells. All bars were expressed as means = S.D. (p values of plotted

data of =0.05 were considered statistically significant).

MMP-9 remarkably decreased the pro-tumor cell invasion abil-
ity of TAMs (Fig. 10C). Hence, these data again proved that
Caspase-6 could up-regulate the pro-invasive capacity of
TAMs through increasing MMP-2 and MMP-9 levels. In con-
clusion, these results clearly revealed functional relevance of
Caspase-6 in the promotion of tumor invasion by tumor-asso-
ciated macrophages.

Discussion

In the immune system, cytokines are the hormonal messen-
gers that are responsible for most of the biological effects.
Among them, Th2-type cytokines, including IL4, IL5, and IL13,
tend to promote the generation of IgE and eosinophilic
responses in atopy, which has more of an anti-inflammatory
response and is mostly triggered by extracellular parasitic infec-
tions, asthma, and other allergic inflammation (44 —46). Major
Th2 cytokine, 1L4, stimulates the activation of AAMs, which
work toward resolution of inflammation and promotion of
wound repair and angiogenic activities, and importantly, they
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are different from classically activated macrophages (47). In
addition to its beneficial activities, the AAMs have been impli-
cated in several pathologies, the most prominent of which are
allergy and asthma. Such groups of alternatively activated
macrophages are widely named as M2 macrophages. Recently,
more and more evidence showed the molecular profile of M2
macrophages, including the activation of Jak-Stat6 signaling
pathways, up-regulation of arginase-1, CD206, ym 1, fizz, IL-10,
TGEF-B, VEGF, etc. (48). In addition, there are several other
cytosolic proteins that are capable of promoting M2 macro-
phage activation, including the PPAR protein family, such as
PPARvy, PPARS, and PPARYy co-activator-1 B (PGC-1 B) (48—
51). Other examples are c-Myc and Klf4, which are able to
amplify Stat6 signaling and eventually promote the polarization
of M2 macrophages (48, 52, 53). Another aspect involved in the
activation of AAMs is the epigenetic alteration. For example,
Jmjd3 (JumonjiDomain Containing3),ahistone H3K27 demeth-
ylase, regulates the expression of Arginase-1, Cbi313, and Ret-
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and VEGF produced by TAMs. B, Casp-6i inhibited TAM-induced Arginase-1 activity of RAW264.7 cells. C, Western blotting analysis showed that the protein
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blotting analysis showed that the protein levels of MMP-2 and MMP-9 were markedly increased in Casp-6

high macrophages. All bars were expressed as

means * S.D. (p values of plotted data of =0.05 were considered statistically significant).

nla, all of which are signature proteins in M2 macrophages (48,
54, 55). However, the detailed molecular mechanisms underly-
ing activation of AAMs are still largely unknown.

In this study, we established a comprehensive quantitative
protein expression profile during M2 macrophage polarization
induced by IL-4 by utilizing highly sensitive LC-MS/MS in
conjunction with SILAC protein-labeling technique. Pro-
teomic analysis showed that, among the 3317 proteins we
obtained, there were 62 up-regulated proteins and 32 down-
regulated proteins (supplemental Table 1). Then, we discov-
ered Caspase-6, which was up-regulated significantly, and the
increasing trend of caspase-6 expression was highly reproduc-
ible during four experiments. Thus, our following research
focused on Caspase-6. Further investigation showed that the
enzymatic activity of Caspase-6 was largely induced at M2
macrophages that were stimulated by IL-4 in vitro. Interest-
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ingly, such an increase does not induce apoptosis of M2 macro-
phages (Fig. 4). Previous existing reporters have shown such
non-apoptotic roles of Caspase-6. Caspase-6 regulates the tran-
sition of B cells from G, to G; phases, which is essential in
maturation of B cells and B cell differentiation to plasma cells
(20). Caspase-6 is responsible for the cleavage of IL-1 receptor-
associated kinase M, mediating polymorphonuclear neutro-
phil-induced activation of macrophages (26). Given the above
evidence, we postulated that caspase-6 might play a non-apo-
ptotic role in regulating the activation of AAMs. Our research
showed that inhibiting caspase-6 by either Z-VEID-fmk, the
specific caspase-6 inhibitor, or siRNA against caspase-6 could
dramatically suppress the expression/activation of arginase-1
and IL-10, the signature molecules for IL-4-induced AAMs
(Fig. 5). Furthermore, overexpression of caspase-6 significantly
enhanced the levels/activation of Arginase-1 (Fig. 5), suggesting
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FIGURE 9. TAMs are mainly toward an alternative M2 activation in vivo, and caspase-6 plays an essential role in regulating the alternative activation
of primary macrophages. A, PMs were harvested from the peritoneal cavity and assessed by FLC with an anti-mouse F4/80-APC antibody; TAMs were isolated
from MMTV-PyMT tumor tissues and sorted by FACS with anti-mouse CD11b-PE, F4/80-APC, and MHCII-FITC antibodies. B, Western blotting analysis showed
that the protein level of pro-Caspase-6 was significantly up-regulated in primary TAMs, as compared with PMs. C, real time quantitative PCR analysis revealed
that the messenger levels of arginase-1, IL-10, VEGF, MMP-2, MMP-9, and IL-18 were markedly increased in TAMs when compared with PMs. D, BMDMs were
derived from bone marrow cells that were isolated from FVB/Nj female mice and detected by FLC with an anti-mouse F4/80-APC antibody. E, BMDMs were
co-cultured with 4T1 cells for 72 h, and the mRNA levels of arginase-1, IL-10, VEGF, MMP-2, MMP-9, and IL-18 were significantly increased. Results
were measured by quantitative real time-PCR. F, BMDMs were transfected with scramble siRNA or siRNA against caspase-6 (Casp-6si) prior to co-culture with
4T1 cells for 72 h. Quantitative real time-PCR results showed that Casp-6si could significantly reduce the expression of arginase-1, IL-10, MMP-2, MMP-9, and
VEGF produced by TAMs, compared with scramble siRNA. Bars were expressed as means = S.D. (p values of plotted data of =< 0.05 were considered statistically

significant, *, p < 0.05; **, p < 0.01; ***, p < 0.001).

indeed Caspase-6 played a key role in regulating alternative
activation of macrophages. This is a new evidence for non-apo-
ptotic role of Caspase-6.

In nature, there are some atypical macrophages that share
some pathological features with Th2, and also they showed sim-
ilar phenotypes with IL-4/IL-13-induced M2 macrophages,
such as TAMs, which also are named as AAMs but do not
possess all the features of AAMs (4, 33, 46, 56, 57). In our cur-
rent research, we obtained a similar conclusion. In TAMs, the
expression level and activation of Arginase-1 was highly up-
regulated, and the expression levels of IL-10 and IL-18 were
enhanced; however, the expression of CD206 was not altered
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(Fig. 6), suggesting mannose metabolism might be sustained
during the activation of TAMs, and the detailed mechanism
needs to be further investigated. These results demonstrated an
atypical phenotype of TAM, similar to M2 macrophage, but not
identical. TAMs, existing in tumor microenvironment, have
been shown to play a major role in promoting tumor growth,
angiogenesis, immunosuppression, tumor invasion, and migra-
tion, etc. (8—-10, 37-39, 58, 59). With more and more anti-
tumor drugs being developed for clinical application, the roles
of TAMs have been studied and showed completely distinct
effects toward various drugs, in a case/tumor-dependent man-
ner (59). For instant, doxorubicin and daunomycin can signifi-
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FIGURE 10. Caspase-6 enhances pro-invasiveness signature of TAMs by up-regulating production of MMP-2 and MMP-9. RAW264.7 macrophages
stimulated with or without 4T1 tumor-conditioned medium for 24 h were subjected to invasion assay. “No stimulation” represents unstimulated macrophages,
and “TAM" represents macrophages incubated with 4T1 tumor-conditioned medium. A, normal RAW264.7 cells transfected with scramble siRNA (no stimula-
tion & scramble), normal RAW264.7 cells with small interference RNA (siRNA)-induced caspase-6 silencing (Casp-6si), RAW264.7 cells transfected with scramble
siRNA prior to stimulus of tumor conditional medium (TAM & scramble), and RAW264.7 cells transfected with siRNA against caspase-6 prior to stimulus of tumor
conditional medium (TAM & Casp-6si) were co-cultured with 4T1 cells and subjected to invasion assay. The results are shown as both qualitative data (micro-
scopicimages) and quantitative data (OD) values of resolubilized crystal violet measured at a wavelength of 600 nm. B, normal RAW264.7 cells (No stimulation),
TAM, TAM with caspase-6 activity inhibitor (TAM & Casp-6i) were co-cultured with 4T1 cells and subjected to an in vitro invasion test. The results are shown as
both microscopic pictures (qualitative data) and optical density (OD). C, to address the significance of MMP-2/MMP-9 in TAM-induced tumor invasion, TAMs
were subjected to an in vitro invasion assay with or without the addition of 1:50 MMP-2/MMP-9 antibody in the co-culture medium. Both qualitative (micro-
scopic pictures) and quantitative (OD) results are shown herein. Values are expressed as means = S.D. (p values of plotted data of =0.05 were considered

statistically significant).

cantly enhance the cytotoxicity of TAMs/macrophages, exhib-
iting an anti-leukemia efficacy (60); in another case, docetaxel
promoted the expansion of cytotoxic M1-like macrophages/
TAMs, which further elevated specific T cell responses toward
breast tumor cells (61). More drugs, including paclitaxel, gem-
citabine, and 5-fluorouracil, can remarkably increase the
expression of cathepsin-B/S, a family of proteolytic enzymes
expressed on mononuclear macrophages, leading to enhanced
tumor infiltration and increased tumor resistance (62). There-
fore, effectively targeting TAMs has become a novel approach
to increase the anti-tumor efficacy based on current single or
combined anti-tumor therapies. For example, DeNardo et al.
(63) blocked the migration of TAMs with colony-stimulating
factor 1 receptor (CSF1R) signaling antagonists and combined
with paclitaxel greatly suppressed primary tumor development
and reduced pulmonary metastasis in the murine model. Rolny
et al. (64) targeted the polarization of TAMs with histidine-rich
glycoprotein by promoting antitumor immune responses and
vessel normalization, while improving chemotherapy. Based on
the evidence and our above research, we further examined
whether and how caspase-6 can regulate the activation of
TAMs to further modulate tumor progression.

Our studies here showed that in TAMs, similar to the role
in M2, Caspase-6 was also able to regulate the expression levels
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of the signature molecules of AAMs. More interestingly,
Caspase-6 showed a tight association with the expression levels
of MMP-2 and MMP-9, which are secreted by TAMs and play
important role in tumor infiltration and angiogenesis develop-
ment (65). Either caspase inhibitor or caspase-6 siRNA can sig-
nificantly down-regulate the levels of MMP-2 and MMP-9,
whereas overexpression of caspase-6 could up-regulate the
expression of MMP-2 and MMP-9 (Fig. 8). Thus, we hypothe-
sized that Caspase-6 might have possible effects on the ability of
tumor infiltration in TAMs by regulating the expression of
MMP-2 and MMP-9. More important, the primary TAMs
derived from the breast cancer model (MMTV-PyMT) showed
a significant M2 polarization phenotype. Furthermore, in vivo,
these activated macrophages in the tumor micro-environment
are Caspase-6-dependent, too (Fig. 9). In vitro invasion assays
showed that indeed by inhibiting Caspase-6 with either
Caspase-6 inhibitor or caspase-6 siRNA suppressed the tumor
pro-invasion capacity of TAMs (Fig. 10). Similarly, an inhibi-
tory result was obtained in the medium containing specific neu-
tralizing antibodies that can block MMP-2 or MMP-9 (Fig. 10).
Taken together, these results convincingly demonstrated that
Caspase-6 could regulate the pro-invasion ability of TAMs
through activation of MMP-2 and MMP-9; however, the
detailed mechanism needs to be further investigated.
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In summary, the data described in this study indicated an
essential role of caspase-6 in activation of alternatively acti-
vated macrophages; additionally, caspase-6 also controls the
tumor pro-invasion capacity of TAMs by regulating the expres-
sion of MMP-2 and MMP-9. Given the fact that macrophages
affect many physiological or pathological processes and the
important role of TAMs in progressing tumors, the current
research shed lights on the utilization of Caspase-6 as a poten-
tial drug target in clinical application, particularly in developing
and improving the efficacy of immunotherapies in cancer treat-
ment. Evidently, every unique clinical approach should fully
consider the biological variation on a specific tumor type and
individual patient basis to design effective personalized
therapies.

Experimental Procedures

Cell Culture and Treatments—RAW?264.7 cells, 4T1 cells,
and 293T cells (Shanghai Institutes for Biological Sciences, Chi-
nese Academy of Sciences) were cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS), penicillin (100
units/ml), and streptomycin (100 units/ml), respectively, in a
humidified atmosphere with 5% CO, at 37 °C. Alternatively,
M2-activated macrophages were obtained by stimulating with
IL-4 (10 ng/ml) for 24 h. Classically activated macrophages
(M1) were obtained by treatment with LPS (100 ng/ml) and
IFN-v (20 ng/ml) for 24 h. TAMs were obtained by stimulation
with tumor conditional medium (the supernatant of the 4T1
cells) for 24 h.

Reagents—DMEM and fetal bovine serums (FBS) were sup-
plied by Gibco. Opti-MEM medium was purchased from
Invitrogen. Custom DMEM (lacking arginine and lysine),
dialyzed fetal calf serum, and stable isotope-containing
amino acids 1-'?Cg-lysine and 1-'>C,'°N,-arginine were pur-
chased from Pierce. Sequencing grade porcine trypsin was pur-
chased from Promega Corp. (Madison, WI). Solvents for liquid
chromatography were purchased as follows: HPLC-grade ace-
tonitrile (Fisher) and formic acid (Sigma). Caspase-6 siRNA
(sc-72803) was purchased from Santa Cruz Biotechnology.
Caspase-6 inhibitor (Z-VEID-fmk) was purchased from Biovi-
sion. Other chemicals were supplied by Sigma, unless otherwise
stated. Mouse IL-4, IFN-v, and M-CSF were purchased from
PeproTech.

Animals—All mice were purchased from the Model Ani-
mal Research Center of Nanjing University (Nanjing, China)
and were maintained in a specific pathogen-free facility.
Friend virus B-type (FVB)/Nj female mice were crossed with
PyMT-positive FVB males. The offspring were genotyped by
PCR on a Bio-Rad My-Cycler using the following primers (for-
ward primer, 5-AACCCGAGTTCTCCAACAG-3', and
reverse primer, 5'-TCAGCAACACAAGGATTTC-3’') toiden-
tify MMTV-PyMT-positive female mice. The spontaneously
developed mammary tumors in MMTV-PyMT-positive female
mice were used in the subsequent experiments. Animal welfare
and experimental procedures were carried out in strict compli-
ance with the “Guide for the Care and Use of Laboratory Ani-
mals” and the related ethical regulations of Nanjing University.

Preparation of TAMs and PMs—Tumor tissues from sacri-
ficed mice were prepared by mechanical disruption, and the
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pieces of tumor tissues were incubated in Hanks’ buffer with
500 pg/ml collagenase type I and 75 ug/ml DNase I (Sigma) for
40 min at 37 °C with periodic vortexing. Digested tissues were
filtered through a 70-um cell strainer, layered in a 44 and 66%
Percoll gradient (Sunshine Bio, China), and centrifuged at 2000
rpm for 25 min without a break. Cells at the interface were
collected and analyzed by flow cytometry. Anti-mouse
CD11b-PE (eBioscience), anti-mouse MHCII-FITC (eBiosci-
ence), and anti-mouse F4/80-APC (eBioscience) antibodies
were incubated with the collected cells for 45 min at 4 °C, and
CD11b*, F4/80", and MHCII" TAMs were sorted by FACS
(66).

Peritoneal macrophages were harvested by peritoneal lavage.
5 ml of ice-cold PBS was injected into the peritoneal cavity and
extracted after gentle agitation. The peritoneal cell suspension
was centrifuged at 1200 rpm for 5 min. After centrifugation,
cells were then resuspended in DMEM-complete, and a total of
2 X 107 macrophages were seeded in 100-mm culture dishes in
a final volume of 10 ml. After 1 h of incubation, no adherent
cells were washed away. Monolayers were assessed by flow
cytometry analysis with an anti-mouse F4/80-APC antibody
(67).

Preparation of BMDMs—FVB/Nj female mice were killed by
cervical dislocation and disinfected with 70% ethanol. Both
hind legs were excised, and the femur and tibia were separated
by cutting at the knee joint, scraping them clean with a scalpel,
and placing into fresh 1X sterile PBS. Both ends of bone were
cut, exposing marrow, and we slowly flushed out the bone mar-
row with 1X sterile PBS using a 1-ml syringe and a 25-gauge
needle. We then pipetted the bone marrow cells up and down
and passed these cells through a 7-um nylon cell strainer to
bring the cells into single cell suspension, then centrifuged at
1200 rpm for 5 min, and aspirated the suspension. Next, we
added 2 ml of ACK lysing buffer and incubated for 5 min, then
added 1X sterile PBS to stop the lysis reaction and centrifuged
at 1200 rpm for 5 min, aspirated the suspension, and resus-
pended the bone marrow cells with complete DMEM (with 10%
FBS and 100 units/ml penicillin and streptomycin). The bone
marrow cells were counted using a hemocytometer, and the
cells were plated at 1 X 10° cells/well in a sterile 6-well cell
culture plate in 2 ml of complete DMEM. To induce the bone
marrow cells differentiated into BMDMs, the bone marrow
cells were needed to culture for 6-7 days in the present of
M-CSF (20 ng/ml) in a humidified atmosphere with 5% CO,, at
37 °C (67).

In Vitro Stimulation of BMDMs—For transwell co-culture
with 4T1 tumor cells, we added the transwell insert to the
6-well plates with BMDMs placed in the bottom, and we added
2 X 10° 4T1 cells in the top; meanwhile the untreated BMDM:s
served as control group. After 72 h of incubation, the BMDMs
were collected and used for the subsequent research.

RNA Isolation and Quantitative Real Time PCR—Total RNA
was isolated from macrophages with TRIzol reagent (Invitro-
gen), and the protocol was followed according to the manufa-
cturer’s instructions, and then RNA was quantified with Nano-
drop. First strand cDNA was synthesized from 1.5 ug of total
RNA using the Transgene first strand cDNA kit. The primer
sequences of arginase-1, CD206, IL-183, IL-10, TNF-«, IFN-v,
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TABLE 2
Primers used in real time quantitative PCR
Gene Forward primer sequence Reverse primer sequence
name Accession no. (5'-3") (5'-3")

Actin NM_007393.5 GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
arginase-1 NM_007482.3 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
IL-10 NM_010548.2 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
CD206 NM_008625.2 CTCTGTTCAGCTATTGGACGC CGGAATTTCTGGGATTCAGCTTC
caspase-6 NM_009811.4 GGAAGTGTTCGATCCAGCCG GGAGGGTCAGGTGCCAAAAG
MMP-2 NM_008610.3 CAAGTTCCCCGGCGATGTC TTCTGGTCAAGGTCACCTGTC
MMP-9 NM_013599.4 CTGGACAGCCAGACACTAAAG CTCGCGGCAAGTCTTCAGAG
VEGF NM_001025250.3 GCACATAGAGAGAATGAGCTTCC CTCCGCTCTGAACAAGGCT
TNF-«a NM_001278601.1 CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
IL-1B8 NM_008361.4 GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG
gnpnatl NM_019425.2 ATGAAACCCGATGAAACTCCC GCCTCAAAACCAAGCCTTCTC
ahnak NM_001039959.2 GGTCCCAAATTCAGGATGCCT GGGCCTTCAAAATCCAGACCT
plecl NM_011117.2 GGCTGAAGGTAGTTCCAATGG GTGCCTCTGAGCCTTGATAAG
sptbnl NM_175836.2 CCACCTTGCGAGAGTGTCC GTCCCTTAGTGGGTTTAGGCA
ubrd NM_001160319.1 GGGACGCCACCTTCTAACAG TTCAGAGTGTTCGTCTCCAGC
vpsl3c NM_177184.3 GAAGCTAAAGTAAAAGCCCACGA ACACATCAGAGGTGTTGACAATG
slcl6al NM_009196.4 TGTTAGTCGGAGCCTTCATTTC CACTGGTCGTTGCACTGAATA
map4 NM_001205330.1 CAGTCTTGTGGATGCGTTGAC TTCCCGGTTTTCTCATCACCA
hmox1 NM_010442.2 AAGCCGAGAATGCTGAGTTCA GCCGTGTAGATATGGTACAAGGA
soatl NM_009230.3 GAAGGCTCACTCATTTGTCAGA GTCTCGGTAAATAAGTGTAGGCG

MMP-2, MMP-9, VEGF, caspase-6, gnpnatl, ahnak, plecl,
Sptbnl, ubrd, vpsi3c, slcl6al, map4, hmoxI, and soatl were
synthesized by GenScript (Table 2). Quantitative-PCR assays
were carried out on the CFX96™ real time PCR detection sys-
tem (Bio-Rad), using the quantitative-PCR kit (Roche Applied
Science). The comparative threshold method for relative quan-
tification was used, and the results are expressed as fold change.
The expression of the measured genes in each sample was nor-
malized to actin expression.

Arginase-1 Activity Assay—After exposure to treatments,
cells in 12-well cell culture plates were harvested and lysed
using a lysis buffer (50 mm Tris-HCl, 0.1 mm EDTA, and EGTA,
pH 7.5, containing protease inhibitors). The lysate was centri-
fuged at 14,000 X g (10 min, 4 °C), and we then collected the
supernatant for assaying the arginase-1 activity. 25 ul of this
lysate were taken and mixed with 20 ul of 25 mm Tris-HCl, pH
7.5 and 5 ul of 10 mm MnCl,, and the enzyme was activated by
heating for 3 min at 56 °C. Then, 25 ul of 0.5 M L-arginine was
added and hydrolyzed at 37 °C for 90 min. After the reaction
was terminated by 200 ul of H,SO,/H;PO,/H,0, 25 ul of 2-iso-
nitrosopropiophenone was used to react with product urea.
Then 200 ul of 95% ethanol was added, followed by the mea-
surement on a spectrophotometer at 540 nm. The optical den-
sity values were normalized based on protein concentrations of
the lysates.

Flow Cytometry Analysis—RAW?264.7 cells were plated in
12-well plastic vessels at a density of 3 X 10° cells per well in
DMEM with 10% FBS and treatment with or without IL-4 for 12
and 24 h. The cells were analyzed on a FACSCalibur cytometer
using CellQuest software (BD Biosciences). Results were ana-
lyzed by FlowJo. The statistics presented are based on 10,000
events gated on the population of interest. The phycoerythrin-
conjugated anti-mouse CD206 (M1) and corresponding isotype
control were purchased from eBioscience.

Apoptosis was detected by staining cells with FITC-conju-
gated annexin-V and propidium iodide (KeyGEN, BioTECH)
and analysis by flow cytometry. Cells staining negative for
annexin-V and propidium iodide were defined as viable cells.
Phagocytosis was detected by challenging cells with latex beads
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(BD Biosciences) for 4 h at 37 °C. Following this, unbound
beads were removed by washing three times with cold PBS.
Results were analyzed by flow cytometry.

SILAC Labeling and Sample Processing—Cells were grown in
two different SILAC media, including either “light” isotopes of
L-'?Cg-lysine and 1-'°C4 '*N,-arginine (Lys-0/Arg-0) or
“heavy” isotopes of L-'*C,-lysine and 1-'>C,'°N, -arginine (Lys-
6/Arg-10) (ThermoFisher Scientific) for at least five rounds of
cell division. Subsequently, the cells in the “light” condition
were stimulated with IL-4 for 24 h, whereas the cells in the
“heavy” condition were retained as controls. After stimulating
with IL-4 for the indicated times in SILAC medium, cells were
harvested and lysed in the buffer containing 7 m urea, 2 M thio-
urea, 4% w/v CHAPS, 65 mm DTT, 1% (v/v) protease inhibitor
mixture (Sigma), and 0.1 volume of the mixture of deoxyribo-
nuclease I (1 mg/ml) and ribonuclease A (0.25 mg/ml) incu-
bated for 30 min on ice. The lysates were dissolved with
repeated vortex and ultrasonication, followed by centrifugation
at 13,000 X gat4 °C for 10 min to remove insoluble substances.

The protein concentration was determined by a two-dimen-
sional quantitative kit according to the manufacturer’s protocol
(GE Healthcare). Proteins of “light group” and “heavy group”
were mixed at 1:1 for a total of100 ug and were separated by
one-dimensional 12.5% SDS-polyacrylamide gel, and the gels
were fixed and stained with Coomassie Brilliant Blue. One gel
lane was excised into 32 slices. The slices were then cut into
1-mm? pieces and destained in 50% acetonitrile with 25 mm
ammonium bicarbonate solution, before being dehydrated in
100% acetonitrile and dried. The in-gel proteins were reduced
by incubation with 10 mm DTT for 40 min at 56 °C, followed by
alkylation with 55 mm iodoacetamide for 80 min in the dark.
After washing and dehydrating, the proteins were digested with
8 ng/ul sequencing grade trypsin (Promega) at 37 °C overnight.
The peptides were extracted from gel pieces with 0.1% trifluo-
roacetic acid and 50% acetonitrile for 120 min twice, and the
extracts were dried in a vacuum centrifuge (ThermoFisher
Scientific).

LC-MS/MS Analysis and Statistical Analysis—Peptides were
re-dissolved in 10 ul of 0.2% formic acid and injected into a
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fused silica emitter via auto-sampler with a commercial C18
reverse phase column, before being eluted with a nano-flow
liquid chromatography system (Micro-Tech Scientific). These
procedures used 30-min linear gradients from 5 to 30% and
5-min linear gradients from 30 to 45% of acetonitrile in 0.1%
formic acid at a constant flow rate of 500 nl/min. Eluted pep-
tides were sprayed into a LTQ-Orbitrap mass spectrometer
(Thermo Fisher Scientific Inc) via a nano-electrospray ion
source. Raw MS spectra were processed using the MaxQuant
software (versionl.4.1.2) that did peak list generation, quanti-
tation, and data filtration and presentation (28, 29). The derived
peak lists were searched by the Andromeda search engine
against a database combining 50,798 proteins from the Uniprot
mouse protein sequence database (updated in April, 2013) sup-
plemented with frequently observed contaminants and concat-
enated with reversed copies of all sequences. The data were
acquired in a data-dependent mode to automatically switch
between the full-scan MS (from m/z 300 to 2000) and the
MS/MS acquisition. The main parameters were set as follows:
the protein modifications were carbamidomethylation (fixed),
oxidation (variable), and protein N-terminal acetylation (vari-
able); the enzyme specificity was set to trypsin; the maximum
missed cleavages were set to 2; the initial mass deviation of
precursor ion and fragment ions were up to 10 ppm, and
MS/MS tolerance was 0.5 Da; the minimum required peptide
length was set to 7 amino acids; and the maximum false discov-
ery rate of proteins was set at 1%. For protein identification, at
least one peptide was required to be considered as unique in the
database. The protein ratios were calculated as from the medi-
ans of all SILAC-normalized peptide pair ratios that belonged
to the peptides in this protein. Statistical analysis of data and ¢
tests were performed with Perseus (version 1.4.1.3) (30).

Bioinformatics Analysis—In the experiment comparing con-
trol and alternatively activated macrophages, the quantified
proteins were divided into three groups corresponding to the
cutoffs of 1.50 and 0.667 of the normalized heavy/light ratios.
Fold changes of =1.50 were considered as up-regulation,
whereas =0.667 (reciprocal of 1.50)-fold changes were consid-
ered as down-regulation, and values between 0.667 and 1.5
indicated no change. The classification and enrichment analy-
sis of up- and down-regulated proteins for gene ontology bio-
logical process (GOBP) and KEGG were performed by Geneco-
dis3 system ( (31), in which the hypergeometric test was
employed for enrichment. The categories that were enriched at
least in one of the quantiles with a p < 0.05 were filtered for
hierarchical clustering.

Lentiviral Plasmids and Macrophage Infection—HEK293T
cells were transiently transfected with Fugw3-GFP (control
vector), Fugw3-caspase-6 (caspase-6 overexpressed vector)
plus RRE, REV, and VsVg envelopes to obtain lentiviral parti-
cles using Lipofectamine 2000 (Invitrogen). Culture superna-
tants were collected after transfection for 72 h, and the obtained
lentiviral particles were used to infect RAW?264.7 cells.

Small Interfering RNA (siRNA) Transfection—Cells were
plated in 6-well plates 12 h before transfection with scramble
siRNA or siRNA oligonucleotides against caspase-6 (sc-72803,
Santa Cruz Biotechnology). We used Lipofectamine 2000 re-
agent (Invitrogen) and Opti-MEM according to the manufactu-
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rer’s recommendations. Treatments were taken 24 h after
siRNA transfection.

Western Blotting—RAW?264.7 cells were harvested, and pro-
teins were extracted by whole cell lysis or a nuclear protein
extraction kit purchased from Beyotime. Protein concentration
was determined by BCA reagent from Pierce. Lysates were
resolved on 12.5% SDS-polyacrylamide gels, transferred to
PVDF membranes (Roche Applied Science), and then probed
with primary antibodies. Rabbit anti-pro-caspase-6 (catalog no.
9762) and rabbit anti-cleaved Caspase-6 (catalog no. 9761) were
purchased from Cell Signaling Technology. Anti-MMP-2 and
MMP-9 were supported by Bioworld Co.; anti-B-actin antibody
and anti-GAPDH antibody were purchased from Kangcheng
Co. Membranes were then washed in TBST and exposed for 2 h
to a 1:3000 dilution of species-specific secondary antibody. Sig-
nals were detected by chemiluminescence using Amersham
ECL reagents (GE Healthcare).

Cytokine Assays by Specific Enzyme-linked Immunosorbent
Assay (ELISA)—IL-10in supernatants was quantified using stan-
dard sandwich ELISAs according to instruction manuals. IL-10
concentrations were expressed in nanograms/ml, as calculated
from calibration curves from serial dilutions of murine recom-
binant standards (eBioscience) in each assay. The sensitivity of
both IL-10 assays was 20 pg/ml.

Caspase-6 Activity Assay—After exposure to treatments,
cells were harvested and lysed using a lysis buffer (50 mm Tris-
HCI, 0.1 mm EDTA, and EGTA, pH 7.5, containing protease
inhibitors). The lysate was centrifuged at 14,000 X g (10 min,
4°C), and we then collected the supernatant for assaying the
caspase-6 activity with the Caspase-6 activity assay kit (Beyo-
time Biotechnology). We took 50 ul of this lysate and added 50
wl of 2X reaction buffer (pre-added 10 mm DTT) and 5 ul of 1
mwm VEID-AFC and incubated for 2 h at 37 °C. Then, the fluo-
rescence intensity was measured at excitation/emission (400
nm/505 nm) in a macroplate spectrophotometer. The optical
density values were normalized based on protein concentra-
tions of the lysates.

Induced NOS Activity Assay—The activity of iINOS was mea-
sured using 10° cells by the nitric oxide synthase assay kit pur-
chased from Beyotime with the employment of the iNOS selec-
tive inhibitor 1400W also provided by Beyotime.

Cell Invasion Assay—The ability of breast cancer cells (4T1)
to migrate through Matrigel-coated filters was measured using
insert cell culture chambers (NUNC) with polycarbonate mem-
branes (8.0-um pore size, Millipore) coated with 100 ul of v/v
10% Matrigel (BD Biosciences) on the top side of the mem-
brane. The upper surface of the matrix was challenged with
20,000 4T1 cells, and cells were kept in serum-free medium
containing 0.1% BSA. The lower chamber was planted macro-
phages and contained medium supplemented with 10% serum
in the presence or absence of Z-VEID-fmk or MMP-2/MMP-9
antibodies. After 24 h, the cells were fixed and stained with 0.1%
crystal violet solution. Cells and Matrigel on the upper surface
of the membrane were removed carefully with a cotton swab.
After a phosphate-buffered saline rinse, three times, micro-
scopic images were taken as qualitative results, or the crystal
violet on these cells was resolubilized into 10% acetic acid for
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absorption spectroscopic analysis at 600 nm to generate quan-
titative data.

Statistical Analysis—Statistical analysis was performed using
GraphPad Prism 5.0 software. Error bars indicated the standard
deviation (S.D.) around the average data point, unless otherwise
indicated. Differences were analyzed by using the non-para-
metric Mann-Whitney analysis (two-tailed). p values of plotted
data = 0.05 were considered statistically significant.
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