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Synergy of interleukin-4 and interferon-y
in arginase-1 production in RAW264.7 macrophages

Tomoko Hinse Endo, Natsumi Mizuno, Saeko Matsuda, Saki Shiga, Yoshiki Yanagawa

Abstract

Background: Interferon (IFN)-y and interleukin (IL)-4 are considered to be important factors to regulate immune
responses. Although the effects of IFN-y or IL-4 on macrophage functions are well established, their cooperative action
is not fully understood.

Objective: Inducible nitric oxide synthase (iNOS) or arginase (Arg)-1 is a representative marker of M1 or M2
macrophages and plays a role in the acceleration or suppression of inflammatory responses. In the present study,
we examined the effect of simultaneous treatment with IFN-y and IL-4 on macrophage expression of iNOS and Arg-1
using the murine macrophage cell line RAW264.7.

Methods: Protein production and mRNA expression of iNOS and Arg-1 were measured using immunoblotting and
reverse transcription-polymerase chain reaction. Cell surface expression of CD86 and programmed death ligand (PD-L)
2 was analyzed using flow cytometry.

Results: IFN-y or IL-4 increased iNOS or Arg-1 protein production, respectively. Of note, IL-4 combined with
IFN-y synergistically increased Arg-1 protein production, whereas IL-4 inhibited IFN-y-induced iNOS production.
This phenomenon was consistent with the mRNA levels. In addition, IL-4 combined with IFN-y synergistically
increased cell surface expression of PD-L2, which is involved in T cell suppression, whereas IL-4 completely inhibited
IFN-y-induced expression of CD86, which is responsible for T cell activation.

Conclusion: In the present study, we found the synergy of IFN-y and IL-4 in Arg-1 and PD-L2 expression. Thus,
macrophages highly expressing Arg-1 and PD-L2 may be induced by both IFN-y and IL-4 at the inflammatory site, and

might play a role in the regulation of inflammatory immune responses.
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Interleukin (IL)-4, mainly produced by activated Th2 cells,
is responsible for Th2 polarization and humoral immunity
involving B cells.! IL-4 promotes the differentiation of B
cells to plasma cells, thereby inducing the production of
antibodies to eradicate extracellular pathogens. However,
IL-4 plays a pathogenic role in allergic diseases including
asthma and atopic dermatitis.” IL-4 receptor is expressed by
macrophages and IL-4 signals appear to regulate macrophage
functions. It was reported that IL-4 inhibits macrophage
production of IL-12, a potent IFN-y inducer.® In addition,
IL-4 interferes with IFN-y receptor signaling,” whereas
IFN-y silences T cell expression of IL-4, during Thl or Th2
differentiation.® Thus, IL-4 appears to negatively regulate
[FN-y-mediated immune responses.

Macrophages play a crucial role in innate and adaptive
immune responses and are also involved in maintenance
of tissue homeostasis. Macrophages can be divided into two
groups, namely, M1 macrophages (classical macrophages)
and M2 macrophages (alternatively activated macrophages),
based on their functions.' MI1 macrophages are
induced by stimulation with Thl cytokines and bacterial
components and are responsible for the acceleration of
inflammatory immune responses. IFN-y is a potent inducer

of MI macrophages and increases the macrophage
production of inflammatory mediators, such as tumor
necrosis factor (TNF)-y and inducible nitric oxide

synthase (iNOS). iNOS is a representative marker of Ml
macrophages and iNOS-derived nitric oxide (NO) plays
a role in inflammation. In contrast, M2 macrophages are
generated by stimulation with Th2 cytokines and immune
regulatory mediators and are involved in the suppression
of inflammation and acceleration of tissue repair.'''* IL-4
is a typical stimulator that generates M2 macrophages and
induces the production of arginase (Arg)-1. Arg-1 is a
representative marker of M2 macrophages and is responsible
for tissue repair. Arg-1 deficiency delays wound healing with
concomitant increased infiltration of iNOS' cells into the
wound site, resulting in excessively prolonged inflammation.'
Therefore, Arg-1 is responsible for M2 macrophage functions
and the balance of iNOS and Arg-1 expression is crucial to
regulate inflammation and tissue repair for tissue homeostasis.

Although the effects of IFN-y or IL-4 on macrophage
functions are well established, their cooperative action is
not fully understood. In the present study, we examined the
effect of simultaneous treatment with IFN-y and IL-4 on
macrophage expression of iNOS and Arg-1 using the murine
macrophage cell line RAW264.7.

Methods
Reagents and antibodies (Abs)

RPMI-1640 medium was obtained from Sigma-Aldrich
(Saint Louis, MO, USA). Fetal bovine serum (FBS) and
penicillin-streptomycin were purchased from Thermo Fisher
Scientific Inc. (Waltham, MA, USA). Recombinant murine
IFN-y and IL-4 were obtained from PeproTech (Cranbury,
NJ, USA). These cytokines were used at 40 ng/ml, because our
preliminary dose-response study indicated that both cytokines
exerted maximum effects at this concentration.

Anti-signal transducer and activator of transcription
(STAT) 6 monoclonal Ab (mAb, 16G12A08) and anti-Arg-1
mAb (O94E6/ARG1) were acquired from BioLegend
(San Diego, CA, USA). Anti-iNOS mAD (6/iNOS/NOS Type II)
and anti-phospho-STAT6 (Y641) mAb (J71-773.58.11)
were obtained from BD Biosciences (Franklin Lakes, NJ,
USA). Anti-STAT1 Ab, anti-phospho-STAT1 (Tyr701) mAb
(58D6),  anti-glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) mAb (14C10), and anti-rabbit IgG horseradish
peroxidase (HRP)-linked Ab were purchased from Cell
Signaling Technology (Beverly, MA, USA).

Phycoerythrin (PE)-conjugated anti-mouse CD86 mAb
(GL-1) and allophycocyanin (APC)-conjugated anti-mouse
CD80 mAb (16-10A1) were purchased from BioLegend.
PE-conjugated anti-mouse programmed death ligand
(PD-L) 2 (TY25) and APC-conjugated anti-mouse PD-L1
(MIH5) were obtained from BD Biosciences. PE- or
APC-conjugated  isotype-matched control mAbs were
acquired from BioLegend and BD Biosciences.

Cell culture

RAW264.7 cells were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA) and
cultured in RPMI-1640 with 5% FBS, 100 IU/ml of penicillin,
and 100 pg/ml of streptomycin.

Measurement of protein production using immunoblotting
RAW264.7 cells were cultured with or without IFN-y
(40 ng/ml) and/or IL-4 (40 ng/ml) for the indicated times
at a density of 5 x 10° cells/ml/well or 1 x 10° cells/ml/well
using a low-adhesion surface 24-well plate, EZ-BindShut™
SP (AGC TECHNO GLASS Co., Ltd. Shizuoka, Japan).
The reactions were halted by rapidly cooling on ice and the
cells were collected. The cells were washed with ice-cold
phosphate-buffered saline, and whole-cell lysates were
prepared using cell lysis buffer (Cell Signaling Technology).
The cell lysates were separated using SDS-PAGE and then
blotted onto a polyvinylidene fluoride membrane (Millipore,
Bedford, MA, USA). The membrane was probed with a
primary Ab and developed using a HRP-linked secondary
Ab via enhanced chemiluminescence. The luminescence
intensity was quantified using a luminescent image analyzer,
ImageSaver6 (ATTO Corporation, Tokyo, Japan), and a
software program, CS Analyzer 3 (ATTO Corporation).
The intensity relative to the mean of all the band intensities
in each experiment is shown as a relative intensity."®
Quantification of mRNA expression using reverse
transcription (RT)-polymerase chain reaction (PCR)
RAW264.7 cells were cultured with or without IFN-y
(40 ng/ml) and/or IL-4 (40 ng/ml) for the indicated
times at a density of 1 x 10° cells/ml/well in a 24-well
plate (EZ-BindShut™ SP). Total RNA was isolated from
the RAW264.7 cells using TRIzol reagent (Thermo Fisher
Scientific, Waltham, MA, USA). The mRNA levels of
iNOS, Arg-1, TNF-a, IL-1B, PD-L2, and GAPDH in the
RNA samples were determined through quantitative
RT-PCR using the TB GreenPremix Ex Taq” II
(Takara Bio Inc., Shiga, Japan), as described elsewhere.”
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PCR was performed using the 7500 Real-Time PCR system
or StepOnePlus Real™ Time PCR System (Applied Biosystems,
Waltham, MA, USA). Melt curve analysis and the fragment
size of the PCR products were used to verify gene-specific
amplification. The primer sequences and amplicon sizes were
as follows: iNOS forward, 5-GTTCTCAGCCCAACAATA
CAAGA-3" and reverse, 5'-GTGGACGGGTCGATGTCAC-3’
(126 bp); Arg-1 forward, 5-CTCCAAGCCAAAGTCCTT
AGAG-3" and reverse, 5'-AGGAGCTGTCATTAGGGACAT
C-3" (184 bp); TNF-a forward, 5'-CCCTCACACTCAGAT
CATCTTCT-3" and reverse, 5'-GCTACGACGTGGGCTACA
G-3" (61 bp); IL-1p forward, 5'-GCAACTGTTCCTGAACTC
AACT-3" and reverse, 5-ATCTTTTGGGGTCCGTCAACT
-3 (88 bp); PD-L2 forward, 5'-GAGCCAGTTTGCAGAAGG
TAG-3" and reverse, 5'-ATCCGACTCAGAGGGTCAATG-3’
(471 bp); IL-4 receptor a (IL4R) forward, 5'- TCTGCATCC
CGTTGTTTTGC-3" and reverse, 5'- GCACCTGTGCATCCT
GAATG-3" (128 bp); GAPDH forward, 5'-AGGTCGGTGTGA
ACGGATTTG-3" andreverse, 5 -TGTAGACCATGTAGTTGA
GGTCA-3" (122 bp).

Measurement of the cell surface expression of CD80, CD86,
PD-L1, and PD-L2

RAW264.7 cells were cultured with or without IFN-y
(40 ng/ml) and/or IL-4 (40 ng/ml) for 20 hours (hr)
at a density of 5 x 10° cells/ml/well in a 24-well plate
(EZ-BindShut™ SP). The cells were collected and incubated
with anti-CD16/32 mAb (BioLegend) to prevent binding
of specific mAb to the Fcy III/II receptor. Subsequently,
the cells were stained with PE- or APC-conjugated mAbs.
Isotype-matched control mAb was used as a negative control.
The expression of cell surface markers was analyzed using
flow cytometry on Accuri™ C6 (BD Biosciences).

Measurement of TNF-a production using enzyme-linked
immunosorbent assay (ELISA)

RAW264.7 cells were cultured with or without IFN-y
(40 ng/ml) and/or IL-4 (40 ng/ml) for 24 hr at a density of
5 x 10° cells/ml/well in a 24-well plate (EZ-BindShut™ SP).
Culture supernatant was collected and TNF-a levels were
measured using an ELISA kit (BioLegend).

Nitric oxide (NO) measurement

RAW264.7 cells were cultured with or without IFN-y
(40 ng/ml) and/or IL-4 (40 ng/ml) for the indicated times
at a density of 5 x 10° cells/ml/well in a 24-well plate
(EZ-BindShut™ SP). The supernatants (100 pl) were added
to 100 pl of 6 mg/ml Griess-Romijin reagent and incubated
at room temperature for 10 minutes (min). The absorbance
at 540 nm was measured using a microplate reader.
Nitrite concentrations were calculated using a sodium nitrite
standard curve as a reference.

Statistical analysis

Data are expressed as the mean * standard error of the
mean. The data were analyzed using one-way analysis of
variance followed by Tukey’s test to discriminate significant
differences. The level of significance was set at p < 0.05.

Results
Effects of IFN-y and IL-4 on iNOS and Arg-1 protein
production

iNOS or Arg-1 is a representative marker of M1 or M2
macrophages.” We examined the effect of IFN-y, IL-4, or
simultaneous treatment with these two cytokines on iNOS
and Arg-1 protein production in RAW264.7 macrophages.
The cells were stimulated with IFN-y, IL-4, or both for
24, 48, and 72 hr and the protein levels of iNOS and
Arg-1 in the cells were determined using immune blotting.
IFN-y markedly increased iNOS production at 24 and
48 hr, and the IFN-y-induced iNOS level decreased at 72 hr
compared to that in the prior periods (Figure 1A and B).

A 24 hr 48 hr 72 hr
- + - + + - + - + - +  IFN-y
- - + + - + + - - + + IL-4
£ ) — —_ iNOS
— . . Arg1
—
GAPDH

Figure 1. Effects of interferon (IFN)-y and interleukin (IL)-4 on the production of inducible nitric synthase (iNOS) and
arginase (Arg)-1 in RAW264.7 macrophages. RAW264.7 macrophages were stimulated with IFN-y (40 ng/ml), IL-4 (40 ng/ml),
or both for 24, 48, or 72 hours. Intracellular protein levels of iNOS, Arg-1, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were determined using immunoblotting. (A) A representative immunoblot is presented. The relative intensity of
the specific band for iNOS (B) and Arg-1 (C) is shown. (D) Nitric oxide (NO) concentration in the culture supernatant was
measured using Griess-Romijin reagent. Each column represents the mean + standard error of the mean of five independent
experiments. Statistical significance was calculated using Tukey’s test (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 1. (Continued)

IL-4 alone showed no effect on iNOS protein level, whereas
IL-4 inhibited IFN-y-induced iNOS production. Although
IFN-y or IL-4 alone showed little or no effect on Arg-1
production at 24 hr, IL-4 combined with IFN-y significantly
increased Arg-1 production (Figure 1A and C, left). IL-4
alone could induce modest production of Arg-1 at 48 and
72 hr (Figure 1A and C, center and right). Of note, IL-4
combined with IFN-y remarkably increased Arg-1 production
at these time points.

We also examined the effects of IFN-y and IL-4 on NO
production by RAW264.7 macrophages. IFN-y significantly
increased NO production at 24, 48, and 78 hr (Figure 1D).
IL-4 alone showed no effect on NO production at the
tested time points. However, IL-4 significantly suppressed
IFN-y-induced NO production.

Effects of IFN-y and IL-4 on expression of mRNA for iNOS
and Arg-1

We examined the effects of IFN-y, IL-4, or simultaneous
treatment with these two cytokines on iNOS and Arg-1
mRNA expression in RAW264.7 macrophages. The cells
were stimulated with IFN-y, IL-4, or both for 4, 8, and
16 hr and the mRNA levels of iNOS and Arg-1 in the cells
were analyzed using quantitative RT-PCR. IFN-y alone
induced iINOS mRNA expression modestly at 4 and 8 hr
and markedly at 16 hr (Figure 2A). IL-4 alone showed no
effects on iINOS mRNA expression at all the tested time
points. However, IL-4 inhibited IFN-y-induced iNOS mRNA
expression.

Arg-1 mRNA levels were increased by treatment with IL-4
at all the tested time points (Figure 2B). Although IFN-y
alone failed to increase Arg-1 mRNA levels, [FN-y combined
with IL-4 synergistically induced Arg-1 mRNA expression.
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Figure 2. Effects of interferon (IFN)-y and interleukin (IL)-4 on mRNA expression of inducible nitric synthase (iNOS) and
arginase (Arg)-1 in RAW264.7 macrophages. RAW264.7 macrophages were stimulated with IFN-y (40 ng/ml), IL-4 (40 ng/ml),
or both for 4, 8, and 16 hours followed by total RNA isolation. The level of iNOS, Arg-1, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA expression in the total RNA was analyzed using quantitative reverse transcription-polymerase
chain reaction. The mRNA level of iNOS (A) and Arg-1 (B) relative to the GAPDH gene. Each column presents the
mean + standard error of the mean of eight independent experiments. Statistical significance was calculated using Tukey’s test
(*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 3. Effect of interferon (IFN)-y and interleukin (IL)-4 on tumor necrosis factor (TNF)-a and IL-1p expression
in RAW264.7 macrophages. RAW264.7 macrophages were stimulated with IFN-y (40 ng/ml), IL-4 (40 ng/ml), or
both. (A) At 4 hours after the stimulation, the total RNA of the cells was isolated and the level of TNF-a, IL-1f, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA expression in the RNA samples was analyzed using quantitative
reverse transcription-polymerase chain reaction. mRNA levels of TNF-a and IL-1f relative to that of GAPDH are shown.
Each column represents the mean + standard error of the mean of eight independent experiments. (B) At 24 hours after the
stimulation, the protein level of TNF-a in the culture supernatant was measured using enzyme-linked immunosorbent assay.
Each column represents the mean + standard error of the mean of four independent experiments. Statistical significance was
calculated using Tukey’s test (*p < 0.05, **p < 0.01, ***p < 0.001).
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Effects of IFN-y and IL-4 on the expression of inflammatory
cytokines

Macrophages produce inflammatory cytokines in
response to various inflammatory stimuli including IFN-y.
We next examined the effects of IFN-y, IL-4, or simultaneous
treatment with these cytokines on mRNA expression of
inflammatory cytokines, TNF-a and IL-1B, in RAW264.7
macrophages. The cells were stimulated with IFN-y, IL-4,
or both for 4 hr and the mRNA levels of TNF-a and IL-1p
in the cells were analyzed using quantitative RT-PCR.
IFN-y markedly increased the levels of mRNA for TNF-a
and IL-1P, whereas the IFN-y-induced increase in these
cytokines was completely inhibited by treatment with IL-4
(Figure 3A).

We also measured the protein level of TNF-a in the
culture supernatant at 24 hr using ELISA. IFN-y significantly
increased the amount of TNF-a protein production, whereas
IFN-y-induced TNF-a production was almost completely
inhibited by treatment with IL-4 (Figure 3B).

Effects of IFN-y and IL-4 on CD80 and CD86 expression

Costimulatory molecules, CD80 and CD86, are expressed
on antigen-presenting cells, including macrophages, and
play a crucial role in activating T cells during antigen
presentation.”® In addition, CD80 and CD86 are recognized
as markers of M1 macrophages.! We thus examined
the effects of IFN-y and IL-4 on the expression of these
costimulatory molecules in RAW264.7 macrophages. The
cells were stimulated with IFN-y, IL-4, or both for 20 hr
and cell surface expression of CD80 and CD86 was analyzed
using flow cytometry. CD80* and CD86" cells were gated
based on the negative control with isotype-matched control
mAb. RAW264.7 cells spontaneously expressed CD80 and
CD86 in the culture with medium alone. As expected,
IFN-y significantly increased CD80 and CD86 expression
(Figure 4A and B). IL-4 alone showed no effect on the
expression of these molecules. However, IL-4 completely
inhibited IFN-y-induced CD86 expression (Figure 4B
right). Although IL-4 also inhibited IFN-y-induced CD80
expression, its effect was not statistically significant (Figure
4B left).
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Figure 4. Effects of interferon (IFN)-y and interleukin (IL)-4 on cell surface expression of CD80 and CD86 in RAW264.7
macrophages. RAW264.7 macrophages were treated with IFN-y (40 ng/ml), IL-4 (40 ng/ml), or both for 20 hours. Cell-surface
expression of CD80 and CD86 was analyzed using flow cytometry. (A) Dot plots of CD80 and CD86 positive cells. (B) Mean
fluorescence intensity of CD80 and CD86 expression. Each column represents the mean * standard error of the mean of four
independent experiments. Statistical significance was calculated using Tukey’s test (*p < 0.05).
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Figure 5. Effects of interferon (IFN)-y and interleukin (IL)-4 on cell surface expression of programmed death ligand (PD-L)1
and PD-L2 in RAW264.7 macrophages. RAW264.7 macrophages were stimulated with IFN-y (40 ng/ml), IL-4 (40 ng/ml), or
both. At 20 hours after the stimulation, the cell surface expression of PD-L1 and PD-L2 was analyzed using flow cytometry.
(A) Dot plots of PD-L1 and PD-L2 positive cells. (B) Mean fluorescence intensity of PD-L1 and PD-L2 expression. Each column
represents the mean + standard error of the mean of four independent experiments. (C) At 4 hours after the stimulation,
the total RNA of the cells was isolated and the level of PD-L2 mRNA expression in the RNA samples was analyzed using
quantitative reverse transcription-polymerase chain reaction. Each column represents the mean + standard error of the mean of
ten independent experiments. Statistical significance was calculated using Tukey’s test (*p < 0.05, **p < 0.01, **p < 0.001).

Effects of IFN-y and IL-4 on PD-L1 and PD-L2 expression

Immune checkpoint molecules, PD-L1 and PD-L2, on
antigen-presenting cells are involved in T cell suppression.”
It has been reported that PD-L2 expression is correlated with
Arg-1 expression in alternatively activated macrophages.
We thus examined the effects of IFN-y and IL-4 on
PD-L2 expression in RAW264.7 macrophages. The cells were
stimulated with IFN-y, IL-4, or both for 20 hr and cell
surface expression of PD-L1 and PD-L2 was analyzed
using flow cytometry. IFN-y markedly increased the surface
expression of PD-L1, but not PD-L2 (Figure 5A and B).
IL-4 moderately increased the expression of these molecules
and showed no effect on IFN-y-induced PD-L1 expression
(Figure 5B, left). Interestingly, simultaneous treatment with
IFN-y and IL-4 synergistically increased the expression of
PD-L2 (Figure 5B, right).

We also analyzed PD-L2 mRNA expression in RAW264.7
cells at 4 hr (Figure 5C). IFN-y failed to increase PD-L2
mRNA expression, while IL-4 modestly increased PD-L2
mRNA expression. In contrast, IL-4 combined with IFN-y
synergistically increased PD-L2 mRNA expression.

STAT1 and STAT6 activation in RAW264.7 macrophages
upon IFN-y and IL-4 stimulation

Hematopoietic cytokine receptor signaling is largely
mediated via the Janus kinase (JAK)-STAT pathway.?
STAT1 plays a major role in IFN-y signaling, while STAT6
is an essential mediator of IL-4 responses. We thus analyzed
STAT1 and STAT6 activity in RAW264.7 macrophages upon
IFN-y and IL-4 stimulation.

The cells were stimulated with IFN-y, IL-4, or both
for 30 min and intracellular protein levels of the active
forms of STAT1 and STAT6, phospho-STAT1 (pSTAT1)
and phospho-STAT6 (pSTAT6), were determined using
immunoblotting (Figure 6). IFN-y markedly increased
pSTAT1 expression in the cells, while exerting no influence
on the level of pSTAT6. IL-4 induced a substantial level of
pSTAT6, while showing no effect on the level of pSTATI.
Simultaneous stimulation with IFN-y and IL-4 resulted
in the marked activation of both STAT1 and STATS.
It should be noted that IFN-y or IL-4 did not affect
IL-4-induced STAT6 activation or IFN-y-induced STAT1
activation, respectively.
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Figure 6. Signal transducers and activators of transcription (STAT)1 and STAT6 activation in RAW264.7 macrophages upon
interferon (IFN)-y and interleukin (IL)-4 stimulation. RAW264.7 macrophages were stimulated with IFN-y (40 ng/ml), IL-4
(40 ng/ml), or both for 30 minutes. The levels of phospho-STAT1, STAT1, phospho-STAT6, and STAT6 were determined
using immunoblotting. (A) A representative immunoblot is shown. (B) The relative intensity of the specific band is shown.
Each column represents the mean + standard error of the mean of seven (phospho-STATI) or four (phospho-STAT6)
independent experiments. (C) Effect of IFN-y on mRNA expression of IL-4 receptor a (IL4R). RAW264.7 macrophages
were stimulated with IFN-y, IL-4, or both for 4, 8, and 16 hours followed by total RNA isolation. The level of IL4R mRNA
expression in the total RNA was analyzed using quantitative reverse transcription-polymerase chain reaction. Each column
presents the mean * standard error of the mean of three independent experiments. Statistical significance was calculated using
Tukey’s test (*p < 0.05).

Effect of IFN-y on IL4R mRNA expression Discussion

It is possible that IFN-y affects IL4R expression. We thus Th1/Th2 shift occurs in several immune disorders
examined the effect of IFN-y on mRNA expression of IL4R  such as atopic dermatitis and contact hypersensitivity.>>**
in RAW264.7 macrophages. The cells were stimulated with  Atopic dermatitis is considered a biphasic disease consisting
IFN-y, IL-4, or both for 4, 8, and 16 hr and the mRNA  of the Th2-mediated acute phase and the Thl-influencing
levels of IL4R in the cells were analyzed using quantitative  chronic phase. Th2 cells are responsible for the pathogenesis

RT-PCR. IL-4 alone showed no effects on IL4R mRNA  of the acute phase via excessive production of Th2 cytokines,
expression at the tested time points (Figure 6C). IFN-y alone such as IL-4, IL-5, and IL-13, and inappropriate IgE synthesis,
markedly increased IL4R mRNA level at 4 hr, but its effect while Thl cells seem to play a role in the chronic phase via
was not statistically significant (p = 0.144, Figure 6C left). Th1 cytokines including IFN-y.>? Both Th1 and Th2 immune
In the presence of IL-4, IFN-y significantly increased IL4R pathways are enhanced in the lesional skin compared

mRNA level at the same time period. The IFN-y-induced to that in the non-lesional skin in the chronic phase of
increase in the IL4R mRNA levels was attenuated at 8 and atopic dermatitis.** In contrast, Thl immune responses are
16 hr (Figure 6C center and right). dominant in the lesional skin and the draining lymph nodes

of the acute phase of contact hypersensitivity, whereas
Th2 immune responses are induced in the chronic phase.

386



Synergy of IL-4 and IFN-y in Arg-1 /‘
APJAI

A shift from Thl to Th2 is also observed in experimental
autoimmune encephalomyelitis and patients with multiple
sclerosis.”* Therefore, Thl and Th2 cytokines appear to
coexist in the chronic phase of immune disorders. However,
the combined action of Thl and Th2 cytokines is not
fully understood. In this study, we examined the effect of
simultaneous treatment with representative Thl and Th2
cytokines, IFN-y and IL-4, on RAW264.7 macrophage
functions and found that these cytokines together
synergistically increased Arg-1 and PD-L2 expression. Arg-1
is responsible for tissue repair and anti-inflammation,"” while
PD-L2 plays a role in T cell suppression.”*”” Macrophages
highly expressing Arg-1 and PD-L2 may be induced in
the chronic phase of immune disorders coexistence with
IFN-y and IL-4 to inhibit prolonged inflammatory immune
responses.

PD-L1 and PD-L2, which are ligands for PD-1
expressed on T cells, are responsible for the inhibition of
T cell activation.” PD-L1 is constitutively expressed in
various types of immune- and non-immune cells and
can be upregulated by inflammatory stimuli.!***#* PD-L2
is predominantly expressed in antigen-presenting cells,
such as dendritic cells and macrophages, and the constitutive
basal level is low. It has been reported that IFN-y plus LPS
stimulation significantly increases macrophage expression of
PD-L1 but not PD-L2.* In contrast, IL-4 markedly increases
PD-L2 expression on peritoneal macrophages, while showing
modest effect on PD-L1 expression. It has been suggested
that PD-L1 and PD-L2 are differently regulated by Thl
and Th2 cytokines. Although it has been demonstrated
that IL-4 induces PD-L2 expression in macrophages, none
of studies report the synergy of IL-4 and IFN-y in PD-L2
expression. Conversely, PD-L1"PD-L2* alternatively activated
macrophages were generated in Taenia crassiceps-infected
mice and exhibited anti-inflammatory properties.’’ In this
study, we found that IFN-y and IL-4 synergistically increased
PD-L2 expression in RAW264.7 macrophages, resulting in
the generation of PD-L1 and PD-L2 highly positive cells.
In contrast, these cells showed a decrease in the expression
of inflammatory cytokines and CD86. Therefore, this type of
macrophage might play a role in immune suppression.

It has been reported that IL-4-induced expression of
Arg-1 and PD-L2 is dependent on the STAT6-mediated
pathway,® raising the possibility that IL-4 and IFN-y
cooperatively activate STAT6 in RAW264.7 macrophages.
However, STAT6 activity with IL-4 plus IFN-y was similar
to that with IL-4 alone, suggesting that signaling
pathway(s) other than STAT6 may be responsible for
the synergy in Arg-1 and PD-L2 production. Previous
studies have suggested that mitogen-activated protein
kinases and phosphoinositide-3-kinase play a role in
IL-4-induced Arg-1 expression.’*** Thus, we also examined
the activity of extracellular signal-regulated kinase 1/2, p38
mitogen-activated protein kinase, c-jun N-terminal kinase,
and Akt, a downstream effector of phosphoinositide-3-kinase,
upon IL-4 and IFN-y stimulation. However, we could not
detect the combined effect of IL-4 and IFN-y in the activity
of these signaling molecules (data not shown).

Recently, it was suggested that IL-4R-mediated ERK5
signaling regulates macrophage expression of Arg-1 in a
STAT6-independent manner.** At present, we found that
IFN-y with or without IL-4 increased IL-4R expression
in RAW264.7 macrophages. Therefore, we speculated that
IL-4R-mediated ERK5 signaling and/or unknown pass
way(s) are enhanced by the increase in IL-4R, and thereby
Arg-1 and PD-L2 expression was markedly induced in
the presence of IL-4 and IFN-y. Anyway, the molecular
mechanism underlying the synergy of IL-4 and IFN-y on
Arg-1 and PD-L2 expression should be carefully analyzed in
future studies.

Piccolo et al*® showed that IFN-y and IL-4 mutually
inhibited epigenomic and transcriptional changes induced
by each cytokine alone in mouse bone marrow derived
macrophages (BMDMs). Although the mutual antagonistic
effects of these cytokines were well discussed, their
cooperative action like a synergy was less well documented.
In their study, IFN-y partially attenuated IL-4-induced
Arg-1 mRNA expression. In contrast, we found that IFN-y
synergistically enhanced IL-4-induced Arg-1 expression
at mRNA and protein levels. It seems to us that this
discrepancy is attributable to the difference of macrophage
origin and/or culture condition. BMDMs were prepared
by culturing with L929-conditioned medium containing
M-CSF for 6 days. The L929-conditioned medium appears
to contain unknown factors other than M-CSE. These factors
might affect the regulation of Arg-1 mRNA expression.

In the present study, we showed the synergy of IFN-y
and IL-4 in Arg-1 and PD-L2 expression. This regulation
may contribute to the suppression of excessive undesirable
inflammation in the chronic phase of inflammatory diseases,
in which IFN-y and IL-4 coexist. The elucidation of the
precise mechanism underlying the synergy of IFN-y and
IL-4 may lead to the development of new strategies for the
treatment of inflammatory immune disorders.

Conclusions

Cooperative action of IFN-y and IL-4 is not fully
understood. This study showed synergy of IFN-y and IL-4
in Arg-1 and PD-L2 expression in RAW264.7 macrophages.
Arg-1 and PD-L2 are responsible for anti-inflammation and
immune suppression. Thus, macrophages highly expressing
Arg-1 and PD-L2 may be induced by both IFN-y and IL-4 at
the inflammatory site, and might play a role in the regulation
of inflammatory immune responses.
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