
RESEARCH ARTICLE

IL4I1 Is a Novel Regulator of M2
Macrophage Polarization That Can Inhibit T
Cell Activation via L-Tryptophan and Arginine
Depletion and IL-10 Production
Yinpu Yue1, Wei Huang1, Jingjing Liang1, Jing Guo1, Jian Ji3, Yunliang Yao1,4,
Mingzhu Zheng1, Zhijian Cai1, Linrong Lu1,2*, Jianli Wang1*

1 Institute of Immunology, Zhejiang University School of Medicine, Hangzhou, P. R. China, 2 Program in
Molecular and Cellular Biology, Zhejiang University School of Medicine, Hangzhou, P. R. China, 3 College of
Animal Sciences, Key Laboratory of Animal Molecular Nutrition of the Ministry of Education, Zhejiang
University, Hangzhou, P. R. China, 4 Department of Microbiology and Immunology, Medical School of
Huzhou Teachers College, Huzhou, P. R. China

* jlwang@zju.edu.cn (JW); lu_linrong@zju.edu.cn (LL)

Abstract
Interleukin 4-induced gene-1 (IL4I1) was initially described as an early IL-4-inducible gene

in B cells. IL4I1 protein can inhibit T cell proliferation by releasing its enzymatic catabolite,

H2O2, and this effect is associated with transient down-regulation of T cell CD3 receptor-

zeta (TCRζ) expression. Herein, we show that IL4I1 contributes to the regulation of macro-

phage programming. We found that expression of IL4I1 increased during bone marrow-

derived macrophage (BMDM) differentiation, expression of IL4I1 is much higher in primary

macrophages than monocytes, and IL4I1 expression in BMDMs could be induced by Th1

and Th2 cytokines in two different patterns. Gene expression analysis revealed that overex-

pression of IL4I1 drove the expression of M2 markers (Fizz1, Arg1, YM-1, MR) and inhibited

the expression of M1-associated cytokines. Conversely, knockdown of IL4I1 by siRNA

resulted in opposite effects, and also attenuated STAT-3 and STAT-6 phosphorylation. Fur-

thermore, IL4I1 produced by macrophages catalyzed L-tryptophan degradation, while levo-
1-methyl-tryptophan (L-1-MT), but not dextro-1-methyl-tryptophan, partially rescued IL4I1-

dependent inhibition of T cell activation. Other inhibitors, such as diphenylene iodonium

(DPI), an anti-IL-10Rα blocking antibody, and a nitric oxide synthase inhibitor, NG-mono-

methyl-L-arginine, also had this effect. Overall, our findings indicate that IL4I1 promotes an

enhanced M2 functional phenotype, which is most likely associated with the phosphoryla-

tion of STAT-6 and STAT-3. Moreover, DPI, L-1-MT, NG-monomethyl-L-arginine, and anti-

IL-10Rα blocking antibody were all found to be effective IL4I1 inhibitors in vitro.
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Introduction
Macrophages are a heterogeneous population of immune cells that play diverse roles, such as
regulating inflammation and contributing to tissue remodeling in both innate and adaptive
immune responses[1]. Macrophages exhibit remarkable plasticity and can undergo changes in
response to environmental cues. Indeed, they can differentiate into two distinct subsets in dif-
ferent culture environments: classically-activated (M1) and alternatively-activated (M2) mac-
rophages[2–4]. M1 macrophages are induced by Th1 cytokines, such as interferon-gamma
(IFN-γ), lipopolysaccharide (LPS), and granulocyte-macrophage colony-stimulating factor,
and primarily exert anti-inflammatory activities[5,6]. By contrast, alternatively-activated mac-
rophages induced by Th2 cytokines, such as IL-4 or IL-13 (to yield M2a macrophages),
immune complexes in combination with IL-1β or LPS (to yield M2b macrophages), or IL-10,
TGFβ or glucocorticoids (to yield M2c macrophages), can contribute to wound-healing and
immune regulation, as well as tumor progression[2,6–10]. Although prostaglandins, IL-10, and
TGF-β that are produced by TAMs (tumor-associated macrophages, a type of polarized M2
macrophage) are known to be immunosuppressive mediators produced by these macrophages,
the possible presence of other mediators has not yet been fully addressed[11].

Interleukin 4-induced gene 1 (IL4I1) belongs to the L-amino-acid oxidase (LAAO) family
and catalyzes the oxidation of L-phenylalanine and some other amino acids[12–14]. IL4I1
enzyme is primarily expressed in professional antigen-presenting cells, such as macrophages
and dendritic cells, inhibits the proliferation of T cells in vitro, and contributes to the down-
regulation of Th1 inflammation[12,15]. By contrast, IL4I1 is highly expressed in TAMs and
can promote tumor escape by inhibiting CD8+ antitumor T cell response[16,17]. Additionally,
IL4I1 can exert antibacterial activities against Gram-positive and Gram-negative bacteria, and
this effect may be related to the production of H2O2 and other toxic metabolites[18].

Because Th1 and Th2 cytokines control macrophage polarization and as IL4I1 is highly
expressed in Th1 but not in Th2 granulomas, we tested the role of IL4I1 in macrophage plastic-
ity and polarization. Herein, we demonstrate that IL-4-treated macrophages were characterized
by the production of large amounts of IL4I1, and the expression of this factor was induced dur-
ing macrophage differentiation. Forced expression of IL4I1 in IL-4-treated macrophages pro-
moted the expression of M2-specific markers, whereas overexpression of IL4I1 in LPS-treated
macrophages inhibited the induction of M1-specific cytokines. Moreover, IL4I1 has a critical
role in tumor evolution, so we screened a selection of molecules and identified several IL4I1
inhibitors. Together, our data suggest that IL4I1 influences macrophage polarization and iden-
tifies IL4I1 inhibitors that might improve the efficacy of antitumor immunotherapies by modu-
lating the activity of IL4I1.

Materials and Methods

Mice
C57BL/6 and BALB/c mice were purchased from the Shanghai Laboratory Animal Center
(Shanghai, China). BALB/c-TgN (DO11.10) transgenic mice were purchased from the Model
Animal Research Center of Nanjing University. Animal experiments were performed in accord
with the Zhejiang University institutional guidelines and this study was approved by the Ethics
Committee of Zhejiang University under Permit numbers 20130046.

Antibodies and reagents
L-tryptophan, L-alanine, LPS (Escherichia coli 055:B5), 1-methyl-L-tryptophan (L-1-MT),
1-methyl-D-tryptophan (D-1-MT), diphenylene iodonium (DPI), HPLC-grade methanol
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(MeOH), and polybrene were obtained from Sigma–Aldrich (St. Louis, MO). IFN-γ and IL-4
were from PeproTech. All primers were synthesized by Sangon Biotech. Anti-IL-10Rα blocking
antibody was from R&D Systems (Minneapolis, MN, USA). Mouse anti-IL4I1 monoclonal
antibody was generated by AbMart (www.ab-mart.com.cn). Anti-β-actin and Glyceraldehyde
3-phosphate dehydrogenase (GADPH) monoclonal antibodies were also from AbMart. Rabbit
monoclonal anti-Myc epitope-tagged antibody, and phospho-STAT6 (Tyr641), phospho-
STAT3 (Tyr705), total STAT-3, and total STAT-6 monoclonal antibodies were from Cell Sig-
naling Technologies (Danvers, MA, USA). Anti-mouse CD11b (M1/70), anti-mouse Ly-6G
(1A8), anti-mouse F4/80 (BM8), anti-mouse MHC Class II (M5/114.15.2), anti-mouse CD80
(16-10A1), and anti-mouse CD86 (GL1) antibodies were from eBioscience. Ovalbumin
(OVA)323–339 peptide was from Chinese Peptide Co.

BMDM culture, isolation of primary monocytes and macrophages
C57BL/6 mice were sacrificed at 8–12 weeks by cervical dislocation, and bone marrow was iso-
lated from the tibia and femur, made into a single cell suspension, and cultured in RPMI 1640
medium (Invitrogen, Carlsbad, CA) with 10% FBS (Hyclone, UT), 2 mM glutamine, 100 U/mL
penicillin-streptomycin, and 20 ng/mL macrophage colony-stimulating factor (M-CSF; Pepro-
Tech, NJ) at 37°C under 5% CO2. After 5 days of differentiation in M-CSF-containing medium,
non-adherent cells were removed by aspiration, and adherent macrophages were referred to as
BMDMs or M0 cells.

Primary murine monocytes were isolated by negative selection using the mouse monocyte
enrichment kit (Stemcell Technologies, Vancouver, CA) following the manufacturer's instruc-
tions. Briefly, C57BL/6 mice were sacrificed at 8–12 weeks by cervical dislocation, then bone
marrow was isolated from the tibia and femur, made into a single cell suspension, then labeled
with a cocktail of biotinylated antibodies against non-monocytes, followed by anti-biotin
microbeads. The cell suspension was incubated within a 5 ml polystyrene tube that fits in the
Easysep@ magnet device. Unlabled monocytes were obtained by inverting the tube in the mag-
net and dispensing the cell solution into a new tube. The purity of monocytes was evaluated by
flow cytometry (CD11b+ Ly-6G− cells>85%).

Macrophages were elicited by intraperitoneal injection of 2 ml thioglycolate broth (BD,
Franklin Lakes, NJ) into C57BL/6 mice. Four days later, the peritoneal cavities were each
flushed with 2 ml DMEM, and the cells were incubated at 1 × 106 cells/2 ml of DMEMmedium
(Invitrogen, Carlsbad, CA) supplemented with 10% FBS, penicillin (100 U/ml), streptomycin
(100 μg/ml) and 4 mM glutamine. After 24 h, nonadherent cells were removed and 1 ml of cul-
ture medium was added. DMEM supplemented with 10% FBS, penicillin (100 U/ml), strepto-
mycin (100 μg/ml) and 4 mM glutamine. Cells were allowed to adhere for 4 h and then washed
free of nonadherent cells.

Plasmid construction, cell culture, small-interfering RNAs, and
transfection
The cDNA encoding mouse IL4I1 (mIL4I1, GenBank accession number NM_010215) was
obtained by PCR. Total RNA from bone marrow-derived macrophages (BMDMs) was reverse-
transcribed into cDNA and amplified using the primers 50-ACTGGTACCATGGCTGGGCTG
GCCCTGCGTCT-30 and 50-ATTGCGGCCGCGGAGTGGTCCCCCACTCGGTG-30. The
amplified cDNA fragment was cloned into the KpnI and NotI sites of a pcDNA4/mys-his vec-
tor. The retroviral construct pMX-IL4I1 was generated by inserting IL4I1 cDNA into EcoRI
and NotI sites of a pMX-IRES-GFP vector using primers 50-CCGGAATTCATGGCTGGGCTG
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GCCCTGCGTCT-30 and 50-CTGCGGCCGCTTAGGAGTGGTCCCCCACTCGGTGCAT-30.
Sequences were confirmed by DNA sequencing.

The mouse macrophage RAW264.7 cell line was obtained from the American Type Culture
Collection (Manassas, VA, USA) and cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (FBS), 2 mM glutamine, and 100 U/mL penicillin and
streptomycin (Gibco Laboratories) at 37°C under 5% CO2.

To knock-down expression of IL4I1, siRNA against IL4I1 (50- GCCGCGGUGAGAAUCAA
UA-30) and control siRNA were synthesized by Shanghai GenePharma Co. The siRNAs were
transfected into RAW264.7 cells using INTERFERin™ (Polyplus, Graffenstaden, France)
according to the manufacturer’s instructions. RAW264.7 cells were transfected by nucleofec-
tion electroporating transfection (Amaxa Inc., Gaithersburg, MD, USA) following the manu-
facturer’s instructions.

Retroviral transduction and MTT assays
The retroviral vector pMX-IL4I1 and control vector pMX-IRES-GFP were each transfected
into the Plat-E packaging cell-line, as described previously[19], and viral supernatants were
collected 48 and 72 h later. Recombinant retrovirus was used to infect primary BM cells in the
presence of 8 μg/ml polybrene for 4 h, and then cells were cultured with M-CSF for 5 days, as
described above.

RAW264.7 cells that had been transiently transfected with IL4I1 plasmid or empty vector
for 12 h were seeded into 96-well tissue-culture plates at 2 × 105 cells/ml and incubated in
200 μl 10% fetal calf serum in RPMI 1640 medium. After culture at 37°C under 5% CO2 for 24,
48, or 72 h, cells were stained with MTT for 4 h. Subsequently, medium was removed and
200 μl dimethylsulfoxide was added to dissolve formazan crystals. Absorbance was measured
at 570 nm to assess cell proliferation.

Western blotting
Cells were lysed with sodium dodecyl sulfate (SDS) lysis buffer (Beyotime Institute of Biotech-
nology, Shanghai, China) supplemented with proteinase inhibitor cocktail (Sigma–Aldrich).
Lysates were pelleted to remove cellular debris and collagen, and protein concentrations in
supernatants were quantified using the BCA protein assay (Pierce). Macrophages were cultured
in serum-free medium for 24 h to allow IL4I1 protein to be secreted into medium. Then, super-
natants were precipitated by adding an equal volume of MeOH and 0.25-volumes of chloro-
form, which was then vortexed and centrifuged for 10 min at 20,000×g. The upper phase was
discarded and 500 ml MeOH was added to the interface. This mixture was centrifuged for 10
min at 20,000×g and the protein pellet was dried at 55°C, re-suspended, and boiled for 5 min at
99°C. Equal amounts of proteins were separated by SDS–PAGE and transferred to a nitrocellu-
lose membrane. The membrane was probed with primary antibodies, followed by incubation
with an appropriate peroxidase-conjugated secondary antibody. Membranes were developed
using SuperSignal West Pico chemiluminescent substrate (Pierce). Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) or β-actin were used as a loading control.

Isolation of RNA, q-PCR, and semi-quantitative RT-PCR
Total RNA was extracted using TRIzol reagent (Invitrogen) and reverse transcription (RT) was
carried out using a PrimeScript™ RT-PCR kit (Takara). Then, q-PCR was performed using a
96-well CFX-96 detection system (Bio-Rad Laboratories) with SYBR Premix Ex Taq™ (Takara,
Cat. No. DRR041A). The corresponding primers were as follows:
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IL4I1: 50-CAGAAGGTGGTAGTGGTTGGT, TCATCCCGGAAAGTGAAGATA-30; β-
actin: 50-CGTTGACATCCGTAAAGACC, AACAGTCCGCCTAGAAGCAC-30; TNF-α: 50-
CGGTGCCTATGTCTCAGCCT, GAGGGTCTGGGCCATAGAAC-30; IL-1β: 50-ATGGCAA
CTGTTCCTGAACTC, GCCCATACTTTAGGAAGACA-30; iNOS: 50-CTGCAGCACTTGGA
TCAGGAACCTG, GGAGTAGCCTGTGTGCACCTGGAA-30; IL-12p40: 50-TGCCGCCTCT
ATTCACCTTA, CTGACTAGTCTCAATTGCAACA-30; Fizz-1: 50-CCCTCCACTGTAACGA
AG, GTGGTCCAGTCAACGAGTAA-30; Arg-1: 50-CAGAAGAATGGAAGAGTCAG, CAGA
TATGCAGGGAGTCACC-30; MR: 50-GCAGACTGCACCTCTGCCGG, TGCTGCTTGCAG
CTTGCCCT-30; and YM-1: 50-GGATGGCTACACTGGAGAAA, AGAAGGGTCACTCAGG
ATAA-30.

L-amino acid oxidase activity assay
LAAO activity was determined using 100 μg total cellular protein by measuring H2O2 release
according to the method of Mason et al.[14]: 100 μl L-amino-acid (10 mM; Sigma) or a dilution
of a known concentrations of H2O2 (1.47–1470 μM; Sigma) was added to individual wells in a
96-well plate. A fresh premix of 10 μl 200 U/ml horseradish peroxidase type VI-A, 10 μl 10 mg/
ml o-phenylenediamine, and 20 μl 500 mM phosphate citrate buffer (pH 5.0; Sigma) was pre-
pared and 60 μl of cell extract or a H2O2 control was added. The complete 100 μl premix was
added to wells, and the 200-μl reaction mixture was incubated for 2 h at 37°C with atmospheric
O2 in a humidified 5% CO2 incubator. The reaction was stopped by adding 11 μl 36 N H2SO4.
Samples were centrifuged at 13,000×g for 10 min to pellet any insoluble material and soluble
material was transferred to a fresh 96-well plate; the A490 measured using a microplate reader
(Bio-Rad). The OD490 background reading from empty-vector transfectants was subtracted
from that of pcDNA4-IL4I1 transfectants. To determine the specific LAAO activity (U/mg
total protein), total protein was measured by using the BCA protein assay.

T cell proliferation assay
BMDMs that had been transfected with IL4I1 recombinant retrovirus were treated with each of
the following inhibitors: L-1-MT (1 mM), D-1-MT (1 mM), DPI (ROS inhibitor, 10 μM), anti-
IL-10Rα blocking antibody (10 μg/mL, BioLegend), or L-NG-monomethyl arginine
(L-NMMA; 1 mM), respectively, or were left untreated for 4 h. Medium was then exchanged
with fresh T-lymphocyte medium and supernatants were collected 36 h later. Supernatants
from untreated BMDMs were used as a negative control. DO11.10 transgenic mice were sacri-
ficed at 8–10 weeks by cervical dislocation and spleens were isolated immediately and mashed
into a single cell suspension using frosted glass slides. After centrifugation, splenocytes treated
with ACK lysis buffer (8.29 g/L NH4Cl, 1 g/L KHCO2, 37.2 mg/L Na2-EDTA) to lyse red blood
cells. After centrifugation, cells were maintained in RPMI 1640 medium supplemented with
100 U/mL penicillin and streptomycin and 10% fetal bovine serum (FBS) at 37°C under 5%
CO2. Splenocytes were then labeled with carboxyfluorescein succinimidyl ester (CFSE). CFSE-
labeled cells were stimulated with 1 μg/ml OVA323–339 and cultured in a mixture of individual
IL4I1-overexpressing macrophage-derived supernatants and conventional T-lymphocyte
medium (ratio 1:1) in 96-well flat-bottomed plates (4×105 splenocytes/well, 200 μl). After incu-
bation for 72 h at 37°C under 5% CO2, the dilution of CFSE in T-cells was measured by flow
cytometry.

Measurement of cytokines and ROS production
Supernatants from DO11.10 splenocyte cultures were harvested and assayed in a sandwich
enzyme-linked immunosorbent assay (ELISA) for mouse IFN-γ according to the
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manufacturer’s instructions (eBioscience). Supernatants from macrophage cultures were har-
vested and measured by ELISA for the presence of mouse tumor necrosis factor-alpha (TNF-
α), IL-1β, and IL-12p40 according to the manufacturer’s instructions (eBioscience). ROS levels
were determined using a ROS assay kit (Beyotime Institute of Biotechnology, Jiangsu, China).

Flow cytometry
Cells were harvested and incubated with appropriate antibodies for 30 min on ice, washed, and
analyzed using a NovoCyte flow cytometer (ACEA Bioscience).

Statistical analysis
Data are reported as means ± S.D. of at least three experiments and Prism software (GraphPad,
La Jolla, CA, USA) was used for statistical analysis. For the analysis of IL4I1 mRNA level, MTT
assay, verification of M1 and M2 markers in BMDMs under LPS and IL-4 stimulated condi-
tions, ROS measurement and LAAO activity, statistical comparisons were made by using two
tailed unpaired Student's t-test. For analysis of M1 and M2 marker in IL4I1-overexpressing or
IL4I1-silencing BMDMs, statistical comparisons were made by using one-way analysis of vari-
ance (ANOVA) with multiple comparison post test (Bonferroni). For analysis of CFSE, involv-
ing comparisons among multiple groups, statistical comparisons were made by two-way
ANOVA with multiple comparison post test (Bonferroni). P<0.05 was considered statistically
significant.

Results

1. IL4I1 expression is up-regulated during macrophage differentiation
Because IL4I1 is expressed in secondary lymphoid tissues and antigen-presenting cells[12,15],
we aimed to identify its temporal expression pattern during the differentiation of BM cells into
macrophages. The proportion of primary macrophages among BM cells increased as BM cells
were cultured in M-CSF-containing medium; non-adherent cells were aspirated every 24 h. By
q-PCR and western blot analyses, we showed that levels of IL4I1 mRNA and protein expression
increased ~10-fold as the freshly isolated BM cells differentiated into macrophages; BM cells
exhibited the lowest expression levels on day 0 (Fig 1A and 1B). The specificity of the mouse
anti-IL4I1 monoclonal antibody was analyzed by immunoblot using an anti-Myc epitope
tagged antibody (S1 Fig). In accord with previous studies[12,17], the protein was detectable
both in M0 cells and culture supernatant (Fig 1C). Furthermore, we examined the expression
of IL4I1 in primary monocytes and macrophages, respectively. Both q-PCR and western blot
analyses showed that higher expression of IL4I1 in primary macrophages, compared with the
expression in monocytes (Fig 1D and 1E). These findings suggest that IL4I1 plays a critical role
in macrophage biology.

2. IL4I1 is differentially regulated by cytokines and TLR agonists
In the presence of IFN-γ, LPS, or other microbial products, primary macrophages differentiate
into M1-type macrophages[3,4,8]. By contrast, primary macrophages differentiate into the
M2-type upon stimulation by IL-4, IL-13, IL-10, or other immunosuppressive agents, such as
corticosteroids or prostaglandins[2,8,11]. Previously, IL-4, but not IFN-γ, has been shown to
induce IL4I1 activity in B cells [13], whereas in myeloid cells IFN-γ is a much stronger inducer
of activation than IL-4. However, changes in the protein expression levels of IL4I1 and the
induction patterns of those stimulating cytokines in myeloid cells have yet been previously
reported, so we examined the expression profiles of IL4I1 in BMDMs in response to the Th1
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cytokines LPS and IFN-γ, the Th2 cytokine IL-4, and the TLR3 and TLR9 agonists poly(I:C)
and CpG, respectively. By q-PCR analyses, we showed that M0 cells treated with LPS, IFN-γ, or
either TLR3 or TLR9 agonists all exhibited a marked increase in IL4I1 mRNA expression levels
with similar kinetics. LPS and IFN-γ stimulation induced the greatest increase within 3 h of
stimulation (23-fold and 47-fold, respectively), whereas ~10-fold elevation of IL4I1 mRNA
transcript levels was detected after stimulation with poly(I:C) or CpG for 3 h (Fig 2A, 2B, 2C
and 2G). Additionally, IL4I1 mRNA transcripts were up-regulated 5-fold after IL-4 stimulation
for 4–24 h, but they exhibited different kinetics (Fig 2H). These findings indicated that two dif-
ferent signal transduction pathways exist for Th1 and Th2 cytokine-mediated induction of
IL4I1 expression. Because IL4I1 is a secreted protein, we assessed its expression in culture
supernatants and cell lysates. Surprisingly, immunoblotting revealed that after 3 h stimulation,
both M1 and M2 cell stimuli could both induce IL4I1 protein, while after stimulation for 24 h,
IL4I1 protein was decreased in cultures stimulated by Th1 cytokines, whereas poly(I:C), CpG,
and IL-4 each strongly induced it (Fig 2D, 2E, 2F, 2I and 2J). Notably, changes in IL4I1 protein
expression did not match the corresponding changes in levels of gene expression. Given its

Fig 1. Expression of IL4I1 throughout macrophage differentiation. BM cells at day 0 or during
macrophage differentiation in the presence of M-CSF (20 ng/mL) for the indicated periods of time were
collected. Levels of IL4I1 gene and IL4I1 protein expression were assessed by q-PCR (A) and western
blotting (B), respectively. IL4I1 expression in medium (m) and total cellular proteins (c) from BMDMs were
assessed by western blotting (C). Levels of IL4I1 gene and IL4I1 protein expression in primary monocytes
and macrophages were assessed by q-PCR (D) and western blotting (E), respectively. All representative
data are presented as means ± S.D. for three independent experiments. Significance was calculated by two
tailed unpaired Student's t-test. Asterisks indicate significant differences compared to BM cells at day 0;
*p<0.05, **p<0.01, ***p<0.001.

doi:10.1371/journal.pone.0142979.g001
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greater protein expression in M2 versusM1 cells, we hypothesized that IL4I1 plays important
regulatory roles in M2 polarization.

3. IL4I1 promotes M2 function in vitro
In mice, alternatively activated macrophages are characterized by elevated expression levels of
anti-inflammatory cytokines as well as Fizz1 (RELM-α), arginase-1, YM-1, and Mannose
Receptor (CD206, MR), which are proteins that have been used to indicate alternative activa-
tion[2–4,8]. Moreover, those proteins are specifically expressed by macrophages in response to
IL-4 both in vivo and in vitro[2,8]. Given our finding that IL4I1 is up-regulated in IL-4-treated
macrophages, we next assessed its role in the polarization of alternatively activated macro-
phages. We used a siRNA that targeted IL4I1 to knock-down endogenous IL4I1 expression and

Fig 2. Induction of IL4I1 expression in macrophages. BMDMs were treated with LPS (100 ng/mL), IFN-γ (15 ng/mL), poly(I:C) (1 μg/mL), CpG (0.3 μM), or
IL-4 (10 ng/mL) for the indicated amounts of time or were left untreated. Levels of IL4I1 expression were assayed by q-PCR (A–C, G–H) and western blotting
(D–F, I–J), respectively. β-actin was used as a loading control throughout. Representative data are presented as means ± S.D. of three or four independent
experiments. Significance was calculated by two tailed unpaired Student's t-test. Asterisks indicate significant differences compared to untreated cells;
*p<0.05, **p<0.01, ***p<0.001.

doi:10.1371/journal.pone.0142979.g002
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validated the reduced levels of IL4I1 expression by q-PCR and western blotting (Fig 3A and
3B). Then, we identified changes in gene expression in IL-4-treated BMDMs (or M0 cells)
treated with IL4I1 siRNA or scrambled siRNA, and q-PCR revealed that IL4I1 knockdown
resulted in reduced expression of Fizz-1 (4124- to 900-fold), Arg-1 (931- to 38-fold), YM-1
(32- to 12-fold), and MR (6.5- to 1.5-fold) in IL-4-treated BMDMs (Fig 3E). Silencing the
expression of IL4I1 also reduced the protein expression levels of YM-1 (Fig 3C).

We next forced the overexpression of IL4I1 by recombinant retrovirus transfection in M0
cells and assessed the gene expression of M2 phenotypic markers after IL-4 treatment. Retro-
viral infection of macrophages did not alter the expression levels of endogenous IL4I1, and
the transfection efficiency of IL4I1 recombinant retrovirus was monitored by immunoblot-
ting (S2 Fig). The overexpression of IL4I1 in IL-4-treated macrophages led to enhanced
M2-polarization, as indicated by significantly increased mRNA transcript levels of Fizz-1
(3900 to 7082 fold), Arg-1 (509 to 717 fold), YM-1 (30 to 89 fold), and MR (4 to 38 fold; Fig
3D). By q-PCR analyses, we also found that IL4I1 knock-down had no significant effect on
the basal expression levels of IL-4-induced expression of Fizz1, Arg-1, YM-1, and MR (Fig
3D). Furthermore, IL4I1-expressing macrophages cultured with IL-4 secreted more IL-10
than control cells, and IL4I1 knock-down simultaneously inhibited basal and IL-4-induced
expression of IL-10 (Fig 3F).

Recent studies have shown that IL-4-mediated M2 polarization is associated with activation
of transcription factors, including STAT-3 and STAT-6[20,21]. STAT-3 is a potential negative
regulator of inflammatory responses and STAT-6 is a trans-factors that can bind to the pro-
moter of some M2 phenotypic markers, such as Arg-1 and Fizz-1[21–23]. Furthermore, STAT-
6 has been shown to control IL4I1 transcription in mouse splenocytes[15]. However, the role
of IL4I1 in STAT-6 activation in macrophages had not been previously reported. As IL4I1
enhanced the expression of M2 phenotypic marker genes in IL-4-treated macrophages (Fig
3D), we assessed the role of IL4I1 in STAT-6-mediated signaling. After knockdown of IL4I1 in
macrophages for 24 h followed by stimulation with IL-4 for 5, 30 or 120 min, immunoblot
analysis showed that phosphorylation of STAT-3 and STAT-6 was significantly reduced com-
pared with control macrophages, while the expression of total STAT-3 and total STAT-6 was
unchanged (Fig 3G). These findings indicated that IL4I1 contributes to M2 polarization, and
this effect is most likely associated with the phosphorylation of STAT-3 and STAT-6.

4. IL4I1 reduces M1 polarization
As the aforementioned studies indicated that IL4I1 promotes M2 polarization, we hypothe-
sized that IL4I1 would also affect M1 differentiation. M1 macrophages are that produce pro-
inflammatory cytokines, mediate resistance to pathogens, and exhibit strong antimicrobial
properties, but they also contribute to tissue destruction. These cells are characterized by an
enhanced ability to secrete cytokines, such as IL-1β, TNF-α, IL-12, and iNOS (inducible nitric
oxide synthase). Phenotypically, they express high levels of the costimulatory molecules CD80
and CD86 and class II major histocompatibility complex (MHC-II) molecules[24,25].

Surface markers expressed by IL4I1-silenced LPS-treated and control macrophages were
characterized by flow cytometry, which revealed that the expression levels of activation mark-
ers on M1 macrophages (i.e., CD80, CD86, and MHC class II) were similar between groups (S3
Fig). However, when we infected M0 cells with viral expression constructs to overexpress IL4I1
or an empty vector and treated them with LPS for 24 h, q-PCR analyses revealed that mRNA
transcript levels of M1-associated pro-inflammatory mediators were much lower in IL4I1-o-
verexpressing than in control LPS-treated macrophages, as indicated by significantly reduced
expression levels of TNF-α (133 to 40-fold), IL-1β (62 to 16-fold), IL-12p40 (249 to 168-fold),
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Fig 3. IL4I1 promotes M2macrophage phenotypes. BMDMs were transfected with siRNA to target IL4I1 or with scrambled siRNA for 24 h. The silencing
efficiency was evaluated by q-PCR (A) and western blotting (B), respectively. Representative data are presented as means ± S.D. of three independent
experiments. Significance was calculated by one-way ANOVA with multiple comparison post test (Bonferroni). Asterisks indicate significant differences
compared to scrambled siRNA transfections; ***p<0.001. BMDMs were transfected with siRNA against IL4I1 or scrambled siRNA for 24 h, and then were
treated with IL-4 (20 ng/mL) or were untreated for 24 h. Expression of Arg-1 and IL4I1 was assayed by western blotting (C) and IL-10 expression was
assayed by ELISA (F). The gene expression levels of the M2 markers Fizz-1, Arg-1, YM-1, and MR were assayed by q-PCR (E). BMDMs were infected with
IL4I1-encoding recombinant retrovirus or control, then were treated with IL-4 (20 ng/mL) or were untreated for 24 h. Levels of gene expression for the M2
markers Fizz-1, Arg-1, YM-1, and MR were assayed by q-PCR (D) and IL-10 expression was assayed by ELISA (F). Representative data are presented as
means ± S.D. of four independent experiments. Significance was calculated by one-way ANOVA with multiple comparison post test (Bonferroni). Asterisks
indicate statistically significant differences, either compared to controls, or between two conditions that are linked by a bar (*p<0.05, **p<0.01, ***p<0.001).
BMDMs were stimulated with IL-4 (20 ng/mL) or left untreated for 5, 30, or 120 min. The phosphorylation state of STAT-3 and STAT-6 was assessed by
western blotting (G); blots are representative of four experiments. Total STAT-6, total STAT-3, and GADPHwere used as loading controls.

doi:10.1371/journal.pone.0142979.g003
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and iNOS (210 to 107-fold; Fig 4A). Meanwhile, IL4I1 knockdown could enhance LPS-induced
expression of M1 markers, such as TNF-α (117 to 394-fold), IL-1β (52 to 132-fold), IL-12p40
(222 to 506-fold), and iNOS (144 to 178-fold; Fig 4B) however, this additive effect was not sig-
nificant for iNOS. ELISA analyses also confirmed these results, as IL4I1 led to the induction of

Fig 4. IL4I1 limits acquisition of M1 phenotypes. BMDMs were infected with IL4I1-recombinant or control retrovirus, then were either untreated or treated
with LPS (100 ng/mL) for 24 h. Levels of TNF-α, IL-1β, IL-12p40, and iNOSmRNA transcript expression were assayed by q-PCR (A) and those of TNF-α, IL-
1β, and IL-12p40 protein expression were assayed by ELISA (C). BMDMs were transfected with siRNA against IL4I1 or scrambled siRNA for 24 h, then were
untreated or treated with LPS (100 ng/mL) for 24 h. Levels of TNF-α, IL-1β, IL-12p40, and iNOS gene expression were assayed by q-PCR (B) and those of
TNF-α, IL-1β, and IL-12p40 protein expression were assayed by ELISA (D). Representative data are presented as means ± S.D. of five independent
experiments. Significance was calculated by one-way ANOVA with multiple comparison post test (Bonferroni). Asterisks indicate statistically significant
differences, either compared to control, or between two conditions that are linked by a bar; *p<0.05, **p<0.01, ***p<0.001.

doi:10.1371/journal.pone.0142979.g004
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LPS-induced M1 marker expression, such as TNF-α, IL-1β, and IL-12p40 (Fig 4C and 4D).
Our q-PCR and ELISA analyses showed that IL4I1 exerted no significant effect on basal expres-
sion levels of M1 markers in LPS-stimulated macrophages (Fig 4A, 4B, 4C and 4D). In accord
with previous studies[15,17], our data indicated that IL4I1 dampens the pro-inflammatory
state of macrophages.

5. IL4I1 contributes to the immunoregulatory activities of IL4-treated
macrophages and is a novel L-tryptophan-degrading enzyme
As IL4I1 is an immunosuppressive enzyme that inhibits T cell proliferation[12,17], we assessed
its role in T cell activation in a system that used conditioned media. Using a MTT assay, we
showed that overexpression of IL4I1 has no significant effect on the proliferation of the
RAW264.7 mouse macrophage cell line (S4A Fig). We next used culture supernatants collected
fromM0, LPS- or IL-4-treated macrophages and fresh T cell medium to yield a conditioned
media system. The effect of polarization in LPS-treated macrophages was confirmed by the
increased mRNA transcript levels of IL-1β, TNF-α, and IL-12p40 (S4B Fig). Similarly, the
effect of polarization in IL-4-treated macrophages was confirmed by increased mRNA tran-
script levels of Fizz-1, Arg-1, YM-1, and MR (S4C and S4D Fig).

To further assess T cell–macrophage interactions, a mixture of culture medium collected
fromM0, LPS- or IL-4-treated macrophages and fresh T-lymphocyte medium was used to cul-
ture CFSE-labeled DO11.10 splenocytes in the presence or absence of 1 μg/mL OVA323–339 for
72 h. LPS treatment resulted in increased proliferation, while IL-4 treatment resulted in a sig-
nificant reduction in proliferation, as determined by CFSE dilution, and IL4I1 knockdown in
macrophages could partially inhibit this effect (Fig 5A and 5B). when mix with culture medium
collected from LPS-treated macrophages, the percentage of proliferating T cells was increased
(p<0.001) compared with the % CFSEhigh cells when mix with control culture medium, and
when mix with culture medium collected from IL-4-treated macrophages, the percentage of
proliferating T cells was decreased (p<0.05) compared with the precentage when mix with
control culture medium. IL4I1 knockdown alone in M0 and IL-4-treated macrophages could
also increase proliferation compared with control cells (p<0.05, p<0.01, respectively). IL4I1
knockdown alone in LPS-treated macrophages has no such effect (p = 0.22, with Bonferroni's
correction).

ELISA analysis revealed that factors in LPS-treated macrophage supernatants enhanced the
secretion of IFN-γ (p<0.05) compared with the level of IFN-γ in control macrophage superna-
tants, whereas factors in IL-4-treated macrophage supernatants reduced the secretion of IFN-γ
compared with control macrophage supernatants (p<0.05); notably, knockdown of IL4I1
could attenuate this effect (p = 0.39, with Bonferroni's correction) (Fig 5C). IL4I1 knockdown
alone in IL-4-treated macrophages could also increase the secretion of IFN-γ (p<0.001).
Together, these findings suggested that IL4I1 produced by macrophages serves as a negative
regulator of T cell activation, suggesting that enhanced IL4I1 expression contributes to the
immunoregulatory function of M2 macrophages.

IL4I1 has been reported to have L-phenylalanine and L-tryptophan oxidase activity[14,15],
and it is possible that the L-tryptophan oxidase activity of IL4I1 is responsible for its immuno-
suppressive activity on T cells. Additionally, it is accepted that T cells are highly susceptible to
tryptophan deprivation[26]. We carried out LAAO assays and found that IL4I1 catalyzed L-
tryptophan oxidation in vitro, but showed no L-alanine oxidase activity, although this activity
was weaker than its L-phenylalanine oxidase activity (Fig 5D, S5 Fig), suggesting that IL4I1 can
act as a L-tryptophan-degrading enzyme along with IDO (indoleamine 2,3-dioxygenase)[26–
28]. Additionally, after treated with LPS for 72 h, overexpression of IL4I1 in macrophages
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enhanced ROS levels, which also affected T cell activation (Fig 5E)[29,30], in accord with previ-
ous reports[12,15].

6. Inhibition of T-cell activation by IL4I1 via L-tryptophan and arginine
depletion and the production of IL-10 and ROS
We used the conditioned media system to study the function of IL4I1 in supernatants from
macrophages that overexpressed IL4I1 or were transfected with an empty vector. Previous stud-
ies reported that levels of arginine and IL-10 change within local microenvironments, which is
critical for determining the outcome of T cell activation. As we found that IL4I1 up-regulated
the expression of Arg-1 and IL-10, we hypothesized that inhibitors of Arg-1 and IL-10 might
suppress the bioactivity of IL4I1. Thus, we assessed the effects of several agents—L-1-MT, an

Fig 5. IL4I1 promotes immunoregulatory functions of macrophages that were alternatively activated by IL-4. BMDMs were transfected with siRNA
against IL4I1 or scrambled siRNA for 24 h, then were treated with LPS (50 ng/mL), IL-4 (20 ng/mL), or were untreated for 24 h. After 24 h, supernatants were
collected and 1 μg/mL OVA323–339 was added. CFSE-labeled splenocytes from DO11.10 mice were cultured with 1 μg/mL soluble OVA323–339 for 72 h. Cell-
division was monitored based on levels of CFSE dilution that were measured using flow cytometry (A–B). Data are representative of three independent
experiments. Protein expression levels of IFN-γ in supernatants from DO11.10 splenocyte cultures were assayed using ELISA (C). Insoluble extracts of
RAW264.7 cells that were transiently transfected with indicated doses of pcDNA-IL4I1 or empty vector were assayed for specific L-tryptophan substrates at
10 mM (final concentration) under atmospheric oxygen (D). ROS assays from RAW264.7 cells transiently transfected with pcDNA4-IL4I1 or pcDNA4 vector
in the presence of 50 ng/mL LPS for the indicated times (E). Representative data are presented as means ± S.D. of four independent experiments.
Significance was calculated by two-way ANOVA with multiple comparison post test (Bonferroni). Asterisks indicate significant differences compared to
controls, or between two conditions that are linked by a bar; *p<0.05, **p<0.01, ***p<0.001.

doi:10.1371/journal.pone.0142979.g005
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L-tryptophan analog, D-1-MT, a D-tryptophan analog, DPI, a ROS inhibitor, L-NMMA, an L-
arginine analog, and anti-IL-10Rα blocking antibody—on IL4I1 bioactivity. BMDMs infected
with IL4I1 or control retrovirus were pretreated with L-1-MT, D-1-MT, DPI, anti-IL-10Rα
blocking antibody, or L-NMMA, or they were left untreated for 4 h. CFSE-labeled splenocytes
from DO11.10 mice were then added to these cultures with conventional T cell medium (1:1)
with 1 μg/mL OVA323–339 for 72 h. T cell division was monitored based on CFSE dilution by
flow cytometry. In our conditioned media system, pretreatment with L-1-MT, L-NMMA, anti-
IL-10Rα blocking antibody, or DPI, but not D-1-MT could effectively rescue the suppression of
T cell activation (Fig 6A, 6B and 6C). when mix with supernatants frommacrophages that over-
expressed IL4I1, the percentage of proliferating T cells (% CFSEhigh cells) was increased by pre-
treatment with L-1-MT (p<0.01), DPI (p<0.001), anti-IL-10Rα blocking antibody (p<0.01),
or L-NMMA (p<0.05), but not D-1-MT (p = 0.21, with Bonferroni's correction), compared
with the % CFSEhigh cells that have no pretreatment. Our data also showed that overexpression
of IL4I1 resulted in reduced T cell proliferation, as determined by CFSE dilution, when

Fig 6. Effective inhibitors of IL4I1 include L-1-MT, DPI, anti-IL-10Rα blocking antibody, and L-NMMA. BMDMs infected with IL4I1-recombinant or
control retrovirus were pretreated with the inhibitors mentioned above or were untreated for 4 h. CFSE-labeled splenocytes from DO11.10 mice (n = 6) were
cultured in a mixture of IL4I1-overexpressing macrophage-derived supernatant and conventional T cell medium (1:1) with 1 μg/mL soluble OVA323–339 for 72
h. Cell division monitored based on levels of CFSE dilution that were measured using flow cytometry (A–B). Data are representative of three independent
experiments. Levels of IFN-γ protein expression from the culture supernatants described above from DO11.10 splenocyte cultures were assayed by ELISA
(C). Representative data are presented as means ± S.D. of three independent experiments. Significance was calculated by two-way ANOVA with multiple
comparison post test (Bonferroni). Asterisks indicate significant differences compared to controls, or between two conditions that are linked by a bar;
*p<0.05, **p<0.01, ***p<0.001.

doi:10.1371/journal.pone.0142979.g006
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BMDMs were pretreated with L-1-MT (p<0.05), D-1-MT (p<0.01), anti-IL-10Rα blocking
antibody (p<0.05), L-NMMA (p<0.05) or left untreated (p<0.01), but not DPI (p = 0.24, with
Bonferroni's correction).

Additionally, ELISA analysis revealed that in cells that were pretreated with L-1-MT, DPI,
anti-IL-10Rα blocking, antibody or L-NMMA, or were left untreated, supernatants from
IL4I1-overexpressing macrophages could enhance the expression of IFN-γ (Fig 6C). When mix
with supernatants from macrophages that overexpressed IL4I1, the expression of IFN-γ was
increased by pretreatment with L-1-MT (p<0.01), DPI (p<0.001), anti-IL-10Rα blocking anti-
body (p<0.001), or L-NMMA (p<0.05), but not D-1-MT (p = 0.20, with Bonferroni's correc-
tion), compared with the expression of IFN-γ from cells that have no pretreatment. Our data
also showed that overexpression of IL4I1 resulted in reduced T cell proliferation, as determined
by CFSE dilution, when BMDMs were pretreated with L-1-MT (p<0.05), D-1-MT (p<0.001),
anti-IL-10Rα blocking antibody (p<0.05), L-NMMA (p<0.05) or left untreated (p<0.001),
but not DPI (p = 0.26, with Bonferroni's correction).These findings indicated that the inhibi-
tion of T cell activation caused by macrophage-derived IL4I1 was partially a result of L-trypto-
phan and L-arginine deprivation, and that L-1-MT, L-NMMA, anti-IL-10Rα blocking
antibody, and DPI could all effectively inhibit the bioactivities of IL4I1.

Discussion
In addition to presenting antigens and providing co-stimulatory and pro-inflammatory signals
to activate T cells, BMDMs differentiated in the presence of Th2 cytokines acquire the ability
to suppress T cell activation in vitro[26]. In this present study, we identified an L-tryptophan
oxidase, IL4I1, which was differentially induced upon either Th1 or Th2 stimulation of macro-
phages, and enhanced the anti-inflammatory activities of alternatively activated macrophages.
Although previous studies have shown that Th1 cytokines, but not Th2 cytokines, are robust
inducers of IL4I1 in macrophages[15]. Our findings show that IL4I1 protein was markedly
increased by Th2 cytokines, although the changes that we observed in IL4I1 protein expression
were not quantitatively equivalent to the corresponding changes in gene expression. This
observation suggests that control of the levels of IL4I1 may involve post-transcriptional
regulation.

Although overexpression of IL4I1 did not affect RAW264.7 cell proliferation, we failed to
establish a stable IL4I1-expressing RAW264.7 cell line by transfection, likely because such cells
could create a local microenvironment in which tryptophan concentrations are low and ROS
levels are high, resulting in cell death. To elucidate-the role of IL4I1 in macrophage polariza-
tion, we assessed the expression levels of M1- and M2-specific markers in polarized macro-
phages after overexpression or knockdown of IL4I1, and identified a regulatory role for IL4I1
in enhancing M2 gene expression and dampening inflammation. By contrast, overexpression
or knockdown of IL4I1 alone in macrophages did not alter M1 or M2 gene expression. In addi-
tion to enhancing M2 polarization, we also found that IL4I1 regulated STAT-3 and STAT-6
phosphorylation in M2 cells upon IL-4 stimulation.

T cell activation is known to be limited or suppressed when exposed to an immunosuppres-
sive local milieu that contains specific factors, such as suppressive cytokines, ROS, and essential
amino acids[26,29,31]. Among these factors, IDO and excessive levels of ROS have been impli-
cated in various immunosuppressive activities, such as those exerted by T cells. Indeed, ROS
production is an important mechanism used by myeloid-derived suppressor cells (MDSCs) to
suppress the activation of tumor-infiltrating T cells. Inhibition of ROS production by MDSCs
that are isolated from tumor-bearing mice or cancer patients completely abrogates the suppres-
sive effects of these cells in vitro[32,33]. Similarly, IL4I1 is also mainly expressed in peripheral
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lymphoid organs (S6 Fig), and the constantly elevated expression levels of IL4I1 in these cells
correlates strongly with the rate of L-tryptophan consumption upon IL-4 stimulation of LPS-
activated or IL-4-treated macrophages, indicating a contribution of IL4I1 to tryptophan depri-
vation, which is responsible for the suppressive activities of macrophages and can be reversed
upon L-1-MT supplementation. Previous studies using the IDO inhibitor L-1-MT established
that tryptophan depletion resulting from the expression of IDO contributes to inhibiting the
functional activity of macrophages. Furthermore, IL4I1 along with enzymes such as arginase-1
[34], IDO[26], and inducible nitric oxide synthase[35], have been reported to contribute to the
immunosuppressive capacity of certain myeloid cell populations.

Similar to the mechanism of action of IDO, our findings suggest that the proliferative arrest
of antigen-activated T cells caused by tryptophan depletion is not the only suppressive mecha-
nism involved. We also detected excessive ROS metabolites in culture supernatants of IL4I1-o-
verexpressing macrophages, which also contribute to the suppressive activity of IL4I1.
Considering the LAAO activity of IL4I1, these changes in ROS levels likely are a consequence
of H2O2 released by the oxidation of L-amino-acid substrates. Accordingly, these findings sug-
gest that the inhibitory activity of IL4I1 could also be blocked by ROS inhibitors.

Overall, our findings demonstrate that IL4I1 promotes alternatively activated M2 macro-
phages that have anti-inflammatory properties, which can suppress T cell activation, most
likely in a STAT-3- and STAT-6-dependent manner. Moreover, we identified agents that can
inhibit IL4I1. Similarly to IDO, IL4I1 can create a local microenvironment with very low tryp-
tophan concentrations and high ROS levels, yielding conditions that are unfavorable to T cell
activation. These findings identify potential targets for the design of anti-inflammatory regi-
mens and cancer therapies.

Supporting Information
S1 Fig. Verification of mouse anti-IL4I1 antibody.HEK293T cells were transfected with
pcDNA-IL4I1 or empty vector retrovirus constructs for 24 h and the expression of IL4I1 was
evaluated by western blotting with a mouse anti-IL4I1 antibody (A) or an anti-Myc antibody
(B); results are representative of four independent experiments and GADPH was used as a
loading control. The two antibodies detected IL4I1 at similar sizes (~90 kD), which was greater
than the theoretical predicted size because of N-glycosylation and the Myc-tag.
(DOC)

S2 Fig. Overexpression of IL4I1 in BMDMs. Protein expression of IL4I1 in macrophages
transfected with control recombinant retrovirus (infected) or that were left untreated (un) were
assayed by western blotting (A). Protein expression levels of IL4I1 in macrophages transfected
with IL4I1 or control recombinant retrovirus were assayed by western blotting (B). The upper
band corresponds to exogenous IL4I1 and the lower band corresponds to endogenous IL4I1;
results are representative of three independent experiments and GADPH was used as a loading
control.
(DOC)

S3 Fig. Phenotypic analysis of IL4I1-silencing in BMDMs. BMDMs were transfected with an
siRNA that targeted IL4I1 or a scrambled siRNA for 24 h and then treated with LPS (100 ng/
mL) for 24 h. Expression of CD80, CD86, and MHC II in IL4I1-silenced BMDMs or controls
were determined by flow cytometry, and CD11b+F4/80+ cells were gated among total cells, and
were then analyzed for the expression of CD80, CD86, and MHC II; results are representative
of three independent experiments.
(DOC)
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S4 Fig. Overexpression of IL4I1 does not affect RAW264.7 cells proliferation, verification
of M1 and M2 markers in BMDMs under LPS and IL-4 stimulated conditions. RAW264.7
cells transiently transfected with pcDNA-IL4I1 or empty vector for 12 h were seeded in 96-well
culture plates at 2 × 105 cells/ml, then were stained with MTT for the indicated amounts of
times. Media was removed and the formazan crystals were dissolved by adding dimethylsulfox-
ide. Absorbance was measured at 570 nm to assess cell proliferation (A); data are representative
of three independent experiments. Significance was calculated by two tailed unpaired Student's
t-test, p = 0.18, not significant. BMDMs were treated with LPS (100 ng/mL) or were left
untreated for 24 h, and the mRNA transcript levels of TNF-α, IL-1β, and IL-12p40 were
assayed by q-PCR (B). BMDMs were treated with IL-4 (10 ng/mL) or were left untreated for 24
h, and the mRNA transcript levels of Fizz-1, Arg-1, YM-1, and MR were assayed by q-PCR (C
and D). Data are presented as means ± S.D. of four representative independent experiments.
Significance was calculated by two tailed unpaired Student's t-test. Asterisks indicate significant
significant differences compared with untreated conditions; ���p<0.001.
(DOC)

S5 Fig. IL4I1 has L-phenylalanine oxidase activity in vitro. Insoluble cell extracts from
RAW264.7 cells that were transiently transfected with the indicated doses of pcDNA-IL4I1 or
empty vector were assayed for specific L-phenylalanine or L-alanine substrates at a 10 mM
final concentrations under atmospheric oxygen (A and B); results are representative of four
independent experiments. Significance was calculated by two tailed unpaired Student's t-test.
Asterisks indicate significant differences compared to controls; ��p<0.01, ���p<0.001.
(DOC)

S6 Fig. Gene expression of IL4I1 in various tissues from BALB/c mice. Total RNA was iso-
lated from the indicated tissues, reverse-transcribed into cDNA, and amplified with primer
pairs for mouse IL4I1; β-actin was used as an internal control; results are representative of five
independent experiments.
(DOC)

Acknowledgments
The authors thank Dr. D. Wang for providing experimental suggestions and Prof. Jie Yan for
his advice on ROS detection.

Author Contributions
Conceived and designed the experiments: Y. Yue WH JL JG JJ Y. Yao MZ. Performed the
experiments: Y. Yue LL JW. Analyzed the data: Y. Yue LL ZC. Contributed reagents/materials/
analysis tools: LL JW. Wrote the paper: Y. Yue LL JW.

References
1. Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage subsets. Nature reviews

Immunology. 2011; 11(11):723–37. doi: 10.1038/nri3073 PMID: 21997792

2. Gordon S. Alternative activation of macrophages. Nature reviews Immunology. 2003; 3(1):23–35. doi:
10.1038/nri978 PMID: 12511873

3. Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. M-1/M-2 macrophages and the Th1/Th2 paradigm.
Journal of immunology. 2000; 164(12):6166–73.

4. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nature reviews Immu-
nology. 2008; 8(12):958–69. doi: 10.1038/nri2448 PMID: 19029990

5. Benoit M, Desnues B, Mege JL. Macrophage polarization in bacterial infections. Journal of immunol-
ogy. 2008; 181(6):3733–9.

IL4I1 in Macrophage Polarization and T Cell Activation

PLOS ONE | DOI:10.1371/journal.pone.0142979 November 24, 2015 17 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142979.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142979.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142979.s006
http://dx.doi.org/10.1038/nri3073
http://www.ncbi.nlm.nih.gov/pubmed/21997792
http://dx.doi.org/10.1038/nri978
http://www.ncbi.nlm.nih.gov/pubmed/12511873
http://dx.doi.org/10.1038/nri2448
http://www.ncbi.nlm.nih.gov/pubmed/19029990


6. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The chemokine system in diverse
forms of macrophage activation and polarization. Trends in immunology. 2004; 25(12):677–86. doi: 10.
1016/j.it.2004.09.015 PMID: 15530839

7. Ivashkiv LB. Epigenetic regulation of macrophage polarization and function. Trends in immunology.
2013; 34(5):216–23. doi: 10.1016/j.it.2012.11.001 PMID: 23218730

8. Martinez FO, Sica A, Mantovani A, Locati M. Macrophage activation and polarization. Frontiers in bio-
science: a journal and virtual library. 2008; 13:453–61.

9. Noel W, Raes G, Hassanzadeh Ghassabeh G, De Baetselier P, Beschin A. Alternatively activated mac-
rophages during parasite infections. Trends in parasitology. 2004; 20(3):126–33. doi: 10.1016/j.pt.
2004.01.004 PMID: 15036034

10. Stein M, Keshav S, Harris N, Gordon S. Interleukin 4 potently enhances murine macrophagemannose
receptor activity: a marker of alternative immunologic macrophage activation. The Journal of experi-
mental medicine. 1992; 176(1):287–92. PMID: 1613462

11. Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. Macrophage polarization: tumor-associated
macrophages as a paradigm for polarized M2mononuclear phagocytes. Trends in immunology. 2002;
23(11):549–55. PMID: 12401408

12. Boulland ML, Marquet J, Molinier-Frenkel V, Moller P, Guiter C, Lasoudris F, et al. Human IL4I1 is a
secreted L-phenylalanine oxidase expressed by mature dendritic cells that inhibits T-lymphocyte prolif-
eration. Blood. 2007; 110(1):220–7. doi: 10.1182/blood-2006-07-036210 PMID: 17356132

13. Chu CC, Paul WE. Fig1, an interleukin 4-induced mouse B cell gene isolated by cDNA representational
difference analysis. Proceedings of the National Academy of Sciences of the United States of America.
1997; 94(6):2507–12. PMID: 9122225

14. Mason JM, Naidu MD, Barcia M, Porti D, Chavan SS, Chu CC. IL-4-induced gene-1 is a leukocyte L-
amino acid oxidase with an unusual acidic pH preference and lysosomal localization. Journal of immu-
nology. 2004; 173(7):4561–7.

15. Marquet J, Lasoudris F, Cousin C, Puiffe ML, Martin-Garcia N, Baud V, et al. Dichotomy between fac-
tors inducing the immunosuppressive enzyme IL-4-induced gene 1 (IL4I1) in B lymphocytes and mono-
nuclear phagocytes. European journal of immunology. 2010; 40(9):2557–68. doi: 10.1002/eji.
201040428 PMID: 20683900

16. Carbonnelle-Puscian A, Copie-Bergman C, Baia M, Martin-Garcia N, Allory Y, Haioun C, et al. The
novel immunosuppressive enzyme IL4I1 is expressed by neoplastic cells of several B-cell lymphomas
and by tumor-associated macrophages. Leukemia. 2009; 23(5):952–60. doi: 10.1038/leu.2008.380
PMID: 19436310

17. Lasoudris F, Cousin C, Prevost-Blondel A, Martin-Garcia N, Abd-Alsamad I, Ortonne N, et al. IL4I1: an
inhibitor of the CD8(+) antitumor T-cell response in vivo. European journal of immunology. 2011; 41
(6):1629–38. doi: 10.1002/eji.201041119 PMID: 21469114

18. Puiffe ML, Lachaise I, Molinier-Frenkel V, Castellano F. Antibacterial properties of the mammalian L-
amino acid oxidase IL4I1. PloS one. 2013; 8(1):e54589. doi: 10.1371/journal.pone.0054589 PMID:
23355881

19. Morita S, Kojima T, Kitamura T. Plat-E: an efficient and stable system for transient packaging of retrovi-
ruses. Gene therapy. 2000; 7(12):1063–6. doi: 10.1038/sj.gt.3301206 PMID: 10871756

20. Kaplan MH, Schindler U, Smiley ST, Grusby MJ. Stat6 is required for mediating responses to IL-4 and
for development of Th2 cells. Immunity. 1996; 4(3):313–9. PMID: 8624821

21. Takeda K, Clausen BE, Kaisho T, Tsujimura T, Terada N, Forster I, et al. Enhanced Th1 activity and
development of chronic enterocolitis in mice devoid of Stat3 in macrophages and neutrophils. Immunity.
1999; 10(1):39–49. PMID: 10023769

22. Gray MJ, Poljakovic M, Kepka-Lenhart D, Morris SM Jr. Induction of arginase I transcription by IL-4
requires a composite DNA response element for STAT6 and C/EBPbeta. Gene. 2005; 353(1):98–106.
doi: 10.1016/j.gene.2005.04.004 PMID: 15922518

23. Stutz AM, Pickart LA, Trifilieff A, Baumruker T, Prieschl-Strassmayr E, Woisetschlager M. The Th2 cell
cytokines IL-4 and IL-13 regulate found in inflammatory zone 1/resistin-like molecule alpha gene
expression by a STAT6 and CCAAT/enhancer-binding protein-dependent mechanism. Journal of
immunology. 2003; 170(4):1789–96.

24. Martinez FO, Helming L, Gordon S. Alternative activation of macrophages: an immunologic functional
perspective. Annual review of immunology. 2009; 27:451–83. doi: 10.1146/annurev.immunol.021908.
132532 PMID: 19105661

25. Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas. The Journal of clinical
investigation. 2012; 122(3):787–95. doi: 10.1172/JCI59643 PMID: 22378047

IL4I1 in Macrophage Polarization and T Cell Activation

PLOS ONE | DOI:10.1371/journal.pone.0142979 November 24, 2015 18 / 19

http://dx.doi.org/10.1016/j.it.2004.09.015
http://dx.doi.org/10.1016/j.it.2004.09.015
http://www.ncbi.nlm.nih.gov/pubmed/15530839
http://dx.doi.org/10.1016/j.it.2012.11.001
http://www.ncbi.nlm.nih.gov/pubmed/23218730
http://dx.doi.org/10.1016/j.pt.2004.01.004
http://dx.doi.org/10.1016/j.pt.2004.01.004
http://www.ncbi.nlm.nih.gov/pubmed/15036034
http://www.ncbi.nlm.nih.gov/pubmed/1613462
http://www.ncbi.nlm.nih.gov/pubmed/12401408
http://dx.doi.org/10.1182/blood-2006-07-036210
http://www.ncbi.nlm.nih.gov/pubmed/17356132
http://www.ncbi.nlm.nih.gov/pubmed/9122225
http://dx.doi.org/10.1002/eji.201040428
http://dx.doi.org/10.1002/eji.201040428
http://www.ncbi.nlm.nih.gov/pubmed/20683900
http://dx.doi.org/10.1038/leu.2008.380
http://www.ncbi.nlm.nih.gov/pubmed/19436310
http://dx.doi.org/10.1002/eji.201041119
http://www.ncbi.nlm.nih.gov/pubmed/21469114
http://dx.doi.org/10.1371/journal.pone.0054589
http://www.ncbi.nlm.nih.gov/pubmed/23355881
http://dx.doi.org/10.1038/sj.gt.3301206
http://www.ncbi.nlm.nih.gov/pubmed/10871756
http://www.ncbi.nlm.nih.gov/pubmed/8624821
http://www.ncbi.nlm.nih.gov/pubmed/10023769
http://dx.doi.org/10.1016/j.gene.2005.04.004
http://www.ncbi.nlm.nih.gov/pubmed/15922518
http://dx.doi.org/10.1146/annurev.immunol.021908.132532
http://dx.doi.org/10.1146/annurev.immunol.021908.132532
http://www.ncbi.nlm.nih.gov/pubmed/19105661
http://dx.doi.org/10.1172/JCI59643
http://www.ncbi.nlm.nih.gov/pubmed/22378047


26. Munn DH, Shafizadeh E, Attwood JT, Bondarev I, Pashine A, Mellor AL. Inhibition of T cell proliferation
by macrophage tryptophan catabolism. The Journal of experimental medicine. 1999; 189(9):1363–72.
PMID: 10224276

27. Frumento G, Rotondo R, Tonetti M, Damonte G, Benatti U, Ferrara GB. Tryptophan-derived catabolites
are responsible for inhibition of T and natural killer cell proliferation induced by indoleamine 2,3-dioxy-
genase. The Journal of experimental medicine. 2002; 196(4):459–68. PMID: 12186838

28. Mellor AL, Munn DH. IDO expression by dendritic cells: tolerance and tryptophan catabolism. Nature
reviews Immunology. 2004; 4(10):762–74. doi: 10.1038/nri1457 PMID: 15459668

29. Hildeman DA, Mitchell T, Teague TK, Henson P, Day BJ, Kappler J, et al. Reactive oxygen species reg-
ulate activation-induced T cell apoptosis. Immunity. 1999; 10(6):735–44. PMID: 10403648

30. Kusmartsev S, Nefedova Y, Yoder D, Gabrilovich DI. Antigen-specific inhibition of CD8+ T cell
response by immature myeloid cells in cancer is mediated by reactive oxygen species. Journal of
immunology. 2004; 172(2):989–99.

31. Curtsinger JM, Schmidt CS, Mondino A, Lins DC, Kedl RM, Jenkins MK, et al. Inflammatory cytokines
provide a third signal for activation of naive CD4+ and CD8+ T cells. Journal of immunology. 1999; 162
(6):3256–62.

32. Munn DH, Armstrong E. Cytokine regulation of humanmonocyte differentiation in vitro: the tumor-cyto-
toxic phenotype induced by macrophage colony-stimulating factor is developmentally regulated by
gamma-interferon. Cancer research. 1993; 53(11):2603–13. PMID: 8495423

33. Munn DH, Pressey J, Beall AC, Hudes R, Alderson MR. Selective activation-induced apoptosis of
peripheral T cells imposed by macrophages. A potential mechanism of antigen-specific peripheral lym-
phocyte deletion. Journal of immunology. 1996; 156(2):523–32.

34. Rodriguez PC, Ochoa AC. Arginine regulation by myeloid derived suppressor cells and tolerance in
cancer: mechanisms and therapeutic perspectives. Immunological reviews. 2008; 222:180–91. doi: 10.
1111/j.1600-065X.2008.00608.x PMID: 18364002

35. Bingisser RM, Tilbrook PA, Holt PG, Kees UR. Macrophage-derived nitric oxide regulates T cell activa-
tion via reversible disruption of the Jak3/STAT5 signaling pathway. Journal of immunology. 1998; 160
(12):5729–34.

IL4I1 in Macrophage Polarization and T Cell Activation

PLOS ONE | DOI:10.1371/journal.pone.0142979 November 24, 2015 19 / 19

http://www.ncbi.nlm.nih.gov/pubmed/10224276
http://www.ncbi.nlm.nih.gov/pubmed/12186838
http://dx.doi.org/10.1038/nri1457
http://www.ncbi.nlm.nih.gov/pubmed/15459668
http://www.ncbi.nlm.nih.gov/pubmed/10403648
http://www.ncbi.nlm.nih.gov/pubmed/8495423
http://dx.doi.org/10.1111/j.1600-065X.2008.00608.x
http://dx.doi.org/10.1111/j.1600-065X.2008.00608.x
http://www.ncbi.nlm.nih.gov/pubmed/18364002

