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Highlights

* Full-length house finch IL{1was cloned, expressed, and its basic biologidasro
explored.

* House finch IL-B modulates the expression of Th1/Th2 cytokinesramit oxide
production by activated immune cells.

* House finch IL-B enhances the expression of acute phase proteiardimicrobial

peptide by activated immune cells.
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Abstract

Interleukin-38 (IL-1p), an inflammatory cytokine of the IL-1 family, pgimarily produced as a
precursor protein by monocytes and macrophages,niaures and becomes activated through
proteolytic catalysis. Although the biological cheteristics of avian IL{1are well known,

little information is available about its biologlagale in songbird species such as house finches
that are vulnerable to naturally-occurring inflantorg diseases. In this study, house finch IL-
1B (HfIL-1B) was cloned, expressed, and its biological fumcigamined. Both precursor and
mature forms of HfIL-B consisting of 269 and 162 amino acids, respegtiveére amplified

from total RNA of spleen and cloned into expressieators. HflL-PB showed high sequential
and tertiary structural similarity to chicken homglie that allowed detection of the expressed
mature recombinant HfILfL(rHfIL-1 ) with anti-ChlL-13 antibody by immunoblot analysis.
For further characterization, we used primary spbgtes and hepatocytes that are predominant
sources of IL-§ upon stimulation, as well as suitable targetditoldation by IL-18. Isolated
house finch splenocytes were stimulated with rHELin the presence and absence of
concanavalin A (Con A), RNA was extracted and tcaps levels of Th1/Th2 cytokines and a
chemokine were measured by qRT-PCR. The addifioHftL-1 3 induced significant
enhancement of IL-2 transcript, a Th1l cytokine,le/tianscription of IL-$ and the Th2

cytokine 1L-10 was slightly enhanced by rHfll3-freatment. rHfIL-B also led to elevated

levels of the chemokine CXCL1 and nitric oxide protion regardless of co-stimulation with
Con A. In addition, the production of the acutegh protein serum amyloid A and the
antimicrobial peptide LEAP2 was observed in Hflp-dtimulated hepatocytes. Taken together,
these observations revealed the basic functiohlbt1 f including the stimulatory effect on

cell proliferation, production of Th1/Th2 cytokinaed acute phase proteins by immune cells,



46  thus providing valuable insight into how HflL31s involved in regulating inflammatory
47  response.

48 Keywords: IL-1B; house finch; cytokines; acute phase protein;ravia
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1. Introduction

Interleukin-1beta (IL-f) is the most studied prototypical pro-inflammatogyokine
because of its crucial role in the initiation oflammation and regulation of innate and adaptive
immune responses (Netea et al., 2015). flatks a signal peptide and is primarily expressed
by activated macrophages, monocytes, and dendeli€ as an inactive precursor form and
remains in the cytosol, requiring proteolytic presiag at its N-terminal region for optimal
bioactivity (Black et al., 1988; Thornberry et dl992; Arend et al., 2008). Subsequently, it is
cleaved by either an intracellular cysteine praezsspase-1 activated by inflammasome

(Thornberry et al., 1992; Martinon et al., 2002hgrinflammasome-independent enzymatic

processes such as neutrophil-derived serine peseasl pathogen-released enzymes (Netea et

al., 2010). This cleaved ILBlis secreted into the extracellular milieu, whérean induce its
own transcription as mature and bioactive fi.-By binding to IL-1 type | receptor (IL-1R1),
secreted IL-f exerts its biological activities including T celttivation, B cell proliferation, and
antigen recognition along with the induction oflammatory genes, chemokines, and cell
adhesion molecules (Burns et al., 2003; Dinar@0®9). In mammals, ILflinduces the
development of Th17 cells in combination with Ilo6TGF{, while the production of IL-23 is
IL-1B dependent in monocytes which contributes to maartee of Th17 cells (Weaver et al.,
2007; Dong, 2008; van de Veerdonk et al., 200R)1f also induces synthesis of
cyclooxygenase type 2 (COX-2), type 2 phospholiggsand inducible nitric oxide synthase
(INOS), leading to the production of prostaglanB@&{PGE?2), platelet activating factor (PAF),
and nitric oxide (NO) that causes fever, lower ghneshold, vasodilatation, and hypotension
(Dinarello, 2009). Additionally, IL-f is responsible for triggering the synthesis ofdbate

phase protein serum amyloid A (SAA), IL-6, neutriysielective CXC chemokines, and
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macrophage inflammatory protein-2 (McColl et a002). An abnormal increase of Il[3-1
secretion is associated with the pathogenesistotialammatory diseases such as cryopyrin-

associated periodic syndromes, which is relatexhtover-activation of caspase-1 (Campbell et

al., 2016).
In avian species, chicken ILBXChIL-18) was first identified and cloned from the
chicken macrophage cell line HD11 stimulated wiBS(Weining et al., 1998). ChilBhas a

similar gene structure to mammalian homologuesr(§ziati et al., 2006) with 34% and 33%
amino acid identity with the respective human armaise orthologues; however, it lacks a
conserved aspartic acid residue thus preventingdbpase-1 cleavage. Nonetheless, N-
terminally truncated ChiL{1lacking the predicted pro-domain exhibits sigrafidly enhanced
biological activity suggesting that precursor clege is critical for its maximal activity (Gyorfy
et al., 2003). Another phylogenetically conserasgartic acid residue was later discovered by
cleavage of avian prolLflwith either sea bass or human caspase-1, whuabstiact from the
cleavage site of mammalian homologues (Reis e2@l.2). Consistent with mammalian
homologues, ChlL{1 expression is significantly enhanced followingabitacterial, and
protozoal infections. ChILfLMRNA expression was induced in the gut followigeria
infection (Laurent et al., 2001; Hong et al., 200%aenhanced mRNA level was also observed
in macrophages from turkeys suffering from pouteetis and mortality syndrome (PEMS), as
well as in bursal cells from IBDV-infected chickefi$eggen et al., 2000; Eldaghayes et al.,
2006). Salmonella spp. led to up-regulation of ILBIMRNA in chicken cell lines and heterophils
(Igbal et al., 2005; Kogut et al., 2005). Macrogésexposed to eithEscherichia coli or
Mycoplasma synoviae increased IL-f transcription (Lavric et al., 2008). These repdutrther

highlight the important role of ILfLin controlling the pathogenesis of many diseases.
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The properties of IL{1 have been well studied in domestic poultry butinatild birds,
which are in close contact with domesticated arsmaald may act as natural reservoirs for many
zoonotic pathogens. The house findlagmorhous mexicanus, is a small passerine songbird that
originally inhabited western North America and faggpanded to the eastern U.S. (Hill, 1993).
House finches are relatively easy to capture aathée in captivity making them ideal
organisms for studying the ecology of wildlife dises, and they favored over domesticated
birds to study the co-evolutionary relationshipwestn host and pathogen during emergence of
other diseases (Hurtado, 2012). Most recentlyeidihtial MRNA expression of ILflacross
populations following experimentdycoplasma gallisepticum (MG) infection was documented
(Adelman et al., 2013). However, the biologicdérof IL-1f in wild house finches still needs to
be elucidated. To clarify this matter, we firstrobd the precursor and mature forms of house
finch IL-1B (HfIL-1), then investigated its basic function by meagunrmmune cell
proliferation and differential mMRNA expression dill'Th2 response elements, acute phase

protein and antimicrobial peptide by activated inmawells.

2. Materials and Methods
2.1. Birds and tissue collection

House finches were captured in either July of 26.2une-July of 2015 using cage traps
and mist nets in Montgomery County, VA under pesrfriom VDGIF (044569/2012 and
050352/2015) and USFWS (MB158404-1). All finchesrevhoused at constant day length and
temperature, and were fed aohlibitum pelleted diet prior to and throughout experimébiaily
Maintenance Diet, Roudybush Inc. Woodland, CA)lldwang capture, adult individuals from

both sexes were identified based on their plumageacteristics and tested for the exposure to
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the pathogen as described in Park et al. (Dataief,Bubmitted). After testing, only healthy
birds that showed no clinical signs of diseasetatino pathogen load (Grodio et al., 2008)
were randomly selected for the subsequent expetgneXll tissue samples, including brain,
heart, liver, small intestines (duodenum, jejunideum), spleen, thymus, bursa, lung,
proventriculus and gizzard were collected from tmdividuals to assess HfILBltissue
distribution. Additionally, the primary cells weisolated from spleens and livers of 10

randomly selected birds for further biological esipeents.

2.2. Sequence and structural analyses

Nucleotide and amino acid sequences of HffLwiere aligned with other orthologous
sequences obtained by BLAST search using Clustadan(Sievers and Higgins, 2014). The
phylogenetic tree was constructed from the aligrtrasimg the neighbor joining (NJ) method
within the MEGA4 program, with Poisson correctiardacomplete deletion of gaps (Tamura et
al., 2007). The stability of the branching orderswconfirmed by performing 1,000 bootstrap
replicates. The theoretical molecular weight (M&dy isoelectric point (pl) were estimated
using a Compute pl/MW tool from EXPASYy (http://wvexpasy.org). The three-dimensional
structure of HfIL-B was built by comparative modeling at the Robettaer

(http://robetta.bakerlab.org) (Kim et al., 2004he model was superimposed with the X-ray

structure of ChIL-f using Discovery Studio 2.0 (Accelrys Inc., CA) @&yMOL (DelLano

Scientific, CA).

2.3. Construction of recombinant HfILBXrHfIL-13) expression plasmid
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Both precursor and mature forms of HfIB-ienes were amplified from total RNA
extracted from house finch spleen using the prirdessgned based on partial genomic
sequences of house finch (provided by D. Hawlegp(@ 1). Using Jug of total RNA, the first-
strand cDNA was synthesized using iScript cDNA 8gsts Kit (Bio-Rad, CA). The full-length
HfIL-13 was amplified using the following conditions: ialtdenaturation at SZ for 2 min, 35
cycles of denaturation at 92 for 15 sec, annealing at®2lfor 15 sec and extension atZ2for
30 sec, with a final extension at’@2for 7 min. Synthesized precursor and mature $oom
HfIL-13 were directly inserted into pCR2.1-TOPO vectowritimgen, CA) and transformed into
E. coli TOP10 (Invitrogen). Transformants containing rabmant plasmid were selected by a
combination of PCR screening and endonucleasetdigesith EcoR | (New England Biolabs,
MA), and confirmed by sequencing (Biocomplexitytlnge at Virginia Tech, VA). For sub-
cloning into a prokaryotic or eukaryotic expresswaactor, mature and precursor forms of HflL-
13 were digested with endonuclea&gg Il and Xma | (New England Biolabs) and ligated into
pQE-30 (Novagen, CA) and pcDNA3.1 (Invitrogen) pestively. By colony PCR screening,

positive clones including HfIL{3 were selected and verified by sequencing.

2.4. Expression of rHfILf# and immunoblot analysis

HfIL-13 in pQE30 plasmid was introduced irocoli BL21 (New England Biolabs) and
cultured at 30C overnight. The expression of Hfll3lwvas induced by adding 1 mM IPTG
(Gold Biotechnology, MO) and shaking incubation %dnr at 28C. The cells were harvested by
centrifugation and resuspended with 50 mM Tris {5), 240 mM NaCl and 1 mg/ml lysozyme
buffer. After cell lysis by sonication, solublaétion containing HfIL- was collected by

centrifugation, followed by purification using Niesin (Bioline, MA). After endotoxin removal



163 using the ProteoSpin Endotoxin Removal Micro Kib(tenbiotek, ON, Canada), the purified
164 rHfIL-1[ was quantified using BCA protein assay and usedibsequent assays. To examine
165 the binding reactivity of anti-ChlL{fantibody, 1ug of the purified rHfIL-B, and rChIL-B

166 (Bio-Rad) as a positive control were loaded on $IX&E gel under reducing conditions and
167 transferred to PVDF membrane (Millipore, MA). Thiet was incubated with anti-polyhistidine
168 conjugated with HRP (Sigma, MO) or anti-ChliB-fiolyclonal antibody (Thermo Scientific, MA)
169 ina l: 1,000 dilution as the primary antibody goat anti-rabbit IgG conjugated with HRP

170 (Santa Cruz Biotechnology, CA) in a 1: 2,000 ddatias the secondary antibody. After washing,
171 the blot was incubated with the SuperSignal Wesb Bhemiluminescent Substrate (Pierce, IL),
172 and developed using a gel imaging system (Bio-Rad).

173

174  2.5. HfIL-1B expression analysis in tissue

175 The expression of HfIL{1in house finch tissues was determined by qRT-P@R a

176 immunoblotting. In order to investigate HfILBINRNA expression, various tissues were

177 collected from two healthy house finches includingin, heart, liver, spleen, thymus, bursa,
178 lung, proventriculus, gizzard and each small imestsection. Total RNA was extracted using
179 RNeasy Mini Kit (Qiagen, CA), followed by synthesithe first-strand cDNA using High-

180 Capacity cDNA Reverse Transcription Kit (AppliedoBystems, CA). Synthesized cDNA was
181 mixed with 5 pl of Fast SYBR Green Master Mix (Ajgol Biosystems) and OuM primers in

182 10 ul final volume of gRT-PCR reaction. The foliogy thermal cycling conditions were used:
183 95°C for 20 sec as initial denaturation, followed lycycles of denaturation at 95 for 3 sec,

184 and annealing/extension at°&7for 30 sec. Transcription of HfILBlwas normalized against

185 the expression of GAPDH, followed by calibrationingsbrain transcript level and“2°™ method
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(Livak and Schmittgen, 2001). To examine Hflg-{rotein expression level, 50 mg of tissues
were collected from same birds that we used for RIX#kaction were homogenized and
sonicated in RIPA buffer (Cayman Chemical, Ml) sieppented with protease inhibitor cocktail
(Sigma) and phosphatase inhibitors (1 mM NaF anmiMLNa&Vo,). After centrifugation at
10,000 xg for 30 min, the supernatant was collected andepratoncentration determined using
BCA assay (Thermo Scientific), then a2 protein extract was resolved on SDS-PAGE gel
under reducing conditions and analyzed by immurtabtpwith anti-ChlIL-38 antibody as
previously described. In parallel, anti-GAPDH aotly (1:4,000; Millipore) was used as a

reference for protein loading and for quantificataf relative protein expression.

2.6. Isolation of splenocytes and hepatocytes

To isolate splenocytes, house finch spleens wearised and passed through a Ou22
cell strainer (BD, CA). Cell debris was washed afutell suspension with Hank’s Salt Solution
(HBSS; HyClone, UT), which was overlaid onto Histgpe-1077 (Sigma). After centrifugation
at 400 xg for 30 min, mononuclear cells from the interphasee collected and mixed with PBS.
By centrifugation, cells were collected and waswiétt RPMI-1640 (Mediatech, VA), and
counted using a hemocytometer. Freshly isolateghepytes were resuspended with RPMI-
1640 containing 20% fetal calf serum (FCS; AtlaBitalogicals, GA) and 1%
penicillin/streptomycin, and cultured in a 24-wellhte at a cell density of 1x36ells/well
overnight at 39°C with 5% C{hwumidified air. For the isolation of hepatocytté livers were
excised and cut into small pieces. After washiiitp WBSS, the pieces were incubated with
0.25% trypsin in Dulbecco’s Modified Eagle MediuBMEM; Mediatech) for 18 hr at 4°C and

then placed at 37°C for 30 min. The tissue pieoa® passed through a 0.22 cell strainer
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and the collected cells were washed with DMEM. eAffetermining cell viability and
concentration by a hemocytometer, the cells wesesigended with DMEM supplemented with
10% FCS and 1% penicillin/streptomycin and seeddcad cells/well in a 24-well plate and

then cultured overnight at 39°C with 5% glumidified air.

2.7. Cell proliferation assay

The role of HfIL-18 on cellular proliferation was investigated witlheir splenocytes or
hepatocytes using CellTiter 96® Non-Radioactivel ebliferation Assay Kit (Promega, WI)
according to manufacturer’s protocol. Briefly, DRtells were seeded in a 96-well plate and
incubated with medium alone, rHfILBX0.01 and 0.1 pg/ml) with or without Con A in the
presence and absence of anti-ChfLahtibody at 39C with 5% CQ for 12 hr. Incubated cells
were treated with Dye Solution (15 pl) for 3 hB8tC with 5% CQ, followed by addition of
Solubilization Solution/Stop Mix. After 1 hr incabon at 39C, the absorbance was measured
at 570 nm and 630 nm using a microplate readee réadings were corrected by subtracting the

background value at 630 nm.

2.8. Cytokine transcripts analysis upon cell stiamtioh

Isolated splenocytes (1x46ells/well) were cultured in a 24-well plates arehted with
medium alone, Con A (10 pg/ml), rHfILBX0.1 pg/ml), or rHfIL-B (0.1 pg/ml) with Con A (10
pg/ml) for 6 and 12 hr. Cell supernatants weréectgd for quantification of NO production and
total RNA was extracted from the treated cells g$iNeasy Mini Kit (Qiagen). Extracted RNA
(1 ng) was reverse transcribed into cDNA using Higpacity cDNA reverse transcript kit

(Applied Biosystems). The transcript levels of TH12 cytokines (IFNy, IL-1p, IL-2, IL-10),



232 INOS and a chemokine (CXCL1) were measured by geR-PThe primers used for gRT-PCR
233 analysis were designed within the conserved regibtise multiple sequence alignment of

234 closely-related bird species including zebra firdmary, and chicken. To measure hepatic gene
235 expression by HfIL-f treatment, isolated liver hepatic cells (1xtells/well) were cultured in
236  24-well plates, followed by treatment with mediuloree, Con A (10 pg/ml), rHfIL-g (0.01 and
237 0.1 pg/ml) or rHfIL-B (0.01 and 0.1 pg/ml) with Con A for 6 hr. Afteicubation, the cell

238 supernatants were collected to measure NO produatid total RNA was extracted as described
239 earlier. The mRNA levels of the SAA, LEAP2, and1f were analyzed. With the collected cell
240 supernatants, NO production was measured usingeas3Reagent System (Promega).

241

242  2.9. Statistical analyses

243 All data were expressed as the means + SEM angizathby Student’s t test or one-way
244  ANOVA using JMP software (Ver 11). Differencesween groups assessed by Tukey Kramer
245 multiple comparison test were considered to bessilly significant at P < 0.05 (*), P < 0.01
246  (**), or P < 0.001 (***).

247

248 3. Results

249 3.1. Sequence analyses of HfIB-1

250 The full-length HfIL-13 was predicted to encode a precursor form of 26@@uacids

251 with a theoretical molecular weight of 30 kDa asdalectric point of 6.74. Multiple sequence
252 alignment of the deduced amino acid sequence whibr @rthologs revealed that the precursor
253 form of HfIL-1B shares 76% and 94% similarity with chicken andadinch, respectively,

254  while it has 28% and 27% similarity with human anduse, respectively. Sequence comparison
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revealed that HfIL-f lacks the conserved aspartic acid (Asp/D) asltkE3tconverting enzyme
(ICE) cut site, and its mature form starts alar@hamino acid residue 108 producing a 162
amino acid peptide with a predicted molecular we@l8 kDa and isoelectric point of 8.52.
This mature form has 32% and 34% similarity with tespective human and mouse sequences,
and 84% and 97% similarity with the chicken andradinch, respectively. Phylogenetic
analysis indicated that the ILBEncoding region evolved into two distinct lineagesong avian
species and HfIL{1 being evolutionary closer to zebra finch and prgie13s than to that of

any domestic avian including chicken, turkey, dudgse and quail (Figure 1A).

Computational analysis revealed that Hflgrktains six cysteine residues, and €gsd Cys’

as well as Cy$§’ and Cyé* are predicted to form disulfide bonds. The crystiaicture of HfIL-

1P revealed 1B-strands and as-helix. The house finch and chicken IB-(PDB entry, 2wry)
structures share a very similar structural folchvéitroot mean square deviation (RMSD) of 0.53
A (Figure 1B). Based on high level of sequentral atructural identity between house finch and
chicken IL-13, we predicted that cross-reactivity would exissdzhon the anti-ChILfLlantibody

used in further biological assays.

3.2. Immunoblot analysis of rHfILfL

For biological function characterization, rHflIL3 vith a polyhistidine tag fused at the N-
terminus was purified fror&. coli BL21 as a soluble form. The endotoxin concerdrawas
0.07 endotoxin units (EU) peg protein, which was acceptable for further celassay. Prior
to the initiation of the biological assays, pufigHfIL-1 was confirmed by immunoblot
analysis using anti-polyhistidine antibody as veallverified binding reactivity of anti-ChILB1

antibody made against rHfILB1 As shown in Figure 2A, two bands were detected
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approximately 19 kDa, the predicted size of Hf|kcontaining polyhistidine tag (1.1 kDa)
along with 25 kDa using anti-polyhistidine antibagtyder reducing conditions. Blotting with
anti-ChlL-13 antibody resulted in a single 25 kDa of rHfIB; Which is higher than the
calculated size but identical to that of rChig-{bositive control), which is the mature form

containing a polyhistidine tag expressed frilaneoli under the same conditions (Figure 2B).

3.3. Tissue distribution of HfIL{1

The relative abundance of HfILB1n tissues was examined at the mRNA and protein
levels using gRT-PCR and immunoblotting, respettivdhe mRNA expression of HfILfL
was normalized to transcript of GAPDH as an endogsmeference gene and calculated as a
fold change relative to the lowest level of branbftrarily set at 1.0). HfIL§ was expressed at
varying levels in all tested tissues with the higjhexpression in the lung and proventriculus and
the lowest level in the brain and heart (Figure.38)nce mMRNA expression does not necessarily
predict protein expression, tissue-specific expoesgattern of HfIL-B proteins was determined
by immunoblotting using anti-ChiLflantibody (Figure 3B). Prominent expression ofLHIB
protein was observed approximately 35 kDa in ther)ibursa and gizzard, which is slightly
higher molecular weight than the theoretical sizprecursor HfIL-B of 30 kDa. Also, less
intense bands are shown in the lung and provehigchowever, no such band was detected in
the brain, which is consistent with its lowest mRB)¥pression. In addition to the 35 kDa band,

a very weak 60 kDa band was observed in the gizziaté not shown).

3.4. Effect of HfIL-B on cell proliferation
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The proliferative effects of the HfILBLon primary cells were investigated, resulting in a
small but statistically significant induction oflspocyte proliferation following treatment with
0.01pg/ml rHfIL-1 for 12 hr (Figure 4), although there was no sigaiit difference after 24 hr
(data not shown). The enhanced splenocyte pratitar was abolished when adding anti-ChlL-
1B antibody thus neutralizing HfILf in contrast, control IgG had no effect. Howe\cer,
stimulation of HfIL-13 with Con A had a negligible effect on splenocyteliferation relative to
Con A alone (data not shown). Contrary to spletes;ythere was no significant proliferation in

HfIL-1p-stimulated hepatocytes.

3.5. Modulation of gene expression and nitric oxpdaduction by HfIL-B in splenocytes

The effect of HfIL-B on Th1/Th2 cytokine expression was evaluated iengytes
stimulated with rHfIL-B for 6 and 12 hr (Figure 5). The most pronouncetiiction of cytokine
expression was shown at 12 hr post-stimulatioreaffnent with HfIL-B alone enhanced its
own gene transcription by > 2 fold. Of the Thlakyhes, IL-2 was remarkably increased
approximately 383-fold by addition of rHfILBlcompared to Con A alone, while no significant
difference of IFNy expression was observed. The addition of rHffLalone induced IL-10
production, a Th2 cytokine. rHflLflalso led to elevated iINOS level (3-fold), irresjpex of
Con A stimulation. Up-regulation of INOS mRNA egpsion results in the production of NO by
splenocytes treated with 0.1 pg/ml rHfIB-both in the absence and presence of Con A for 6 hr
(Figure 6) and 12 hr (data not shown). Transaiptf chemokine CXCL1 was increased 10-

fold and 18-fold in the presence and absence of ACstimulation, respectively.

3.6. Expression of SAA, LEAP2, and Il31n hepatocytes
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Induction of an acute phase protein (SAA) and a@macrobial peptide (LEAP2) in
hepatocytes stimulated with HfILBlwas observed (Figure 7). Hfll3Ireatment induced
transcripts of SAA and LEAP2 by incubation with @dd 0.01 pg/ml rHfIL-f, respectively,
both in the presence and absence of Con A. Thedription of SAA was enhanced 2.2-fold,
which was further enhanced by 8.8-fold in the pneseof Con A. In contrast to the induction of
IL-1B in stimulated splenocytes, IL3Iranscription was not changed in hepatocytes.h Wit
induction of acute phase and antimicrobial respgrsgnificant production of NO by
hepatocytes was observed when treated with 0.1préffthl-13 both in the presence and

absence of Con A (Figure 6).

4. Discussion

Although many reports described the potency of fLirlimmune responses following
viral, bacterial, and protozoal infections, littkeknown regarding the role of house finch Ig-1
in the host immune system. In this study, we iifiet and cloned the full-length HfILALfrom
house finch spleen and demonstrated the biolo@ioations of its active form. Phylogenetic
analysis revealed the evolutionary relationshipsrgravian IL-Bs where HfIL-B clustered
with homologues of flying birds (zebra finch andgon), while separated from that of land-
based birds (chicken, turkey, and quail) as weWaterfowl (duck and goose). Despite
considerable phylogenetic distance between hounsh &nd chicken IL{1in the avian clade the
tertiary structure of HfIL-B was highly similar to that of ChILfl with thep-strands and-helix
located in almost identical regions. Sequenceyaisafevealed that HfIL{llacks the aspartic
acid residue that is critical to form active Hfll3-&as a result of proteolytic cleavage, but retains
conserved alanine at position 108 that represietsiitial residue for expression of mature form

similar to other avian IL{Is (Wu et al., 2007). These high sequential angtiiral identities
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suggest that HfIL-f is likely cross-reactive with anti-ChiLBlantibody as substantiated by
immunoblot analysis showing that chicken-specifitlzody recognized HflL-f. Purified
rHfIL-1 B was detected at higher molecular weight (25 kbaitits theoretical value (19 kDa)
which could be caused by unfolding in the presei@reducing agent. Such unfolding under
reducing conditions would be expected from the mid€intra-chain disulfide bond formed
between Cy$” and Cy$*'that is likely to be predominantly detected by 4BhilL-1p antibody.
Since precursor HflL{l contains two potential disulfide bonds, €yand Cy$’ as well as

Cys®" and Cy§*, its molecular weight would be higher than caltedaunder reducing
conditions, as 35 kDa shown in Figure 3. This flml#ty has been experimentally confirmed by
detecting the expected size of mature Hf.{19 kDa) in the absence of a reducing reagent
(data not shown), which is consistent with eadieidies reporting that disulfide bond of murine
IL-1 resulted in varying gel mobility depending on fliesence of a reducing reagent (Gunther
et al., 1991).

IL-1 is primarily produced by monocytes, macrophaged,dendritic cells as well as B
lymphocytes and natural killer (NK) cells in low aumts. Due to an instability element in the
coding region of IL-B, mRNA would be poorly translated into protein (Bufet al., 2004). The
present study showed that Hfll3-is expressed in a broad range of tissues, martlyd
digestive tract (proventriculus, gizzard, duodenand ileum), immune tissues (liver, bursa, and
spleen) and respiratory (lung) tract. However léwels of IL-13 mMRNA expression were not
congruent with changes of its protein productionilsir to previous reports of human 113-1
(Schindler et al., 1990a). LPS rapidly increadedfl transcript for a short time while the
administration of IL-B itself sustained its own production long term (8dker et al., 1990b).

Although we did not measure its continuous produncthrough 24 hr, a small but significant
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induction of IL-1B transcript was observed in splenocytes stimulaiédd HfIL-13 alone at 12 hr
post-stimulation, but not with Con A. These resalte in accordance with a relatively short
half-life of IL-1 mMRNA and a rate-limiting step in the processindlei 3 to prevent its
continuous and overwhelming activation which worddult in deleterious effect on the host.

IL-1B is involved in a variety of cellular activities beth a growth factor for B cell
proliferation and stimulator for the generationltifl7 cells which also co-stimulate T cell
proliferation (Dinarello, 2009). Accordingly, wdserved the effect of a low concentration of
HfIL-1p (0.01 pg/ml) in promoting the proliferation of spbcytes in vitro. Whereas TNFand
IL-6 are important factors in the priming phasdiwér regeneration, IL-A is known to be a
potent inhibitor of liver regeneration and hepateqgyroliferation (Sparna et al., 2010). In
contrast to previous reports, we did not obsergeiicant changes with proliferation of
hepatocytes after culture with HfILB1 Further work is needed to elucidate the regwyato
function of HfIL-1B in the proliferation and regeneration of hepatesywvhich may reveal the
role that IL-B plays in the pathogenesis of acute inflammatamsrlinjuries.

Through high affinity interaction with cell surfaceceptor, IL-B induces Th1 adaptive
cellular responses and triggers the productiorcoteaphase proteins as well as other pro-
inflammatory cytokines (Dinarello, 1996; 1999; Chwet al., 2009). In the current study,
production of the Thl cytokine IL-2 was elevatedHfiL-1f treatment in Con A-stimulated
splenocytes indicating that it would stimulate T peoliferation in conjunction with IL-2
release (Schultz, 1987). Previous studies havershioat IL-13 inhibits IL-10 production by
memory T cells in vitro and in vivo while IL-10 coter-regulates the action of IL31Zielinski
et al., 2012). Contrary to previous findings, srenmpt of IL-10 was enhanced following

stimulation with HfIL-13 which may indirectly occur via PGE2 productionlbyl$ (Benbernou



393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

et al., 1997). This induction of IL-10 transcrpaly consequently result in B cell proliferation
and antibody production (Itoh and Hirohata, 199Bhhancement of INOS was observed after
HfIL-1p treatment both in the presence and absence oACwahich is also associated with
PGE2 activation (Benbernou et al., 1997). Furtimereased NO production was accompanied
by the expression of INOS mRNA. In accordance pivious findings (Nogawa et al., 1998),
NO produced by iINOS may not only modulate the faromeof PGE2, but also enhance COX-1
activity thereby facilitating the development o¥ée as well as acting as a mediator of
inflammation. These data are indicative of theanolar mechanisms that regulate the balance
in the expression of Thl and Th2 cytokines progdime fundamental aspects of the immune
response of wild birds. Consistent with previaaslihgs where ChIL-f stimulation induced
the expression of CXCLL1 in a dose-dependent manrtee chicken fibroblast cell line CEC-32
(Weining et al., 1998), chemokine CXCL1 was markegiregulated regardless of Con A
stimulation which is able to attract neutrophilsldgmphocytes thereby contributing to
inflammatory processes (Batra et al., 2012).

The administration of HfIL-f also augmented the production of acute phaseipriote
hepatocytes, similar to previous reports demonsgahat IL-18, IL-6, and TNFe circulate to
the liver and induce an acute phase response whackystemic inflammatory reaction to
disrupt the host’'s homeostasis (Gabay and Kusi®89; Bresnahan and Tanumihardjo, 2014).
Interestingly, the expression of antimicrobial pags (AMPS) is generally regulated by
inflammatory factors such as IBLITNF-o and LPS (Bando et al., 2007). Of the AMPs, LEAP2
(liver expressed antimicrobial peptide-2) was alliyi described to be predominantly produced in
the liver and inhibited bacteria and fungi in vi{irause et al., 2003). In our study, LEAP2 was

upregulated by HfIL-f-stimulated hepatocytes suggesting that HffLriodulates the
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expression of LEAP2 directly or indirectly thus paps controlling innate cellular immunity. In
addition, our data corroborate previous findingsidestrating that IL-f is a major component
of NO production by hepatocytes (Kitade et al.,d)99

In addition to the gene expression profiling of IHflB-stimulated immune cells, the
expression pattern of ILBlin the sera following infection with MG is provid€Park et al., Data
in Brief, submitted). Based on the previously mgo data regarding up-regulation of I1B-1
MRNA expression after MG infection, IL3Jproduction would be an expected pro-inflammatory
response to the pathogenesis of MG infection. HewdL-13 mMRNA expression levels do not
necessarily reflect the secretion of biologicakiyiee protein. The data (Figure 1. in Park et al.,
submitted) revealed two forms (35 and 60 kDa) dapwe precursor IL-fs in sera of control
birds, while more intense bands (25 and 60 kDagsidy representing mature and dimeric
precursor of IL-Bs, appeared in sera of MG-infected birds. Theselteraise the question of
how precursor IL-f is secreted in the blood. Although precursor fLrdmains primarily
cytosolic and its cleavage is an obligatory stepetease precursor ILBlin the extracellular
milieu, the precursor IL{1can also be released into extracellular spaceament of
processing by enzymes in the presence of somerikitors (Chin and Kostura, 1993). Given
the elevated production of ILBlas well as secretion of its bioactive form afte® Mhfection,
these data indicate that Il3Inay be a key cytokine in the pathogenesis ofriflammatory
response and in mediation of host immune respag@ast MG in house finches. In this
context, further investigation regarding the preoeg mechanisms leading to the production of
active HfIL-18 and associated enzymatic counterparts that aeeamt to the pathogenesis of

MG infection is necessary.
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In conclusion, we cloned and expressed Hffl.-4nd explored its basic functions
including proliferative effect on splenocytes argpatocytes, differential mMRNA expression
profiles of not only Th1/Th2 cytokines and chemeakiut also acute phase protein and
antimicrobial peptide by activated immune cellsirtRermore, the additional data extend
previous findings by demonstrating that up-regolabf IL-13 mMRNA expression after MG
infection is accompanied by the bioactive formlofLB. Collectively, this study will help us to
better understand the functional role of Hflg-ih the host immune response along with its

biological importance in the inflammatory respoon$evild birds against MG infection.
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Table 1.Primers used for gene cloning and gRT-PCR analysis

Primer Name

Nucleotide Sequence (5>3) Application

pHfIL-1 g_F
mHfIL-1 g_F
HfIL-1 g_R
IL-1p_F
IL-1p_R
IFN-gamma_F
IFN-gamma_R
IL-2_F

IL-2_R
IL-10_F
IL-10_R
INOS_F
iINOS_R
CXCL1_F
CXCL1_R
SAA F
SAA R
LEAP2_F
LEAP2_R

GAPDH_F
GAPDH_R

AGATCTATGGCATTTGTCCCTGATTTGGAC Gene cloning
AGATCTGCACCTGTTTTCCGCTACACT
CCCGGGTCAGCGCCCACTCAGCTCATA gRT-PCR

GGAGGAAGCTGACATCAG
TGTCCAGGCGGTAAAAGATG

CAAAGGACCATGTCAGGAACA
TGAGCCATCAGAAAGGTTTGC
TCTTGACTTTTACACACCGAATGAC
TCCTCCTCTTCCACATCTTGTTTC
AGCACCAGCGCAGCATGA
TCATCGTGGCTCTCAGGTTCA
TGCCACAAACAATGGTAATATAAGG

TGTTCCACACACGGAAATCG
CTGCGAGATGGCAGAGAAGTG
GGCCTTGTCCAGAATTGTCTTG
TGGGTCTGCATCGCATTG
TGCATCCCGGACAAACTGT
ATGCACTGGTGGAAAGTGA
GACACTCCTCTCCAGAAG

GGAGCGTGACCCCAGCAACA
CACACGCTTGGCACCACCCT
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Figure 1. Phylogenetic and structural analysis of Hflg-1(A) A phylogenetic tree was
constructed using multiple alignments with aminm @equences encoded precursor form of
HfIL-1 B within MEGA 4 program. The clades were validabgdL.000 bootstrap replications,
which were represented by percentage in branchsnotiee scale bar represents a genetic
distance of 0.2. (B) Ribbon diagram of HflB-and the superimposed Hfll3land ChIL-B. A
ribbon diagram of the three-dimensional structdrelftiL-1 has shown (left). The-helix and
B-strands indicate as helix and arrows, respectiaig the N- and C- termini are labeled. The

X-ray structure of HfIL-B (yellow) is superimposed onto that of ChiB-(blue, right).
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Figure 2. Immunoblot analysis of purified rHfILfL (A) rHfIL-13 expressed frork&.coli BL21
was detected with polyhistidine antibody. (B) Inmoblot analysis of purified rHfIL{1 was
performed using anti-ChiLflantibody, M, protein molecular weight marker (kPlape 1,
ChIL-1B (1 ??g) as a positive control; lane 2, purified rHfIB-(1 77g).
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Figure 3. Expression pattern of mMRNA and protein of HflIp-ih various tissues of clinically
healthy house finches. (A) mMRNA expression of Hi[Lin the different tissues was determined
by gqRT-PCR. Data was normalized to the expredsioel of GAPDH and represented as fold
change relative to that of brain. Error bars iatecthe SEM. (B) HfIL-f protein expression
from various healthy house finch tissues was asgdsg immunoblotting using anti-ChiILB1
antibody, with GAPDH used as a loading controlu¢Dduodenum; Jej, jejunum; lle, ileum;

Proven, proventriculus)
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Figure 4. The effect of HfIL-BB on house finch cell proliferation in vitro. Sptaytes (2x10
cells/well) were incubated with medium alone, rHfllg (0.01 and 0.2?g/ml), rHfIL-18 (0.01

and 0.1??g/ml) with anti-ChlIL-3B antibody for 12 hr (left). Corresponding prold&pn assay
was conducted on hepatocytes (right). Anti-ChfLahtibody alone was used as a negative
control. Data represent the mean + SEM of two jredelent experiments performed in triplicate

and asterisks indicate statistically significaritedences (p < 0.05).
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Figure 5. mRNA expression of Th1/Th2 cytokines and chemokitiewing stimulation of
splenocytes with HfIL-B. Splenocytes (1xf@ells/well) were stimulated with medium alone,
rHfIL-18 (0.1??g/ml) alone, Con A (10?g/ml) alone, Con A plus rHfIL{1 (0.1??g/ml) for 6

and 12 hr. The expression of Th1/Th2 cytokinesanbdemokine was evaluated by gqRT-PCR.

Data are presented as the mean £ SEM of two indigmeexperiments performed in triplicate.

Asterisks indicate significant differences (* p €9, ** p < 0.01).
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Figure 6. Nitric oxide release from HflL{i-stimulated splenocytes and hepatocytes.

Splenocytes or hepatocytes (1%t@lls/well) were stimulated with medium alone, ftLHL B

(0.01 and 0.2?g/ml) alone, Con A (10?g/ml) alone, Con A plus rHfIL{1 (0.01 and 0.2?g/ml)
for 6 hr. The levels of NO were determined by Gsiassay. Data are presented as the mean +
SEM of two independent experiments performed plit@te and statistically significant

difference indicated by asterisks (p < 0.05).
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Figure 7. Production of acute phase protein and antimicrgiepkide by rHfIL-B-stimulated
hepatocytes. Hepatic cells (1Xk&lIs/well) were treated with medium alone, Cofil& ??g/ml)
alone, rHfIL-13 (0.01 and 0.2?g/ml) or rHfIL-1p (0.01 and 0.2?g/ml) with Con A for 6 hr.
MRNA expression was measured with gRT-PCR and\hkres were normalized to GAPDH
and graphed relative to medium alone. Data aregpted as the mean + SEM of two
independent experiments performed in triplicate sigdificant differences indicated by asterisks
(*p <0.05,* p<0.01, ** p<0.001).
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Highlights

e Full-length house finch IL-1p was cloned, expressed, and its basic biological roles
explored.

e House finch IL-1p modulates the expression of Th1/Th2 cytokines and nitric oxide
production by activated immune cells

e House finch IL-1p enhances the expression of acute phase protein and antimicrobial

peptide by activated immune cells.
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