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Abstract
Monocytes/macrophages are innate immune cells that play a crucial role in the resolution of
inflammation. In presence of Th2 cytokines interleukin-4 (IL-4) and interleukin-13 (IL-13), they
display an anti-inflammatory profile and this activation pathway is known as alternative
activation. In this study we compare and differentiate pathways mediated by IL-4 and IL-13
activation of human monocytes/macrophage. Here we report differential regulation of IL-4 and
IL-13 signaling in monocytes/macrophages starting from IL-4/IL-13 cytokine receptors to Jak-
Stat-mediated signaling pathways that ultimately control expression of several infl1ammatory
genes. Our data demonstrate that while the receptor-associated tyrosine kinases Jak2 and Tyk2 are
activated after the recruitment of IL-13 to its receptor (containing IL-4Rα and IL-13Rα1), IL-4
stimulates Jak1 activation. We further show that Jak2 is upstream of Stat3 activation and Tyk2
controls Stat1 and Stat6 activation in response to IL-13 stimulation. In contrast, Jak1 regulates
Stat3 and Stat6 activation in IL-4-induced monocytes. Our results further reveal that while IL-13
utilizes both IL-4Rα-Jak2-Stat3 and IL-13Rα1-Tyk2-Stat1/Stat6 signaling pathways, IL-4 can
only use the IL-4Rα-Jak1-Stat3/Stat6 cascade to regulate the expression of some critical
inflammatory genes including 15-lipoxygenase (15-LO), monoamine oxidase A (MAO-A) and
scavenger receptor CD36. Moreover, we demonstrate here that IL-13 and IL-4 can uniquely affect
the expression of particular genes like dual specificity phosphatase 1 (DUSP1) and tissue inhibitor
of metalloprotease-3 (TIMP3) and do so through different Jak kinaes. As evidence of differential
regulation of gene function by IL-4 and IL-13, we further report that MAO-A-mediated reactive
oxygen species (ROS) generation is influenced by different Jak kinases. Collectively, these results
have major implications for understanding the mechanism and function of alternatively activated
monocytes/macrophages by IL-4 and IL-13 and add novel insights into the pathogenesis and
potential treatment of different inflammatory diseases.
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Introduction
IL-4 and IL-13 are Th2 cytokines in the immune system that exhibit a wide range of
activities in regulating inflammatory responses and are thought to play significant roles
during allergic reactions [1]. However, these cytokines primarily act as antiinflammatory
molecules [2]. IL-13 shares many biological activities with IL-4. Both cytokines reduce
production of IL-1, tumor necrosis factor-α (TNF-α), and other proinflammatory mediators,
whereas they upregulate the expression of several markers like IL-1Rα, mannose receptor,
Dectin-1, CD23 etc. by monocytes/macrophages [3]. Both IL-4 and IL-13 antagonize the
actions of interferon-γ (IFN-γ) [3], significantly enhance the ability of activated human
monocytes to oxidize LDL [4] and reduce inflammation in different animal models of
arthritis [5–7]. In addition, IL-4 has been shown to downregulate the production of
prostaglandin E2 by synovial macrophage-type cells through the inhibition of
cyclooxygenase 2 [8], whereas IL-13 has been reported to induce tissue fibrosis by the
stimulation and activation of TGFβ [9].

IL-4 and IL-13 are hallmark cytokines of Th2-associated diseases including asthma. IL-13
mediates central characteristics of allergic asthma including immunoglobulin E (IgE)
synthesis, mucus hypersecretion, airway hyperresponsiveness (AHR), and fibrosis [10].
Both IL-4 and IL-13 signal through a complex receptor system including IL-4Rα chain. In
human monocytes, IL-4 mediates its effect through the type I IL-4R, composed of the
IL-4Rα and common γ-chain (IL-2Rγ) [11]. In contrary, IL-13 primarily exerts its
IL-4Rα–dependent effect via type II IL-4R containing a different component IL-13Rα1[11].
Previously IL-13Rα1 was identified as a fundamental receptor mediating IL-13-and IL-4–
induced AHR, mucus production, and fibrosis in response to the “classical” experimental
asthma model [12]. Further studies have demonstrated a key role for IL-13Rα1 and the type
II IL-4R in lung Th2 responses and asthma pathogenesis [12, 13]. Recent studies show the
differential regulation of IL-13Rα1 in aeroallergen-induced lung responses [14]. Strategies
targeting IL-13Rα1 for anti-asthma therapy are currently under way [15] and require further
elucidation.

IL-4 and IL-13 have been classified as alternative macrophage (M2a-phenotype) activators
[16–18]. Previous studies suggested that in human peripheral blood monocytes IL-4/13
significantly downregulate the expression of classical pro-inflammatory signal transducers,
such as IL-1, IL-6, IL-8, IL-18, monocyte chemotactic protein-1 (MCP-1), TNFα [19].
Expression of enzymes involved in the biosynthesis of pro-inflammatory eicosanoids e.g.
cyclooxygenase-2 (COX2), 5-lipoxygenase (5-LO) is also attenuated [19]. In contrast,
expression of some gene products involved in inflammatory resolution (15-lipoxygenase
(15-LO), Fibronectin (FN), Monoamine oxidase-A (MAO-A), coagulation factor XIII
(FXIII), annexin 1, collagen 1α2, laminin α5, heme oxygenase-1, C–C motif chemokine 22
(CCL22), heat shock protein 8 (HSP8) etc.) were upregulated in monocytes upon exposure
to IL-4/IL-13 [19]. Among the most strongly upregulated gene products in alternatively
activated monocytes/macrophages with potential anti-inflammatory properties are 15-LO
[19–21], MAO-A) [19, 22, 23], scavenger receptor CD36 [23–25], FN [19, 26] and FXIII
[19].

Our recent studies also identify Hck as the essential Src kinase isoform which regulates the
expression of a panel of gene including 15-LO, MAO-A and CD36 in alternatively activated
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monocytes/macrophages [23]. Moreover, our recent results present evidence that Stat
transcription factors which regulate 15-LO expression are also involved in controlling both
CD36 (Yakubenko, V. et al, 2012, manuscript submitted) and MAO-A (data presented in
this manuscript) expression in IL-13-activated monocytes/macrophages.

In the present study we explore both IL-4 and IL-13 signaling in monocytes/macrophages
starting from the level of the IL-4/IL-13 receptor to Jak-Stat-mediated signaling pathways
and investigate the differential expression of several inflammatory genes mediated by these
two cytokines. Our data demonstrate that while IL-13 utilizes both IL-4Rα-Jak2-Stat3 and
IL-13Rα1-Tyk2-Stat1/Stat6 signaling cascades to regulate 15-LO, MAO-A and CD36 gene
expression, IL-4 can only use the IL-4Rα-Jak1-Stat3/Stat6 axis to control the expression of
these genes. Furthermore, we present evidence that IL-13 and IL-4 uniquely induces the
gene expression of Dual specificity phosphatase 1 (DUSP1) and Tissue inhibitor of
metalloprotease-3 (TIMP3) respectively. Our results further show that generation of MAO-
A-mediated reactive oxygen species (ROS) in monocytes/macrophages is also regulated by
different Jak kinases upon exposure to IL-4 and IL-13. These results add novel insights into
the regulation of IL-4/IL-13-mediated asthma pathogenesis as well as in the control of
inflammation and atherosclerosis.

Materials and Methods
Materials

Recombinant human IL-13 and IL-4 were purchased from Biosource International
(Camarillo, CA). The rabbit reticulocyte 15-LO antibody, cross-reacting with human 15-LO,
was raised in sheep and was obtained as a gift from Dr. Joseph Cornicelli (Molecular
Imaging). Anti-phosphotyrosine-Stat (pY701-Stat1, pY705-Stat3 and pY641-Stat6)
antibodies were purchased from Cell Signaling Technology (Beverly, MA). Stat6 antibody
was purchased from BD Pharmingen (San Diego, CA). Anti-CD36 polyclonal antibody was
from Cayman Chemical (Ann Arbor, MI). The other primary antibodies used in this study
were: mouse anti-human p-Tyr (PY99), anti-Jak1, Jak2, Jak3, Tyk2, MAO-A and β-tubulin
from Santa Cruz Biotechnology (Santa Cruz, CA). The ROS-sensitive fluorescent probe 6-
carboxy-2′, 7′-dichlorodihydrofluorescein diacetate, diacetoxymethyl ester (H2DCFDA)
was from Life Technologies (Carlsbad, CA). Amplex Red Monoamine Oxidase assay kit
(Cat# A12214) was from Molecular Probes (Invitrogen, Eugene, OR). MAO-GLO™ assay
kit (Cat# V1401) and MAO-A enzyme (Human recombinant enzyme expressed in Yeast,
Cat# V1452) were purchased from Promega (Madison, WI). Tyramine and pharmacological
inhibitors such as Pargyline (a pan-MAO inhibitor) and Moclobemide (specific inhibitor for
MAO-A) were purchased from Sigma Chemical Co. (St. Louis, MO). The inhibitors were
stored either at room temperature or at −20°Cas concentrated stock solutions (either in water
or DMSO) according to manufacturer’s instructions.

Isolation of Human Monocytes
Human peripheral blood monocytes (PBM) were isolated either by separation of
mononuclear cells followed by adherence to bovine calf serum (BCS)-coated flasks as
described earlier [27] or by Ficoll-Hypaque sedimentation followed by countercurrent
centrifugal elutriation [28, 29]. PBM purified by these two methods were identical in
response to IL-13 and IL-4 and consistently >95% CD14+. These studies complied with all
relevant federal guidelines and institutional policies regarding the use of human subjects.

Immunoprecipitation (IP) and Immunoblotting
PBM were routinely treated with IL-13 (2 nM) or IL-4 (670 pM) for various time intervals
(These doses were chosen because they demonstrated comparable 15-LO induction in

Bhattacharjee et al. Page 3

Free Radic Biol Med. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



monocytes in numerous previous studies performed by our group). In some specific
experiments, primary monocytes were stimulated with 2nM of both IL-13 and IL-4. and
qualitatively similar results were observed to those reported here. Total and postnuclear
extracts were prepared by previously published protocols [11, 30]. After determining the
protein concentration using the Bio-Rad protein assay reagent (Hercules, CA), lysate
proteins (50 μg/well) were resolved by 8% SDS-PAGE and subjected to immunoblotting as
described previously [31]. 15-LO protein was detected on Western blots following a
previously described protocol [27]. Immunoprecipitation experiments were performed
according to our previously published method [32] using prewashed Protein A-Sepharose
beads (Sigma, St. Louis, MO) at 4°C overnight. Immunoblots were stripped and reprobed to
assess equal loading according to our previously published protocol [11].

RNA Extraction and Real-time RT-PCR
Monocytes (5×106 in 2 ml 10% BCS/DMEM) were plated in six-well culture plates, treated
with antisense or decoy ODN and finally treated with IL-13 (2nM) or IL-4 (670pM) for 24
h. Total cellular RNA was extracted using the RNeasy mini kit from Qiagen (Valencia, CA)
and real-time quantitative RT-PCR was performed according to established protocols [33].
The sequences of the primers used were: 15-LO forward 5′-
GCTGGAAGGATCTAGATGACT-3′ and 15-LO reverse 5′-TGGCTACAGAGAATG
ACGTTG-3′; CD36 forward 5′-CAGAGGCTGACAACTTCACAG-3′ and CD36 reverse
5′-AGGGTACGGAACCAAACTCAA-3′; MAO-A forward 5′-GCCAAGATTCAC
TTCAGACCAGAG-3′ and MAO-A reverse 5′-TGCTCCTCACACCAGTTCTTCTC -3′;
DUSP1 forward 5′-TTTGAGGGTCACTACCAG-3′ and DUSP1 reverse 5′-
GAGATGATGCTTCGCC-3′ and TIMP3 forward 5′-CCAGGACGCCTTCTGCAAC-3′
and TIMP3 reverse 5′-CCTCCTTTACCAGCTTCTTCCC-3′. GAPDH was used as an
internal control with the primer sequences of forward 5′-CACCAACTG
CTTAGCACCCC-3′ and reverse 5′-TGGTCATGAGTCCTTCCACG-3′.

DNA-binding activity of Stat1 and Stat3
A TransAM™ Stat family kit (Active Motif) was used to evaluate the DNA-binding activity
of Stat1 and Stat3 according to the instruction provided by the supplier. Briefly, nuclear
extracts were incubated in a 96-well assay plate precoated with immobilized oligonucleotide
containing the Stat consensus binding site (5′-TTCCCGGAA-3′). The active forms of Stat1
and Stat3 contained in nuclear extracts specifically bind the oligonucleotide. The wild-type
(WT) consensus oligonucleotide was provided with the kit as a competitor for Stat binding
in order to monitor the specificity of the assay by preventing Stat binding to the probe
immobilized on the plate. Conversely, the mutated (MT) consensus oligonucleotide was
provided as a control and acts as a non-competitor. The detection of activated Stats (Stat1
and Stat3) was carried out with specific Stat1 and Stat3 primary antibodies and an HRP-
conjugated secondary antibody supplied in the kit. After incubation with the developing
solution for the recommended time, the reaction was stopped and the colorimetric readout
was taken at 450 nm with a reference wavelength of 655 nm using a Synergy™ HT Multi-
Mode Microplate Reader from Biotek (Vermont, USA).

Treatment of Monocytes with Jak1, Jak2, Tyk2 and MAO-A antisense
oligodeoxyribonucleotides (ODNs)

The antisense ODN sequences for human Jak1, Jak2 and Tyk2 were selected based on our
previously published studies [27]. Control ODN for Jak2 and Tyk2 consisted of
complementary sense ODN. The sense ODN sequence for Jak1 was predicted to possibly
serve as an antisense for human γ adaptin mRNA. Hence we chose a scrambled ODN as a
control for the Jak1 antisense. All ODNs were end-modified (phosphorothioated, three bases
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at the 5 and 3 ends) to limit DNA degradation and all were HPLC-purified before use
(Invitrogen, Carlsbad, CA).

The sequences of the ODNs are as follows.

Jak2 antisense: 5′-TCTTAACTCTGTTCTCGTTC-3′.

Jak2 sense: 5′-GAACGAGAACAGAGTTAAGA-3′.

Tyk2 antisense: 5′-CCAACTTTATGTGCAATGTG-3′.

Tyk2 sense: 5′-CACATTGCACATAAAGTTGG-3′.

Jak1 antisense: 5′-GGTTGCATCTGGAATCTTT-3′.

Jak1 scrambled: 5′-TTGTGAACTGCCTGTGATT-3′.

MAO-A antisense: 5′-ATTTGTCAGCATGTTGAGCC-3′.

MAO-A sense: 5′-GGCTCAACATGCTGACAAAT-3′.

Primary human monocytes were transfected with Jak1, Jak2 and Tyk2 antisense ODNs
along with the sense and scrambled ODN controls for 48 h with one re-feed at 24 h prior to
the addition of IL-13 and IL-4. For MAO-A sense and antisense treatment, cells were pre-
treated with MAO-A sense (S) or antisense (AS) ODN (10 μM) for 2 h prior to IL-13 or
IL-4 addition and then re-fed with 10 μM ODNs at 24 h and incubated for another 24 h
before harvesting the cells. In some experiments (to study Stat6 tyrosine phosphorylation),
cells were transfected with Jak2 and Tyk2 antisense ODNs or their sense ODN controls (2
μM concentration) using Mirus TransIt-Oligo Transfection Reagent (Mirus Bio Corporation,
Madison, WI) according to the manufacturer’s protocols and the incubation was continued
for 48 h before IL-4 and IL-13 addition. For the transfection control, cells were incubated
with the transfection reagent alone for 48 h. After the antisense treatments, monocytes were
stimulated with IL-4 and IL-13 for another 15 min (to study the tyrosine phosphorylation of
Stat1 and Stat3), 30 min (to check the tyrosine phosphorylation of Stat6) or 24h (for the
induction of 15-LO).

Transfection of Stat1, Stat3 and Stat6 decoy and mismatched/scrambled ODNs into
monocytes

The phosphorothioated ODNs used for Stat1, Stat3 and Stat6 decoys were purchased from
Invitrogen (Carlsbad, CA). These decoys were used in previous studies and shown to
provide specific inhibition of Stat1, Stat3 and Stat6 activities [33, 34]. The sequences for the
decoys were 5′-ATATTCCTGTAAGTG-3′ and 3′-TATAAGGACATT CAC-5′ for Stat1;
5′-ATATTGGAGTAAGTG-3′ and 3′-TATAACCTCATTCAC-5′ for the mismatched
Stat1 decoy; 5′-GATCCTTCTGGGAATTCCTAGATC-3′ and 3′-CTA
GGAAGACCCTTAAGGATCTAG-5′ for the Stat3 decoy; 5′-GATCCTTCTGGGCCG
TCCTAGATC-3′ and 3′-CTAGGAAGACCCGGCAGGATCTAG-5′ for the mismatched
Stat3 decoy; 5′-GATCAAGACCTTTTCCCAAGAAATCTAT-3′ and 3′-
CATGTTCTGGAAAAGGGTTC TTTAGATA-5′ for Stat6 decoy and 5′-
CGAAAATTCGTTAAATCA CTAGCTTACC-3′ and 3′-
GCTTTTAAGCAATTTAGTGATCGAATGG-5′ for the scrambled decoy ODN for Stat6.
Stat1, Stat3 and Stat6 decoy, mismatched decoy and scrambled decoy ODN sequences were
prepared by annealing the single-stranded phosphorothioate-modified ODNs as described
previously [33, 34]. Human monocytes were then transfected with decoy ODNs using
Superfect Transfection Reagent (Qiagen, Valencia, CA) according to the manufacturer’s
instructions for 24 h. Monocytes were further incubated with IL-13 or IL-4 for another 24 h
for 15-LO and MAO-A mRNA quantification or 48 h for 15-LO and MAO-A protein
detection.
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Native MAO-A activity assay
MAO-A activity was measured by a two-step bioluminescent assay method as described
previously [35] using a MAO-GLO™ assay kit from Promega (Madison, WI). The amount
of signal (light intensity) generated was detected using a microplate luminometer (Multilabel
Counter Victor™, Perkin Elmer). Human recombinant MAO-A enzyme (Promega) was used
as a positive control. The results are expressed as relative light units (RLU) after the
background was subtracted.

Intracellular reactive oxygen species (ROS) determination
The generation of intracellular ROS was measured using the ROS-sensitive fluorescent
probe H2DCFDA (5μM). After incubation with the probe for 30 min, cells were removed
from the media, scraped off in PBS, washed and centrifuged. Cell pellet was resuspended in
prewarmed PBS and the fluorescence was read (excitation. 495 nm; emission. 525 nm) as
described previously [36, 37].

Amplex Red monoamine oxidase assay
This assay is based on the detection of H2O2 in an HRP-coupled reaction using Amplex Red
as a sensitive and stable probe (for H2O2) and p-Tyramine as a substrate. The fluorometric
assay was carried out following the manufacturer’s instructions. Each reaction contained
1mM p-Tyramine, 1U/ml HRP and 200 μM Amplex Red reagent. Reactions were incubated
at room temperature for 60 min (protected from light) and fluorescence was measured with a
fluorescence microplate reader using excitation. at 571 nm and emission at 585 nm.

Data analysis
The number of experiments analyzed is indicated in each figure. Band intensities were
quantified by densitometric analyses using a laser densitometer (Microtek ScanMaker 8700,
Cerritos, CA) and the NIH Image software program. Differences among experimental
groups (for dose responses) were analyzed using one-way ANOVA. The significance of
observations was calculated using unpaired Student’s t test analysis and p<0.05 was
considered statistically significant.

Results
IL-4 and IL-13 signal through different receptor components and activate different Jak
kinases in primary human monocytes

Previous results from our group and several others indicate that IL-4Rα is the common
protein component for both IL-4 and IL-13 receptors [3, 11, 38] whereas IL-13Rα1 and
IL-2Rγc are the other active constituents of IL-13 and IL-4 receptor signaling complexes,
respectively [11, 39, 40]. Results from previous studies also indicate that while IL-4Rα is
phosphorylated on tyrosine in response to both IL-4 and IL-13 [11, 38], IL-13Rα1 is
phosphorylated only by IL-13 [11, 40] and IL-2Rγc phosphorylation is only induced by
IL-4 [11]. Earlier we examined the association of several Jak kinases with the known
receptor components, IL-4Rα, IL-13Rα1 and IL-2Rγc [11, 41, 42]. Here, we investigated
whether these Jak kinases (Jak2, Tyk2, Jak1 and Jak3) are activated upon IL-13 and/or IL-4
stimulation. Results from our immunoprecipitation (IP) experiments with different Jak/Tyk
antibodies followed by immunoblotting with antibody to phosphotyrosine, PY99 indicated
that both Jak2 and Tyk2 are phosphorylated on tyrosine upon exposure to IL-13 but not by
IL-4 in human blood monocytes (Fig. 1A and 1B). In contrast, Jak1 is phosphorylated on
tyrosine by IL-4 but not by IL-13 (Fig. 1C). Our results further show that although Jak3 is
known to associate with IL-2Rγc [41, 42], it is not activated (tyrosine phosphorylated) by
IL-4 stimulation in monocytes (Fig. 1D).
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IL-4 induction of 15-LO expression requires Jak1 but not Jak2 and Tyk2
We next investigated whether Jak1 is critical in regulating IL-4-induced 15-LO mRNA
expression in monocytes. To examine, that, we treated monocytes with the Jak1-specific
antisense or control scrambled ODN along with our previously characterized antisense or
sense ODN against Jak2 or Tyk2 kinases [27]. Results from our real-time quantitative PCR
experiment indicated that the Jak1 antisense ODN significantly inhibited the IL-4-mediated
induction of 15-LO mRNA expression (Fig. 2A) (*p<0.002), whereas the scrambled ODN
control had no effect (Fig. 2A). The antisense ODN against either the Jak2 or Tyk2 kinases
also caused no inhibition of IL-4-induced 15-LO mRNA expression (Fig. 2A).

Similar to IL-4-stimulated 15-LO mRNA expression, monocytes treated with antisense
ODN to Jak1 substantially inhibited 15-LO protein expression whereas treatment with the
control scrambled ODN caused no inhibition (Fig. 2C, upper panel). Antisense ODN
inhibition of Jak1 protein expression was verified by reprobing the same blot with an
antibody against Jak1 kinase (Fig. 2C, middle panel). As confirmation that Jak2 and Tyk2
are not phosphorylated by IL-4 and likely not required for 15-LO expression, we also
examined whether inhibition of Jak2 or Tyk2 altered IL-4-stimulated expression of 15-LO.
The antisense ODN against either the Jak2 or Tyk2 kinases showed no inhibition of IL-4-
mediated induction of 15-LO protein (Fig. 2E).

Jak2 and Tyk2 but not Jak1 are involved in regulating the induction of 15-LO expression in
response to IL-13

Jak1, in contrast to Jak2 and Tyk2, was not phosphorylated on tyrosine in response to IL-13
treatment and therefore would not be predicted to regulate IL-13-mediated signaling. We
examined whether inhibition of Jak1 altered the expression of 15-LO after IL-13
stimulation. As expected, our results show that Jak1 antisense and scrambled ODNs caused
no inhibition of IL-13-induced 15-LO mRNA expression (Fig. 2B). As a comparison, the
substantial inhibition of Jak2 and Tyk2 antisense ODNs on 15-LO mRNA expression were
also monitored in response to IL-13 stimulation (Fig. 2B).

We next examined the effect of Jak1 down-regulation on IL-13 induction of 15-LO protein
expression. Our results indicated substantial inhibition of Jak1 expression in monocytes
treated with antisense to Jak1 (Fig. 2D, middle panel), whereas IL-13-induced 15-LO
protein expression was not inhibited when Jak1 expression was significantly reduced (Fig.
2D, upper panel). In contrast, IL-13 induction of 15-LO protein expression was markedly
reduced either by Jak2 or Tyk2 antisense treatment whereas sense ODNs against Jak2 and
Tyk2 (used as control) had no effect (Fig. 2F). These data clearly established the
involvement of both Jak2 and Tyk2 but not Jak1 for IL-13-mediated 15-LO expression in
monocytes.

MAO-A and CD36 expression is regulated by different Jak kinases in alternatively
activated human monocytes/macrophages by IL-4 and IL-13

As our previous studies demonstrated the induction of MAO-A and CD36 gene expression
in alternatively activated monocytes/macrophages [23] and since CD36 gene expression is
directly controlled by 15-LO expression/activity in IL-13-driven monocytes/macrophages
(Yakubenko, V. et al, 2012, manuscript submitted), we further investigated the requirement
of different Jak kinases in regulating MAO-A and CD36 expression in IL-4 and IL-13-
activated human monocytes/macrophages. For these studies we treated monocytes with the
same antisense ODNs described earlier. Our results demonstrate that Jak1 antisense ODN
significantly inhibited the IL-4-mediated induction of MAO-A (Fig. 3A) (*p<0.002) and
CD36 (Supplemental Fig. 1A) (*p<0.005) mRNA and protein (Fig. 3C and Supplemental
Fig. 1B) expression, whereas the scrambled ODN control had no effect (Figs. 3A, C and
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Supplemental Figs. 1A, B). As a control we further showed that Jak2 and Tyk2 antisense
ODN caused no inhibition of IL-4-induced expression of MAO-A and CD36 mRNA (Fig.
3A, Supplemental Fig. 1C and data not shown) or protein (Fig. 3C, Supplemental Fig. 1D
and data not shown). These data thus confirm that similar to IL-4-stimulated 15-LO
expression, Jak1 is the upstream regulator of both MAO-A and CD36 expression in IL-4-
activated monocytes/macrophages.

The effect of Jak1, Tyk2 and Jak2-specific antisense and scrambled/sense ODNs were also
monitored on both MAO-A and CD36 expression in response to IL-13 stimulation. Our
results showed that both Jak2 and Tyk2 antisense ODNs significantly attenuated the
expression of MAO-A (Fig. 3B) (*p<0.002) and CD36 (Supplemental Fig. 1E and data not
shown) (*p<0.005) mRNA and protein (Fig. 3D and data not shown) expression after IL-13
activation, as compared to sense ODN controls (Figs. 3B, D, Supplemental Fig. 1E and data
not shown). In contrast, Jak1 antisense ODN caused no inhibition of IL-13-activated MAO-
A and CD36 mRNA (Fig. 3B, Supplemental Fig. 1E) and protein expression (Fig. 3D and
data not shown). These results thus clearly demonstrate that both Jak2 and Tyk2 are required
for the IL-13-mediated up regulation of MAO-A and CD36 gene expression in monocytes/
macrophages. Differential regulation of MAO-A and CD36 gene expression in IL-4 and
IL-13-activated monocytes/macrophages by distinct Jak kinases is entirely new and to our
knowledge presented for the first time.

IL-13 and IL-4 unique signaling differentially regulates the induction of DUSP1 (dual
specificity phosphatase 1) and TIMP3 (tissue inhibitor of metalloprotease-3) gene
expression in alternatively activated human monocytes/macrophages

As IL-13 and IL-4 differ in their ability to activate different Jak kinases, we next explored
whether IL-13 and IL-4 can uniquely induce a particular gene expression. Our results show
that IL-13 can uniquely induce the expression of DUSP1 (Fig. 3E) whereas IL-4 specifically
stimulates the expression of TIMP3 mRNA (Fig. 3F). Further results demonstrated that
Tyk2 antisense ODN significantly down-regulated the expression of IL-13-induced DUSP1
mRNA (*p<0.003) as compared to the sense ODN control (Fig. 3E) whereas, Jak1 and Jak2
antisense ODNs had no effect on IL-13-activated DUSP1 mRNA (Fig. 3E). In contrast,
IL-4-mediated induction of TIMP3 mRNA was substantially attenuated by Jak1 antisense
ODN (*p<0.003) as compared to the scrambled ODN control (Fig. 3F) whereas, Jak2 and
Tyk2 antisense ODNs had no effect on IL-4-stimulated TIMP3 mRNA (Fig. 3F). These
novel data clearly demonstrate that IL-13 and IL-4 can uniquely affect the expression of a
particular gene in alternatively activated monocytes/macrophages.

Stat3 activation by IL-4 requires Jak1 kinase in monocytes
Previously we reported that both IL-4 and IL-13 stimulate the phosphorylation of Stats1, 3,
and 5 in addition to Stat6. IL-4, in contrast to IL-13, induced very low levels of
phosphorylation of Stats1 and 5 and a more robust phosphorylation of Stat3 and Stat6 [11].
Our results further suggested that Stat3 is one of the crucial regulators of 15-LO gene
expression [33]. As we identified Jak1 as the Jak kinase that regulates IL-4-mediated
signaling, we next investigated whether Jak1 is required for Stat3 activation. Our results
indicate that the antisense ODN against Jak1 kinase inhibited IL-4-stimulated activation/
phosphorylation of Stat3 on Tyr 705 residue whereas the scrambled ODN control had no
effect (Fig. 4A, upper panel). Antisense ODN inhibition of Jak1 protein expression was also
verified by reprobing the same blot with an antibody against Jak1 kinase (Fig. 4A, middle
panel).

As a control experiment, we next examined whether blocking Tyk2 protein expression also
inhibited the IL-4-induced activation of Stat3. Our results demonstrated that substantial
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inhibition of Tyk2 protein expression by Tyk2 antisense (Fig. 4B, middle panel) had no
inhibitory effect on IL-4-induced tyrosine 705 phosphorylation of Stat3 (Fig. 4B, upper
panel). These results thus confirm that Jak1 is the upstream regulator of Stat3
phosphorylation/activation whereas Tyk2 is not involved in Stat3 tyrosine phosphorylation/
activation in alternatively activated monocytes/macrophages in response to IL-4 stimulation.

Jak2 is required for IL-13-mediated Stat3 activation
Since we demonstrated earlier that IL-13-induced Stat3 tyrosine 705 phosphorylation is
critical for IL-13-stimulated 15-LO gene expression in human monocytes [32], we next
investigated the requirement for Jak2 and Tyk2 kinases for the IL-13-induced activation/
tyrosine phosphorylation of Stat3 in primary monocytes. Our results show that the antisense
ODN against Jak2 kinase inhibited the IL-13-mediated tyrosine 705 phosphorylation of
Stat3, whereas the sense ODN had no effect (Fig. 4C, upper panel). Antisense ODN
inhibition of Jak2 protein expression was also verified by reprobing the same blot with an
antibody against Jak2 kinase (Fig. 4C, middle panel). These data thus identify Jak2 as the
upstream kinase of Stat3 tyrosine phosphorylation/activation in human monocytes in
response to IL-13 stimulation. Although similar experiments with Tyk2 antisense ODN
indicated substantial inhibition of Tyk2 protein expression in monocytes (Fig. 4D, middle
panel), the reduced expression level of Tyk2 had no inhibitory effect on IL-13-induced
tyrosine 705 phosphorylation of Stat3 (Fig. 4D, upper panel).

Tyk2 but not Jak2 is involved in regulating the IL-13-stimulated activation of Stat1
As we showed earlier that Stat1 is also a regulator of 15-LO gene expression in IL-13-
treated monocytes [33], next we wanted to investigate the specific receptor-associated Jak
kinase that is required for Stat1 activation in response to IL-13 stimulation. Our results,
presented in Fig. 4E (upper panel), indicate that antisense ODN against Tyk2 almost
completely blocked the IL-13-stimulated Stat1 phosphorylation at a specific tyrosine residue
(Tyr701) which controls Stat1 activation. Tyk2 sense ODN did not inhibit Stat1
tyrosine-701 phosphorylation. By using the antisense ODN against Jak2, we further
confirmed that Jak2 is not involved in IL-13-stimulated Stat1 phosphorylation/activation
(Fig. 4F, upper panel). The specificity and effectiveness of these antisense ODNs has been
tested previously by our lab and is also shown in Fig. 4C and 4D.

Jak1 and Tyk2 are required for Stat6 activation in monocytes stimulated with IL-4 and IL-13
respectively

Many studies provide evidence that Stat6 is a crucial player in the regulation of 15-LO gene
expression [43–46]. We next explored whether Jak1 is upstream of IL-4-induced Stat6
activation (tyrosine phosphorylation of Tyr641 residue). Our results demonstrated
substantial inhibition of Stat6 activation in monocytes treated with Jak1 antisense ODN,
whereas treatment with the scrambled ODN control showed no inhibitory effect on Stat6
activation/tyrosine phosphorylation (Fig. 5A, upper panel). The bottom panel in Fig. 5A
shows nearly equal Stat6 expression in all lanes. As a control, we also checked the effect of
Jak2 and Tyk2 antisense ODN on IL-4-stimulated activation of Stat6. Our results confirm
that antisense ODN against either the Jak2 or Tyk2 kinases do not inhibit IL-4-mediated
activation of Stat6 (Fig. 5B). Our results, presented in Fig. 5C (upper panel), further reveal
that antisense ODN against Tyk2 significantly blocked the IL-13-stimulated activation of
Stat6 (phosphorylation at a specific tyrosine residue, Tyr 641) whereas Jak2 antisense, Jak2
sense and Tyk2 sense ODN did not inhibit Stat6 activation. Our results further indicate that
the antisense ODN against Jak1 has no inhibitory effect on IL-13-stimulated Stat6 activation
(Fig. 5D).
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IL-13 induction of Stat1 DNA binding activity is regulated by Tyk2
Earlier we demonstrated that phosphorylation/activation of Stat1 by IL-13 is required for
Stat1 DNA binding activity [11]. Since we showed that Tyk2 is required for Stat1
phosphorylation at a specific tyrosine (Tyr701, Fig. 4E), we investigated whether Tyk2 was
required for IL-13-stimulated Stat1 DNA binding activity in primary human monocytes.
Using an ELISA based TransAM™ method we demonstrated that IL-13 treatment enhanced
Stat1 DNA binding activity in nuclear extracts of monocytes (Fig. 6A). Furthermore,
pretreatment of monocytes with antisense ODN against Tyk2 significantly reduced the
extent of Stat1 DNA binding activity whereas the sense ODN had no effect (Fig. 6A). By
using Jak2 antisense ODN, we showed that Jak2 is not required for IL-13-induced Stat1
DNA binding activity (Fig. 6A). The wild-type (WT) consensus oligonucleotides also
substantially reduced the DNA binding activity of Stat1. Conversely, the mutated (MT)
consensus oligonucleotides showed negligible effects on Stat1 DNA binding activity (Fig.
6A). These results establish the involvement of Tyk2 in regulating Stat1 DNA binding in
response to IL-13. We also verified the effect of IL-4 treatment on Stat1 DNA binding
activity using the same ELISA based method. Our results revealed that IL-4 could not
stimulate Stat1 DNA binding activity (Fig. 6B). This observation supports our previous
result that IL-4 has a negligible effect on Stat1 phosphorylation/activation [11].

Jak2 regulates IL-13-stimulated Stat3 DNA binding activity whereas IL-4-induced Stat3
DNA binding activity is controlled by Jak1

Following the same ELISA based method we showed that IL-13 treatment facilitated DNA
binding activity of Stat3 (Fig. 6C). Furthermore, pretreatment of monocytes with antisense
ODN against Jak2 significantly attenuated the extent of DNA binding activity of Stat3
whereas the sense ODN control showed no inhibition (Fig. 6C). As a control we further
showed that Tyk2 antisense ODN treatment did not affect Stat3 DNA binding activity in
response to IL-13 stimulation (Fig. 6C). The wild-type (WT) oligonucleotides also
significantly reduced the level of DNA binding activity of Stat3 (Fig. 6C). In contrast, the
mutated (MT) oligonucleotides showed negligible effects on IL-13-induced DNA binding
activity of Stat3 in primary monocytes (Fig. 6C). These results indicate the involvement of
Jak2 in regulating Stat3 DNA binding activity in response to IL-13 stimulation.

Since we showed that Jak1 is required for IL-4-dependent Stat3 Tyr705 phosphorylation, we
next examined whether Jak1 controls IL-4-stimulated Stat3 DNA binding activity. Our
results demonstrated that IL-4 treatment enhanced Stat3 DNA binding activity in nuclear
extracts of monocytes (Fig. 6D). Pretreatment of monocytes with antisense ODN against
Jak1 markedly reduced the extent of IL-4-mediated Stat3 DNA binding activity whereas the
scrambled ODN control or Tyk2 antisense ODN showed no inhibitory effect (Fig. 6D).
These data support the concept that the IL-4-stimulated Stat3 DNA binding activity is
dependent on Jak1.

Stat1 and Stat3 are both required for IL-13-induced expression of 15-LO and MAO-A
whereas only Stat3 is involved in IL-4 induction of 15-LO and MAO-A

Previously we reported the contribution of both Stat1 and Stat3 in controlling IL-13-
stimulated 15-LO expression in human monocytes by using transcription factor decoy
technology [33]. To examine the involvement of Stat1 and Stat3 for other M2 gene
expression in alternatively activated monocytes/macrophages by IL-13, we next checked the
effect of both Stat1 and Stat3 decoy ODN treatment in regulating IL-13-induced MAO-A
gene expression. Results from our Western blot analysis indicate that both Stat1 and Stat3
decoy ODNs significantly down-regulated the IL-13-mediated induction of MAO-A protein
expression (*p<0.002) (Fig. 7A and 7B, upper panels), whereas transfection of cells with
either Stat1 or Stat3 mismatched ODNs (used as controls) essentially had no effect on
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IL-13-stimulated MAO-A protein expression (Fig. 7A and 7B, upper panels). These results
suggest that in addition to 15-LO, Stat1 and Stat3 transcription factors are also required for
the expression of other alternative state (M2) genes like MAO-A in IL-13-stimulated
monocytes/macrophages.

To investigate whether Stat1 and Stat3 also regulate IL-4-induced 15-LO and MAO-A gene
expression, we used the same Stat1 and Stat3 decoy ODNs and their corresponding
mismatched ODNs (used as a control) to transfect monocytes with them as described earlier
[33]. Our results demonstrate that the Stat3 decoy ODN substantially inhibited the IL-4-
mediated induction of both 15-LO (~80%) and MAO-A (~90%) protein expression (Fig. 7C
and 7D, upper panels), whereas the Stat3 mismatched ODN control did not inhibit either
(Fig. 7C or 7D, upper panels). In contrast, Stat1 decoy ODN transfection could not block
either 15-LO or MAO-A protein expression in response to IL-4 stimulation (Fig. 7E and 7F,
upper panels). These results indicate that Stat3 activation is required for the induction of
both 15-LO and MAO-A expression whereas Stat1 is not required for 15-LO or MAO-A
expression in alternatively activated monocytes/macrophages by IL-4.

15-LO and MAO-A gene expression require Stat6 in alternatively activated monocytes/
macrophages by IL-4 and IL-13

To directly assess the functional role of Stat6 in IL-4 and IL-13-induced 15-LO gene
expression, we transfected monocytes with Stat6 decoy ODNs. Transfection of monocytes
with Stat6 decoy markedly attenuated both IL-4 and IL-13-induced 15-LO mRNA
expression as compared to IL-4 and IL-13-treated cells or transfection controls, respectively
(Fig. 8A and 8E). Cells transfected with Stat6 scrambled decoy ODN showed no inhibition
of IL-4 or IL-13-stimulated 15-LO mRNA induction (Fig. 8A and 8E). Transfection of Stat6
decoy ODN also inhibited both IL-4 as well as IL-13-induced 15-LO protein expression
significantly as compared to the levels in untransfected monocytes (IL-4 and IL-13-treated
controls) and transfection controls, respectively (p<0.001) (Fig. 8B and 8F, upper panels),
whereas transfection of cells with Stat6 scrambled decoy ODN showed no inhibition. These
results provide evidence that activation of Stat6 is required for 15-LO gene expression in
alternatively activated monocytes by IL-4 and IL-13.

We next investigated the involvement of Stat6 activation, in regulating both IL-4 and IL-13-
induced MAO-A gene expression in monocytes/macrophages. Results from our real-time
PCR experiment or Western blot analysis indicated that treatment with the Stat6 decoy
significantly inhibited both the IL-4 and IL-13-mediated induction of MAO-A mRNA (Fig.
8C and 8G) (*p<0.006) and protein expression (Fig. 8D and 8H, upper panels) (p<0.002),
whereas the Stat6 scrambled decoy ODN control had no effect on either IL-4 or IL-13-
stimulated MAO-A mRNA (Fig. 8C and 8G) or protein expression (Fig. 8D and 8H, upper
panels). These data thus suggest that in both IL-4 and IL-13-stimulated monocytes/
macrophages, Stat6 activation is not restricted to the regulation of 15-LO pathway, but also
required for the induction of other M2 genes like MAO-A.

Tyramine-induced ROS generation requires Jak2 and Tyk2 in IL-13-activated monocytes
but is controlled by only Jak1 in monocytes treated with IL-4

As MAO-A is induced by both IL-13 and IL-4 in alternatively activated monocytes/
macrophages [19, 22, 23] and as previous studies report the generation of intracellular
reactive oxygen species (ROS) during the oxidation of biogenic amines by MAO-A [37], we
first investigated the requirement of MAO-A in tyramine-stimulated ROS generation in
alternatively activated monocytes/macrophages by IL-13 and IL-4. Our data suggest that the
MAO inhibitors Pargyline (a pan-MAO inhibitor) and Moclobemide (a specific inhibitor for
MAO-A) strongly inhibited the tyramine induction of intracellular ROS in both IL-13 and
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IL-4-activated monocytes/macrophages (Fig. 9A and 9B). Furthermore, the involvement of
different Jak kinases in regulating both IL-13 and IL-4-induced MAO-A-mediated ROS
generation was also examined in monocytes/macrophages. Our results show that antisense
ODN against both Jak2 and Tyk2 significantly blocked the tyramine-induced rise of
intracellular ROS in IL-13-stimulated monocytes/macrophages (*p<0.004) (Fig. 9A)
whereas Jak1 antisense ODN and control ODNs (sense ODN controls for Jak2 or Tyk2 and
scrambled ODN control for Jak1) had no effect on ROS generation during tyramine
oxidation of MAO-A in IL-13-activated monocytes/macrophages (Fig. 9A). In contrast,
treatment of monocytes/macrophages by the same antisense ODNs show that tyramine-
induced ROS generation in IL-4-activated monocytes/macrophages is controlled by Jak1 but
not by Jak2 and Tyk2 (Fig. 9B). Altogether, these data strongly suggest that IL-13 and IL-4
use distinct Jak kinase-mediated signaling pathways to control the function of MAO-A in
tyramine-induced ROS generation.

MAO-A expression/activity controls tyramine-induced ROS generation in alternatively
activated monocytes/macrophages

To examine the direct involvement of MAO-A in tyramine-induced ROS generation in
IL-13 and IL-4-activated monocytes/macrophages, we treated monocytes with the MAO-A-
specific antisense or control sense ODNs and then added IL-13 (Fig. 10A). Treatment with
MAO-A-specific antisense ODN significantly inhibited the IL-13-mediated induction of
MAO-A protein expression (Fig. 10A) and downregulated MAO-A enzyme activity
(*p<0.002) in both IL-13 and IL-4-activated monocytes (Fig. 10B) whereas the sense ODN
control was without any effect (Fig. 10B). Next we investigated the effect of MAO-A
antisense ODN on tyramine-stimulated ROS generation in IL-13 and IL-4-activated
monocytes. Our results demonstrate that MAO-A antisense ODN significantly blocked both
IL-4 and IL-13-activated ROS generation in tyramine-stimulated monocytes (*p<0.004)
whereas the MAO-A sense ODN control had no effect (Fig. 10C). We confirmed our data by
introducing a second method. to measure MAO-A activity, the Amplex Red Monoamine
Oxidase assay. Our results again show that MAO-A antisense ODN significantly down
regulated both IL-4 and IL-13-activated H2O2 generation in p-Tyramine-stimulated
monocytes/macrophages (*p<0.005) (Fig. 10D). Taken together these results show that ROS
(H2O2) generation (using p-Tyramine as a substrate) due to MAO-A expression/activity is
regulated by distinctly different Jak kinases in alternatively activated monocytes/
macrophages by IL-4 and IL-13.

Discussion
IL-4 and IL-13 have many similar modulating effects on immune responses and play
important roles in the development of inflammatory diseases [47]; however, further studies
demonstrate that IL-13 possesses several unique effector functions that differentiate it from
IL-4 [10]. Recent studies reveal that IL-13 is a powerful regulator of tissue remodeling and
fibrotic responses in vivo and in vitro [10]. IL-13 has also been implicated in the
pathogenesis of asthma, parasitic infections and many other pathological conditions [38]. In
an effort to determine whether the differential response is due to the differences in signaling
pathways employed by IL-4 and IL-13, we investigate the direct effects of IL-4 and IL-13
on signal transduction in primary monocytes/macrophages by examining the activation of
receptor-associated Jak kinases and Stat family members. Although our results show that
these two cytokines activate different Jak kinases (Jak1 in the case of IL-4 stimulation and
both Jak2 and Tyk2 in response to IL-13 stimulation), activation of Stat6 and Stat3 seems to
be a common effect after IL-4 and IL-13 stimulation. In contrast, Stat1 is activated
substantially by IL-13 and only to a negligible extent by IL-4. These results suggest that
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Stat1 activity is an integral part of IL-13 signaling and contributes in many situations where
IL-13 appears to a play a more important role than IL-4.

IL-4, IL-13 and Stat6 are key components in the development of airway inflammation,
mucus production and airway hyperresponsiveness(AHR) in asthma [48]. After binding of
IL-4 and IL-13 to the receptor complex, signals are transduced via Jaks to activate Stat
family members by phosphorylating the specific tyrosine residues [11, 49]. In both IL-4 and
IL-13 signaling, phosphorylated Stat6 dimers translocated to the nucleus and activate the
transcription of several genes. In experimental models, targeted gene disruption of Stat6
inhibited AHR, airway inflammation and fibrosis [50]. Several experimental approaches for
the downregulation of Stat6 are under investigation, including small-molecule inhibitors,
antisense therapy, siRNA and dominant-negative peptides. From our studies it is evident that
in addition to the IL-4/IL-13/Stat6 pathway, IL-4/IL-13/Stat3 and IL-13/Stat1 pathways can
also be targeted for the development of biological compounds that may provide a new
therapeutic modality for patient populations with uncontrolled severe asthma and other
chronic airway diseases.

Recent reports demonstrate that in addition to 15-LO and CD36 (both implicated in the
pathogenesis of inflammation and atherosclerosis), expression of MAO-A is strongly
upregulated in alternatively activated monocytes/macrophages [19, 22, 23, 51]. Although
MAO-A has been implicated as a vital regulator of embryonic brain development [52] and
its deficiency has been associated with abnormal behavior [53], the biological importance of
IL-4/IL-13-stimulated upregulation of MAO-A for monocyte physiology remains to be
investigated. Since the biogenic amine serotonin is a well-known inflammatory mediator
and preferentially oxidized by MAO-A, removal of this pro-inflammatory mediator from the
site of inflammation may contribute to switching monocytes from the pro- to
antiinflammatory phenotype, which may contribute to resolution of inflammation.

Results from previously published reports and the data presented in this manuscript suggest
that both 15-LO and MAO-A are induced in alternatively activated monocytes/macrophages
[19, 22, 51]. Previous observations also indicated the co induction of MAO-A and 15-LO in
a certain subpopulation of peripheral blood monocytes [22]. These findings suggest a
common regulatory pathway for the expression of these two genes. In fact, our data in this
manuscript indicate the involvement of the same Jak kinases in regulating MAO-A
expression that are required for 15-LO gene expression in IL-4/IL-13-activated monocytes.
Furthermore, the existence of Stat responsive elements in the promoter of 15-LO gene and
their regulatory role in IL-4/IL-13-dependent upregulation of 15-LO expression
(Yakubenko, V. et al, 2012, unpublished observations), [33, 44] led us to speculate that the
promoter of MAO-A gene may also contain the cognate sequences for the members of Stat
family. Although the in silico structural promoter analysis failed to detect any Stat-
responsive sequences in the 5 -flanking region of MAO-A gene promoter [51], our results
show that IL-4/IL-13-stimulated MAO-A gene expression in peripheral blood monocytes
requires the involvement of Stat family members (Stat1, Stat3 and Stat6). The difference
between these two observations can be explained by the fact that the Stat transcription
factors may not be directly involved in regulating MAO-A gene expression. This hypothesis
is supported by our recent unpublished observation that 15-LO antisense oligonucleotide
transfection in primary human monocytes substantially inhibits IL-13-induced MAO-A
expression (unpublished observations by Bhattacharjee, A. and Cathcart, M.K.), suggesting
the direct involvement of 15-LO in controlling IL-13-activated MAO-A gene expression in
monocytes.

In this study, we demonstrate for the first time that reactive oxygen species (ROS) are
generated by MAO-A in IL-4 and IL-13-driven alternatively activated monocytes/
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macrophages. Inhibition of Tyramine-induced ROS production by both the MAO-A
selective pharmacological inhibitors and MAO-A-specific antisense ODN strongly supports
the role of MAO-A in this process. Moreover, we investigated the differential regulation of
MAO-A-mediated ROS generation in response to IL-4 and IL-13 by demonstrating the
involvement of cytokine-selective Jak kinases suggesting the functional relevance of
different Jak kinases in ROS generation. A previous report examined the involvement of
mitochondrial H2O2 in superoxide anion production and subsequent LDL oxidation via
NADPH oxidase in human endothelial cells [54]. Furthermore, it was suggested that
monocyte-derived superoxide anion production due to the activation of NADPH oxidase, is
required for monocyte-mediated LDL oxidation and contributes to atherogenesis [55].
Hence the involvement of MAO-A-mediated intracellular ROS can not be excluded in the
activation of monocyte NADPH oxidase and related superoxide anion production leading to
atherogenesis but future experiments are needed to clarify these events.

In addition to neurodegenerative disorders, MAO-A has been shown to play a predominant
role in myocardial injury [56] and also contributes to heart failure [57]. MAO-A can also
cause cardiac cell apoptosis through ROS-dependent sphingosine kinase inhibition [58].
Moreover, MAO-A-mediated ROS generation has been shown to trigger mitogenic signaling
in smooth muscle cells via MMP2/sphingolipid pathway which might contribute to vascular
wall remodeling [37]. Hence inhibition of MAO-A is an important tool for the study of
vascular pathologies and MAO-A-mediated signaling pathways may serve as future targets
for therapeutic interventions in cardiovascular disorders.

In summary, we report here the differential regulation of gene expression and function by
IL-4 and IL-13-mediated signaling pathways in alternatively activated monocytes/
macrophages. In Fig. 11, we present schematic models of both the IL-13 and IL-4 signaling
pathways in monocytes/macrophages leading to the expression of genes of alternatively
activated macrophages like 15-LO, CD-36 and MAO-A. The models are focused on
differential Jak/Stat activation by these two related cytokines. Additionally we provide
evidence that IL-13 and IL-4 uniquely affect the expression of particular genes like DUSP1
(induced only by IL-13 and by Tyk2-mediated pathways) and TIMP3 (induced only by IL-4
and by Jak1-mediated pathways). These results are novel in the context of differential gene
regulation by IL-4 and IL-13 and add greater impact in this study.

Our results indicate that IL-4 and IL-13 activate different Jak kinases which are upstream of
several Stat transcription factors (Stats 1, 3 and 6 for IL-13 and Stats 3 and 6 for IL-4). We
report here for the first time that Jak2 is upstream of Stat3 activation and Stat3 DNA binding
activity while Tyk2 controls Stat1 and Stat6 activation and Stat1DNA binding activity in
response to IL-13 stimulation. In contrast, Jak1 regulates Stat3 and Stat6 activation and
Stat3 DNA binding activity in IL-4-induced monocytes. Finally, our observations that
tyramine-induced ROS generation due to MAO-A expression/activity is regulated by
distinctly different Jak kinases (Figs 9 and 10) add novel insights into the functional aspects
of MAO-A in IL-13 and IL-4-activated monocytes/macrophages. These results thus increase
our understanding of the unique signal transduction pathways utilized by IL-4 and IL-13 to
affect gene expression, pathways previously presumed to be similar. Our findings have
major implications for the management of allergy and inflammation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Distinct Jak/Stat pathways regulate gene expression in alternatively activated
monocytes

IL-13 and IL-4 uniquely affect expression of particular genes like DUSP1 and
TIMP3

IL-4 and IL-13 activate different Jak kinases which are upstream of several Stats

MAO-A expression/activity is required for Tyramine-induced ROS generation

Different Jaks control MAO-A-mediated ROS in IL-4 and IL-13-activated
monocytes
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Figure 1. IL-4 and IL-13 activates different Jak kinases in monocytes
Human blood monocytes (10×106/group) were directly stimulated with IL-13 or IL-4 for 10
min or left untreated as indicated. Cells were lysed and the postnuclear extracts were
immunoprecipitated (IP) with different Jak/Tyk antibodies as mentioned in panels A–D. The
immune complexes were analyzed by immunoblotting with antibody to phosphotyrosine,
PY99 and presented in the upper panels of A–D. The bottom panels represent stripping and
reprobing the blot with the same individual antibody used for immunoprecipitation, to assess
equal protein loading. Arrows indicate the positions of respective Jak kinases as mentioned,
based on the migration of molecular weight markers that were run in adjacent lanes. The
arrowhead marks the migration of the heavy chain of IgG. Data are from a representative
experiment of three independent experiments that were performed.
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Figure 2. Induction of 15-LO expression by IL-4 and IL-13 requires different Jak kinases in
monocytes
Monocytes (5×106/group) were pre-treated directly with antisense ODN to Jak1 or a
scrambled ODN control (10 μM) (A, B, C, D) or Jak2 or Tyk2 antisense or sense ODNs (10
μM) (A, B, E, F) for 48 h, with one re-feed at 24 h, prior to the incubation with IL-4 (A, C,
E) or IL-13 (B, D, F) for another 24h. In panels A–B, total cellular RNA extracts were
prepared and subjected to real-time quantitative PCR analysis. After normalization with
GAPDH amplification, the fold induction of 15-LO mRNA expression for different groups
was plotted. Data are the means ± S.D. (n=3). Significant differences were determined by
comparing the antisense (AS), scrambled (Scr) and sense (S) ODN treated groups to the IL-4
or IL-13-treated control (*p<0.002). In panels C–F, cells were lysed and 50μg of
postnuclear extracts were separated by SDS-PAGE. The proteins were resolved, transferred
to a PVDF membrane and immunoblotted with an antibody against 15-LO (upper panels of
C and D, E, F). The same blots were then reprobed with Jak1 antibody to examine the effect
of antisense ODN on Jak1 protein expression (middle panels of C and D). To confirm equal
loading the blots were then stripped and reprobed with (β-tubulin antibody (lower panels of
C and D). Arrows indicate the predicted migration of 15-LO, Jak1 and β-tubulin as
determined by the migration of molecular weight markers in adjacent lanes. Recombinant
15-LO was used as a positive control. The data shown represent one of three separate
experiments giving similar results.
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Figure 3. IL-4 and IL-13-stimulated MAO-A expression as well as IL-13 and IL-4 specific
induction of DUSP1 and TIMP3 is controlled by different Jak kinases in human monocytes/
macrophages
Monocytes (5×106/group) were pre-treated directly with antisense ODN to Jak1 or a
scrambled ODN control (10 μM) (A–F) or Jak2 or Tyk2 antisense or sense ODNs (10 μM)
(A–F) for 48 h, with one re-feed at 24 h, prior to the incubation with IL-4 (A, C, E, F) or
IL-13 (B, D, E, F) for another 24h (A–D) or 48h (E, F). In panels A–B, total cellular RNA
extracts were prepared and subjected to real-time quantitative PCR analysis. After
normalization with GAPDH amplification, the fold induction of MAO-A mRNA expression
for different groups was plotted. Data are the means ± S.D. (n=3). Significant differences
were determined by comparing the antisense (AS), scrambled (Scr) and sense (S) ODN
treated groups to the IL-4 or IL-13-treated control (*p<0.002) In panels C–D, cells were
lysed and 50μg of postnuclear extracts were separated by SDS-PAGE and immunoblotted
with an antibody against MAO-A. The data shown are representative of three separate
experiments giving similar results.
For panels E and F, real-time PCR analyses was performed and fold induction of DUSP1 (E)
and TIMP3 (F) mRNA expression for different groups was plotted after normalization with
GAPDH. Data are the mean ± SD; (n=3). *p<0.003 compared to the IL-13 (E) or IL-4 (F)-
treated controls.
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Figure 4. Jak2 and Tyk2 are the upstream regulators of Stat3 and Stat1 activation in IL-13-
stimulated monocytes whereas Jak1 controls Stat3 activation in IL-4-treated monocytes
Monocytes (5×106/group) were either pre-treated with antisense ODN to Jak1 or scrambled
ODN control (A), Tyk2 antisense or sense ODNs (B, D, E) or with Jak2 antisense or sense
ODNs (C, F) for 48 h, with one re-feed at 24 h, prior to the addition of IL-4 (A, B) and
IL-13 (C–F) for 15 min. The cells were lysed and whole cell extracts were resolved by SDS-
PAGE. Stat3 and Stat1 tyrosine phosphorylation was detected by immunoblotting using p-
Tyr705 Stat3 (upper panels of A–D) and p-Tyr701 Stat1 (upper panels of E and F)
antibodies. The same blots were then reprobed with Jak1 (middle panel of A), Tyk2 (middle
panels of B and D) and Jak2 (middle panel of C) antibodies to examine the effect of
antisense ODN on Jak1, Tyk2 and Jak2 protein expression levels. To assess equal loading
the blots were then stripped and reprobed with (β-tubulin antibody (lower panels of A–F).
The data shown are representative of three independent experiments giving similar results.
Blots from three different experiments were quantified and normalized to the respective total
protein loads (β-tubulin). Mean fold change data are provided for all panels after
considering all untreated groups (no IL-4 and IL-13) as 1.0.
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Figure 5. IL-4-stimulated Stat6 activation is mediated by Jak1 whereas Tyk2 is required for
Stat6 activation in IL-13-treated monocytes
Monocytes (5×106/group) were pre-treated with scrambled/sense control ODNs or antisense
ODNs to Jak1 (A, D) or Jak2 or Tyk2 (B, C) according to protocols described under
“Materials and Methods” prior to the addition of IL-4 (A, B) or IL-13 (C, D) for 30 min. The
cells were lysed and immunoblotted with anti-phospho-Stat6 antibody (upper panels of A–
D). The same blots were stripped and reprobed with an antibody recognizing total Stat6 to
confirm equal loading (lower panels of A–D). Data in panels A–D are from a representative
of three repeat experiments showing similar results.
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Figure 6. IL-13-induced Stat1 DNA binding activity requires Tyk2 whereas Jak1 and Jak2 are
involved in regulating IL-4 and IL-13-induced Stat3 DNA binding activity in human monocytes
Human monocytes (5×106/group) were either directly exposed to IL-13 (A, C) or IL-4 (B,
D) for 1h or pretreated with control ODN or antisense ODN to Jak2 or Tyk2 (A, C) or Jak1
or Tyk2 (D) (10 μM) for 48 h, with one re-feed at 24 h followed by IL-13 or IL-4
stimulation for 1h. Nuclear extracts (5μg) were run in duplicate to perform an
immunodetection of activated Stat1 (A, B) and Stat3 (C, D) using a TransAM™ Stat family
kit. Nuclear extracts from IFNγ-stimulated COS-7 cells and IL-6-stimulated HepG2 cells
were used as positive controls for activated Stat1 (A, B) and activated Stat3 (C, D)
respectively. The wild-type (WT) and mutated (MT) consensus oligonucleotides were used
to monitor the specificity of the assay. Values are mean ± SEM of three separate
experiments giving similar results. Significant differences were determined by comparing
each group to the IL-13 or IL-4-treated monocytes as the control (*p<0.004).
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Figure 7. IL-13 stimulation requires both Stat1 and Stat3 whereas only Stat3 is required by IL-4
for the expression of 15-LO and MAO-A in alternatively activated monocytes
Monocytes (5×106/group) were transfected with or without decoy or mismatched decoy
ODNs to Stat1 (A, E, F) or Stat3 (B, C, D) according to protocols described under
“Materials and Methods” prior to the addition of IL-13 (A, B) or IL-4 (C–F) for 48 h.
Monocyte lysates were resolved by SDS-PAGE and immunoblotted with MAO-A (upper
panels of A, B, D, F) or 15-LO (upper panels of C and E) specific antibodies. The same
blots were then stripped and reprobed with (β-tubulin antibody (lower panels of A–F) to
assess equal loading. Data are from a representative of three repeat experiments showing
similar results.
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Figure 8. Stat6 regulates 15-LO and MAO-A gene expression in IL-4 and IL-13-activated
monocytes
Human blood monocytes (5×106/group) were transfected with or without decoy or
scrambled ODN to Stat6 according to protocols described under “Materials and Methods”
prior to the addition of IL-4 (A–D) or IL-13 (E–H) for 24 h. 15-LO (A, E) and MAO-A (C,
G) mRNA expression was detected by real time quantitative PCR analysis. Data are the
mean ± SD; (n=3). Significant differences were determined by comparing the decoy or
scrambled decoy ODN (to Stat6) treated groups to the transfection control (IL-4 or IL-13-
treated) (*p<0.006). In B, D, F and H, monocyte lysates were separated by SDS-PAGE and
immunoblotted with 15-LO (upper panels of B and F) and MAO-A (upper panels of D and
H) antibodies. The same blots were then stripped and reprobed with (β-tubulin antibody
(lower panels of B, D, F and H) to assess equal loading. Data in panels A–H are from a
representative of three independent experiments showing similar results.
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Figure 9. Tyramine-induced reactive oxygen species (ROS) generation is controlled by different
Jak kinases in IL-13 versus IL-4 activated human monocytes/macrophages
Monocytes (5×106/group) were pre-treated with control ODN or antisense ODNs to Jak1 or
Jak2 or Tyk2 (A, B) according to protocols described under “Materials and Methods” or
with the MAO inhibitors, pargyline (1 μM) (A, B) and Moclobemide (1 μM) (A, B) for 30
min prior to stimulation with IL-13 (2nM) (A) or IL-4 (2nM) (B) for 24h. Monocytes/
macrophages were stimulated by tyramine (5 μM) for 30 min and then incubated with the
fluorescent probe H2DCFDA (5 μM) for another 30 min before the fluorescence was
measured (A, B). Data in panels A and B are expressed as percentage of unstimulated
controls and represented as mean ± SD; (n=3, *p<0.004). Data are from a representative of
three independent experiments.
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Figure 10. MAO-A regulates tyramine-induced ROS generation in IL-13 and IL-4-activated
monocytes/macrophages
Monocytes (5×106/group) were pre-treated with MAO-A sense (S) or antisense (AS) ODN
(A–D) according to protocols described under “Materials and Methods” and incubated with
IL-13 (A–D) and IL-4 (B–D) (2nM) for 46h. In panel A, whole cell extracts (50 μg/lane)
were resolved by SDS-PAGE. MAO-A protein expression was detected on Western blots
with a MAO-A specific antibody (upper panel of A). The blot was stripped and reprobed
with an antibody against (β-tubulin (lower panel of A) to assess equal loading. In panel B,
native MAO-A enzyme activity was detected. In a total volume of 50 μl, 20 μl whole cell
extract was incubated with substrate (final conc. 40 μM) in presence of MAO reaction
buffer [100mM HEPES (pH 7.5); 5% glycerol]. After incubation at room temperature for
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3h, 50μl luciferin detection reagent was added and the luminescent signal was measured
after 20 min. Data represented as mean ± SD; (n=3, *p<0.002). In panel C, monocytes/
macrophages were stimulated by tyramine (5 μM) for 30 min and then incubated with the
fluorescent probe H2DCFDA (5 μM) for another 30 min before the fluorescence was
measured. Data in panel C is expressed as percentage of unstimulated controls and
represented as mean ± SD; (n=3, *p<0.004). In panel D, monocyte lysates (50μg/well) were
incubated with Amplex Red reagent/HRP/p-Tyramine working solution for 60 min before
the fluorescence was measured. Data represented as mean ± SD; (n=3, *p<0.005). Data in
all panels are from a representative of three independent experiments.
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Figure 11. Proposed model showing the differential regulation of gene expression in alternatively
activated monocytes/macrophages by IL-13 and IL-4
Schematic representations indicate that both IL-13 and IL-4 share and signal through a
common receptor component IL-4Rα. For IL-13 the other receptor component is IL-13Rα1
whereas the IL-4 receptor contains IL-2Rγc. These receptor components are phosphorylated
upon exposure of monocytes to IL-13 or IL-4. Different Jak kinases are associated with
these receptor components and activated (tyrosine phosphorylated) in response to IL-13 or
IL-4 stimulation as presented. Consequently Stat1 (for IL-13 only), Stat3 and Stat6 (for both
IL-13 and IL-4) are activated, form dimmers and, translocate into the nucleus, bind DNA
and facilitate the induction of 15-LO, MAO-A and CD36 gene expression. IL-13 and IL-4
differentially regulate the gene expression of DUSP1 and TIMP3 through distinct Jak/Stat
pathways. Different color code for DUSP1 and TIMP3 is used to demonstrate the unique
regulation of these genes by IL-13 and IL-4 respectively.
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