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Unlike mammals, bony fish have two type Il interferons, IFNy
and IFN+yrel, whose pro-inflammatory functions have not been
fully characterized. To elucidate the distinct roles of these type
II interferons of bony fish, we examined the effects of recombi-
nant goldfish (rg) IFNy and IFN+yrel on the macrophage antimi-
crobial responses, immune gene expression, and their signaling
pathways. Our findings indicate that rgIFN+y and rgIFNyrel pos-
sess unique capacities to mediate each of the above processes.
Q-PCR analysis revealed similar expression of both cytokines in
tissues and immune cell populations of the goldfish, although
IFNy mRNA levels were generally higher in most tissues and
cell types. Whereas rgIlFNvy had long-lasting effects on the prim-
ing of goldfish monocyte ROI production, the rgIFNyrel had
relatively short-lived ROI priming potential and eventually
down-regulated the priming of ROI production induced by
rglFNvy or rgTNFa2. Whereas rgIFNvy induced relatively mod-
est phagocytic and nitric oxide responses of goldfish macro-
phages, rglFN+yrel induced significantly higher phagocytosis,
iNOSA and iNOSB gene expression and nitric oxide production
compared with rgIFN+y. The rgIFNvy and rgIFNvyrel induced dif-
ferent gene expression profiles in goldfish monocytes. These
differences included significantly higher induction of TNFa2,
CXCLS, ceruloplasmin, and interferon regulatory factor (IRFs)
expression after activation of monocytes with rgIFN+vyrel. The
rglFNvyrel was more abundant in whole cell lysates compared
with rgIFN+y. Both cytokines induced the phosphorylation of
Statl, while the nuclear localization of Statl was only observed
following treatment of monocytes with rgIFNvy. Our findings
suggest the presence of functional segregation of the induction
of macrophage antimicrobial functions by type II interferons of
bony fish.

Interferon gamma (IFNvy)? is a highly pleiotropic pro-inflam-
matory and anti-viral cytokine produced primarily by activated
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Th1 phenotype CD4+ cells (1) CD8+ cells (2) and natural killer
(NK) cells (3). In addition to its weak antiviral activity (4—6),
IFNYy is a central cytokine that regulates host defense against
obligate and facultative intracellular pathogens (5, 7-9). For
example, IFN+y gene knock-out mice are unable to control
infections with Leishmania major (10), Listeria monocytogenes
(11) and Mycobacteria (12), indicating that IFNy is important
for the regulation of macrophage antimicrobial responses (9,
13-16).

Homologues of the IFNy have been identified in a number of
bony fish (teleosts) including zebrafish (17), Japanese pufferfish
(18), trout (19), Atlantic salmon (20), catfish (21), common carp
(22), and goldfish (23). Of these fish species, zebrafish, catfish,
common carp and goldfish have two isoforms of IFNy, which
differ markedly within each species in both sequence homology
and expression in different tissues (17, 21, 22). Both isoforms
contain IFNy signature motifs (17, 21) and were initially named
IFNvy1 and IFNvy2. IFN+v2 is structurally similar to mammalian
IFN+y, whereas IFNvyl is shorter and does not contain a
C-terminal cationic residues required for IFNy activity
(19, 24). Consequently, the fish IFNyl and IFNvy2 are now
referred to as IFNYy related (IFN+yrel) and IFNY, respectively.
IFNyrel is expressed in LPS-stimulated common carp leuko-
cytes enriched for B-cells (22). In grass carp increased mRNA
levels are observed in immune organs following infection
with reovirus, and stimulation with peptidoglycan, LPS, and
poly(I:C) (25). However, there is conflicting evidence as to pos-
sible roles of fish type II IFNs in vivo (26, 27) and to date the
functional roles of IFNyrel are not known.

The mammalian IFNy mediates its biological effects by ligat-
ing interferon vy receptor 1 (IFNGR1), which then associates
with IFNGR?2, forming a signaling complex. Complex assembly
leads to activation of Janus kinases (Jak) 1 and 2, associated with
the receptor chains 1 and 2, respectively (28). These phospho-
tyrosine kinases then phosphorylate the IFNGR1-associated
Statl (29) and to a lesser extent Stat2 (30) transcription fac-
tors. The activation of a plethora of other genes then ensues
through homodimeric Statl, heterodimeric Statl:Stat2 as well
as through the transcription factor complexes ISGF3 and Stat1-
p48, composed of Statl:Stat2:IRF-9 and Statl:Statl:IRF-9,
respectively (30—32). The above transcription factors orches-
trate gene regulation through recognition of IFN+y-activated

oxide; PBLs, peripheral blood leukocytes; PMA, phorbol myristate acetate;
Q-PCR, quantitative-polymerase chain reaction; rg, recombinant goldfish;
RQ, relative quantification; ROI, reactive oxygen intermediates; Stat, signal
transducer and activator of transcription; TGF, transforming growth fac-
tor B; TNFea, tumor necrosis factor «; ANOVA, analysis of variance.
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sequences (GAS) in the promoter regions of target genes (33).
Within the first 30 min of IFNy signaling, an up-regulation in
the expression of several interferon regulatory factors (IRFs)
occurs, which then modulate subsequent waves of gene expres-
sion in the IFNy signaling cascade (34). Several but not all of the
genes in the IFNy signaling pathway have been cloned (20, 35,
36) and an IFNy-specific trout reporter cell line has been estab-
lished (37). However, the consensus sequences of the GAS ele-
ments of the fish IFNvy-responsive promoters are less specific
than their mammalian counterparts (38), and the precise mech-
anisms by which the fish IFNy and IFNvyrel signal are not
known.

This report represents the first comprehensive functional
characterization and direct comparison of the fish (rg)[FNyrel
and rgIlFNYy. Our findings indicate that rgIFN+yrel and rgIFNy
possess distinct capacities to mediate specific pro-inflamma-
tory responses of goldfish myeloid cells. The functional segre-
gation of induction of macrophage antimicrobial functions by
type Il interferons of bony fish is different from the single Type
IT TEN system present in all other vertebrates examined.

EXPERIMENTAL PROCEDURES

Goldfish—Goldfish (Carassius auratus) were purchased
from Mt. Parnell Fisheries Inc. (Mercersburg, PA) and main-
tained at the Aquatic Facility of the Department of Biological
Sciences, University of Alberta. The fish were kept at 20 °Cin a
flow-through water system on a simulated natural photoperiod,
and fed to satiation daily with trout pellets. The fish were accli-
mated to this environment for at least 3 weeks prior to use in
experiments. All of the fish ranged from 10 to 15 ¢cm in length
and whenever possible an equal number of both sexes were
used.

Macrophage Cultures—The procedures for the isolation and
cultivation of primary kidney macrophages (PKM) and the
medium (NMGFL-15) used for their cultivation have been de-
scribed previously (39).

Isolation of Goldfish Splenocytes, Peripheral Blood Leuko-
cytes (PBL), and Granulocytes—The isolation of goldfish
splenocytes, PBLs, and kidney-derived granulocytes has
been described previously (23).

Analysis of Goldfish IFN'y and IFN"yrel Expression in Goldfish
Tissues and Immune Cell Populations—Preparation of cDNA
corresponding to goldfish tissues and immune cell populations
and the Q-PCR thermocycling parameters were previously
described (23). Goldfish specific IFN7y and IFNyrel primers
were designed using Primer Express software (Applied Biosys-
tems), and the expression was assessed relative to the endoge-
nous control gene, elongation factor 1 « (EF-1a). Tissues from
five goldfish (n = 5) and cell populations from four goldfish
(n = 4) were used for the Q-PCR analysis carried out using 7500
Fast software (Applied Biosystems). Direct comparisons of
IFNvy and IFNyrel expression was achieved by performing
ddCT analysis using lowest expression (highest delta CT,
IFNyrel: muscle and monocytes) as the standard for the expres-
sion for both cytokines. The RQ values were normalized against
the lowest observed tissue and cell expression (IFNyrel, muscle,
and monocytes, respectively). All primers used in this study are
shown in supplemental Table S1.
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Analysis of Immune Gene Expression of rgIFNvyrel and
rgIFNy-stimulated Cells—Day 3 cultures enriched for mono-
cytes and day 8 cultures abundant in mature macrophages (23,
29), were treated for 12 h with either medium only, 100 ng/ml of
rglFN~rel, 100 ng/mLof rgIFNy, or 100 ng/ml rgIFN~yrel + 100
ng/ml rgIFNy. Each treatment group consisted of 1 X 10° cells
in a final volume of 500 ul of complete medium using cells
obtained from cultures established using kidney leukocytes iso-
lated from individual fish (n = 5). Following indicated treat-
ments, the total RNA was isolated from the cells using TRIzol
and reverse transcribed into ¢cDNA using the Superscript II
c¢DNA synthesis kit according to manufacturer’s directions.
The genes examined included: IFNGR1-1 and IFNGR1-2;
p4OPROX; pd7Phox; pE7 Phox; oo Phoxy gng1phox 1 _18.1; and
IL-1B3-2; TNFal and TNFa2; CXCL8; CCL1; iNOSA; and
iNOSB, TGFB and ceruloplasmin. Goldfish IRF expression
analysis was performed by treating goldfish monocytes in a final
volume of 500 ul for 0, 15, 30, or 90 min with 100 ng/ml of
rglFNy or rglFNvyrel. RNA isolation and cDNA synthesis were
performed as described above. Expression analysis of all genes
was performed using the delta CT method relative to EF-1a
and derived RQ values were normalized against respective
untreated controls.

Production and Purification of rgIFNvyrel, rgIFNYy, and
rgTNFa2—The production of rgTNFa2, rgIlFNvy, and
rglFNyrel has been described previously (23, 40, 41).

Immunodetection of rgIFNyrel—The purified rgIlFN-yrel was
used for generation of rabbit polyclonal a-rgIFNvyrel IgG. The
primary immunization was performed by combining equal vol-
umes of rglFNvyrel (50 mg in 750 ml) with Freud’s complete
adjuvant (750 ml). Booster injections were carried out as above
but using Freud’s incomplete adjuvant. The IgG fraction was
affinity-purified using HiTrap protein A HP column (Amer-
sham Biosciences) in accordance with the manufacturer’s pro-
tocol. The isolated a-rgIFNvyrel IgG was filter-sterilized (0.22
mm filter, Milipore) and assessed for reactivity against
rglFN~rel using Western blot.

Respiratory Burst Assay—Goldfish monocytes were seeded
into 96-well plates at a density of 3 X 10° cells per well. Cells
were primed with either medium only, rgTNa2 (100 ng/ml),
rgIFN'y (100 ng/ml), rgIFNyrel (0.001, 0.1, 10 ng/ml), rgTNFa2
(100 ng/ml) in combination with 0.001, 0.1, or 10 ng/ml of
rglFNyrel, or rgIFN+y (100 ng/ml) in combination with 0.001,
0.1, or 10 ng/ml of rgIFN+yrel with or without a-rgIFNyrel IgG
(5 pg/ml) in a total volume of 100 ul/well. All cultures were
incubated for 1, 9, or 16 h after which phorbol ester (PMA) was
used to trigger the ROI production. Medium-only-treated,
PMA-triggered cells were negative controls. The nitroblue tet-
razolium (NBT) assay was performed as described previously
(23, 41).

Phagocytosis Assay—Monocytes from cultures established
from kidney leukocytes isolated from individual fish (n = 5)
were seeded into wells of 96-well plates at a density of 3 X 10°
cells per well and were treated with either medium only, rgIFNy
(100 ng/ml), rgIFN+yrel (1,10 or 100 ng/ml), a combination of
rgIFN+y (100 ng/ml), and rgIFN+yrel (1,10 or 100 ng/ml) with or
without a-rglFNyrel IgG (5 ug/ml). To each well fluorescent
beads (2.0 um diameter YG, Polysciences) were added at a ratio
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of 10 beads:1 cell, in a final volume of 100 ul. The phagocytosis
assay was performed as described previously (23, 41).

Nitric Oxide Assay— 8-day-old goldfish macrophage cultures
established from kidney leukocytes of individual fish (n = 5)
were seeded into wells of 96-well plates at a density of 3 X 10°
cells/well and treated with either medium only, rgIFNy (100
ng/ml), rglFNyrel (1,10 or 100 ng/ml), and a combination of
rgIFN+y (100 ng/ml) and rgIFN~rel (1, 10, or 100 ng/ml) with or
without a-rglFN+yrel IgG (5 ug/ml). All cultures were incu-
bated for 72 h before assessing nitrite production using the
Griess reaction as described previously (23, 41).

Western Blot Analysis of Cell Lysates and Isolated Nuclei—
Five million monocytes were incubated with either medium
alone, rgIFNyrel, or rgIFNy. For ligand association/internaliza-
tion experiments, cells were incubated with 5 ug of each recom-
binant protein and assessed at 0, 15, 30, or 90 min after treat-
ment. For phospho-Statl experiments, cells were treated with
100 ng/ml of IFNyrel or IFNy and assessed at 0, 15, 30, 90 min.
For all experiments, cells were pelleted by centrifugation and
either immediately resuspended in Laemmli buffer and boiled
at 95 °C or prepared for isolation of nuclei. The nuclei isolation
protocol was adopted from Garcia et al. (42). Briefly, pelleted
cells were flash frozen on dry ice-ethanol bath for 10 min and
disrupted by resuspending them in hypotonic buffer (10 mm
Hepes, 10 mm KCI, 1.5 mm MgCl,, 1 mm freshly added dithio-
threitol, pH 7.9). Nuclei were recovered by centrifugation at
800 X g for 10 min in a cooled microcentrifuge, resuspended in
Laemmli buffer and boiled at 95 °C. All samples were resolved
on freshly cast 10% SDS gels, transferred onto nitrocellulose
membranes, blocked for 1 h, and incubated overnight at 4 °C
in appropriate primary antibody (a-polyhistidine, Sigma, and
a-phospho-Stat1(Tyr), Cell Signaling Technology Inc.). The
following day, the membranes were washed, incubated for 1 h
with appropriate secondary antibody (goat-anti rabbit or goat
anti-mouse IgG, BioRad), and developed using ECL developing
substrate (Pierce).

Statistical Analysis—Statistical analysis was performed using
one-way analysis of variance (ANOVA) and Tukey’s test. A
probability level of p < 0.05 was considered significant.

RESULTS

Analysis of IFN'yrel and IFNy Expression in Goldfish Tissues
and Different Immune Cells—The expression analysis of gold-
fish IFN+y and IFNyrel revealed that the highest mRNA levels
for both cytokines were in the spleen compared with other tis-
sues and the lowest mRNA levels were in the muscle (Fig. 14).
However, significantly higher mRNA levels of IFNy compared
with IFNvyrel were observed in most tissues (Fig. 14).

The expression of [IFN7y was significantly greater than that of
[FNyrel in all goldfish immune cell population except granulo-
cytes (Fig. 1B). The highest mRNA levels of both IFN+y and
[FNyrel were observed in the PBLs and splenocytes (Fig. 1B).
Lower mRNA levels were measured in monocytes and granu-
locytes, whereas the expression of both IFNy and IFNyrel was
lowest in mature macrophages (Fig. 1B).

Expression Analysis of Immune Genes of Monocytes Treated
with rglFNvyrel and rgIFNy—To examine the immune gene
expression in monocytes, cells were treated with either medium
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FIGURE 1. Quantitative expression analysis of goldfish IFNy and IFNyrel
in tissues and immune cell populations obtained from healthy fish.
Top, goldfish IFNyrel tissue expression analysis. The tissues examined were:
muscle (M), intestine (/), heart (H), brain (B), kidney (K), spleen (S), and gill (G).
The expression of goldfish IFN+yrel was assessed relative to endogenous con-
trol gene, elongation factor 1 « (EF-1a). Analyses of the relative tissue expres-
sion data are for tissues from five fish (n = 5). All results were normalized
against the muscle IFN+yrel expression levels. Bottom, goldfish IFN-yrel expres-
sion in different immune cell populations. The cells examined were: mono-
cytes (Mon), macrophages (M), peripheral blood leukocytes (PBL), granulo-
cytes (Gran), and splenocytes (Splen). Immune cells populations were derived
from four fish (n = 4) and the expression normalized against that of FACS-
sorted macrophages. Direct comparisons of IFNy and IFNyrel expression was
achieved by performing ddCT analysis using lowest expression as the stand-
ard for the expression of both cytokines. The RQ values were normalized
against the lowest observed tissue or cell expression (IFN+yrel, muscle, and
monocytes, respectively). Statistical analysis was performed using one-way
ANOVA. Different letters above each bar denote significant differences (p <
0.05), the same letter indicate no statistical difference between groups.

alone, rglFNyrel, rglFN, or with a combination of both cyto-
kines and the mRNA levels of select immune genes measured
using quantitative PCR. The following genes were examined:
I[FNGR1-1 and IFNGR1-2, components of the NADPH oxi-
dase pathway, IL-18 isoforms 1 and 2, TNF« isoforms 1 and 2,
the chemokines CXCL8 and CCL1, TGER, and ceruloplasmin.

The expression of the NADPH oxidase components, after
treatment of monocytes with rgIFNyrel or rglFNy was variable.
For example, the expression of p47P"°* was significantly higher
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than that in medium-treated cells
(Fig. 2A). The treatment of mono-
cytes with rglFN+yrel alone or in
combination with rgIlFNvy caused a
significant down-regulation in the
expression of p40 Ph°* whereas
treatment with rgIlFNy alone had no
effect on the expression of this gene
(Fig. 2A4). Combined, but not indi-
vidual treatments of monocytes
with rglFNyrel and rgIFNvy also
resulted in decreased expression of
p67P"°* (Fig. 2A4). The expression of
gp91P"°*, a gene that encodes a
membrane-bound NADPH path-
way component, was significantly
elevated by all treatments, whereas
the expression of p22P"* did not
change (Fig. 2B).

An increase in the expression of
both IL-1p isoforms was observed
after treatment with individual or
combined rglFNvyrel and rgIlFNvy
(Fig. 2C). However, cells treated
with rglFNvyrel alone or in combina-
tion with rglFNvy had significantly
higher IL-18-1 mRNA levels than
those treated with rgIFNvy alone
(Fig. 2C).

Monocytes treated with rgIFNyrel
and IFNy had elevated TNFal and
TNFa2 mRNA levels (Fig. 2D). Sim-
ilar to the IL-1B expression, the
mRNA levels of both TNF isoforms
were substantially higher in cells
treated with rgIlFNyrel alone and in
combination with rgIFNvy, com-
pared with cells treated with rgIFN+y
alone (Fig. 2D).

Although the treatment of mono-
cytes with rglFNyrel or rgIFNvy
induced an up-regulation in the
CXCL8 mRNA levels, the rgIFNyrel
stimulation induced significantly
higher increases in the expression
of CXCL8 compared with that
induced by rgIFNy (Fig. 2E). Inter-
estingly, the combined treatment
of monocytes with both rgIFNvyrel
and rglFNy down-regulated the
expression of CXCL8 compared
with that induced by rgIFNvyrel
alone (Fig. 2E). In contrast, the
expression of CCL1 in monocytes
was not affected after treatment
with either cytokine (Fig. 2E).
Monocytes treated with either cyto-
kine alone or in combination exhib-
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ited significantly elevated mRNA levels of IFINGR1-1 but not
IFNGR1-2 (Fig. 2F).

When cells were treated with either rglFNyrel or rgIFN+y, no
significant changes were observed in the expression of the gold-
fish TGE gene (Fig. 2G). In contrast, monocytes treated with
both rglFNvyrel and rgIFNYy significantly lower TGF8 mRNA
levels compared with medium-treated cells (Fig. 2G).

In mammals, [FN7y stimulation of myeloid cells results in
increased expression and production of the acute phase pro-
tein, ceruloplasmin. To address whether this up-regulation is
also a feature of goldfish monocytes treated with rgIFN+vyrel
and/or rgIFNvy, we cloned goldfish ceruloplasmin and design
Q-PCR primers against it. To our surprise, treatment of mono-
cytes with rgIFNy alone or in combination with rgIFN+vyrel did
not affect the expression of ceruloplasmin (Fig. 2F). However,
the stimulation of monocytes with rgIFNyrel only, induced a
significant up-regulation goldfish ceruloplasmin mRNA (Fig.
2F). The expression of select immune genes following exposure
of mature macrophages to rglFN+yrel and rglFN+y was similar to
that observed for monocytes (data not shown).

Priming of Monocytes for ROI Production—We previously
reported that goldfish monocytes derived from cultures of kid-
ney leukocytes exhibited significant ROI production and phago-
cytosis after treatment with rgIFNy (41). In contrast, activated
mature macrophages have a robust nitric oxide response but
drastically reduced ability to produce ROI (41).

To determine whether rgIFNvyrel primed goldfish mono-
cytes for ROI production, we incubated cells with either
medium alone, rglFNy, rglEN~yrel, rgTNFa2, a combination of
rglFNvyrel+rgIlENy, or rglFNyrel+rgTNFa2. Surprisingly,
when goldfish monocytes were treated with rgIlFNyrel over-
night (16 h) we did not observe significantly enhanced ROI
production (Fig. 3A). Furthermore, when monocytes were
primed overnight with either rgIENy or rgTNFa2 in conjunc-
tion with rglFNyrel, the PMA-triggered ROI production by
monocytes was substantially reduced compared with the ROI
production of cells treated with either rgIFN+y or rgTNFa2 only
(Fig. 3A). This down-regulation of the priming response and
ultimately ROI production was evident when as little as 1 ng/ml
of rglFNvyrel was added to the monocyte cultures (Fig. 3B). To
ascertain whether rgIlFNvyrel was the cause of the decrease in
rglFNy- or rgTNFa2-mediated ROI production, 5 ug/ml of
a-rglFN+yrel affinity-purified rabbit IgG was added to mono-
cyte cultures primed with rglFNvy + rgIFN+vyrel or rgTNFa2 +
rglFNyrel (Fig. 3C). The addition of a-rgIFNvyrel antibody par-
tially restored the rgIFNvy or rgTNFa2-mediated ROI produc-
tion (Fig. 3B). We did not observe further restoration of ROI
production when higher concentrations of a-rglFNyrel IgG
were added to the cultures (data not shown).

To address whether rgIlFNvyrel had the capacity to down-
regulated the priming for ROI production at shorter incubation
times, we treated monocytes with rgIlFN+yrel alone or in com-
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bination with rglFN+y for 1 or 9 h (Fig. 3D). To our surprise,
monocytes treated with as little as 1 ng/ml of rgIFNyrel alone
for 1 h, primed the cells for significant ROI production (Fig.
3D). The combined treatment of monocytes for 1 h with
rgIFN~yrel and rgIFNvy resulted in ROI production similar to
that induced by treatment of cells with rgIlFNyrel alone (Fig.
3D). As expected, the rglFN+yrel-mediated priming for ROI
production was significantly reduced after addition of 5 ug/ml
of a-rglFNvrel IgG to the monocyte cultures (Fig. 3D). The
addition of higher amounts of rgIFN+yrel did not result in fur-
ther increases in ROI production (data not shown).

When monocytes were treated longer (9 h) with rglFNyrel, a
significant decrease in the production of ROl was observed (Fig.
3D). In contrast, prolonged treatment of monocytes with
rglFNy for 9 h resulted in a further increase of ROI production,
compared with that by cells treated for 1 h (Fig. 3D). Interest-
ingly, a 9-hour incubation of monocytes with a combination of
rglFNy and rglFNvyrel caused a decreased ROI response com-
pared with that induced by rgIFNy alone (Fig. 3D).

Recombinant Goldfish IFNyrel Induces Higher Phagocytosis
Than rglIFNy—W'e previously reported that rgIlFN+y enhanced
the phagocytosis of fluorescent latex beads by monocytes (23).
To determine whether rglFNyrel-activated monocytes to
ingest fluorescent latex beads, cells were treated with either
medium alone, rgIFNvy (100 ng/ml), rgIFNvyrel (1 or 100 ng/ml),
or a combination of both cytokines. The capacity of monocytes
to engulf fluorescent latex beads was determined using flow
cytometry. As seen in FACS plots of monocyte cultures from a
representative fish, treatment of cells with 100 ng/ml of rgIFNy
induced a modest increase in the uptake of latex beads (Fig. 44).
In contrast, monocytes obtained from the same fish and treated
with 100 ng/ml of rgIFNvyrel exhibited substantially higher
phagocytic activity compared with those treated with rgIFNvy
(Fig. 4A).

The flow cytometry-based phagocytosis assay allows for
analysis of discrete populations of monocytes that have
ingested 1, 2, 3, or more beads. We previously reported that
enhanced phagocytic activity of activated monocytes was
related to the uptake of 3 or more beads (23). Treatment of
monocytes with 100 ng/ml rgIFNy or rgIFNyrel resulted in a
significant increase in phagocytosis of activated monocytes
(Fig. 4B), where rglFN+yrel induced significantly higher
phagocytosis compared with rglFNvy (Fig. 4B). The addition
of a-rglFNyrel IgG to the monocyte cultures partially
decreased the phagocytic activity of monocytes induced by
rglFNyrel (Fig. 4B).

Recombinant Goldfish IFNvyrel Induces iNOS Gene Expres-
sion and Nitric Oxide Response of Goldfish Macrophages—We
previously reported that activated mature goldfish macro-
phages exhibit significant nitric oxide responses after treatment
with pro-inflammatory cytokines (23, 41). To compare the abil-
ity of rgIFNyrel and rgIFNy to induce a nitric oxide response,

FIGURE 2. Quantitative expression analysis of goldfish immune genes in monocytes stimulated with rEIFN'yreI rglFNvy, or a combination of both

cytokines. The reported expression was relative to EF-1a. The genes examined included: (4), p40P"°%, p47P
) TNFa1, TNFa2; (E) CXCL8, CCL1; (F) IFNGR1-1, IFNGR1-2; (G) TGF3; (E) ceruloplasmin. The expression data were normalized against those observed

IL-18-2; (D

°%, p67°"%%; (B) gp91P">, p22°"X; (C) IL-1B-1,

in medium treated cells, respectively for each gene. The results are mean * S.E. RQ values for monocytes obtained from cultures established from individual
fish (n = 5). Statistical analysis was performed using one-way ANOVA, and the results were deemed to be significant at p < 0.05. (*) denotes significantly
different (p < 0.05) from the respective medium treated controls and (+) denotes significantly different (p < 0.05) from respective rglFN+y-treated cells.
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8-day-old macrophage cultures were treated with these two
cytokines either individually or in combination and the expres-
sion of iNOS isoforms A and B measured by Q-PCR (Fig. 54).
An increase in the expression of both iNOSA and iNOSB was
observed when macrophages were treated with either rgIFNvy
or rglFNvyrel; however, mRNA lev-
els of iNOSA and iNOSB were sig-
nificantly higher after rgIFNvyrel
stimulation (Fig. 5A). Interestingly,
treatment of macrophages with
rglFNy + rglFNvyrel caused a sub-
stantial down-regulation of the
expression of both iNOS isoforms
(Fig. 5A).

We then examined the ability
of goldfish macrophages to pro-
duce nitrite after treatment with
rglFNyrel and/or rgIFNvy using
Griess reaction assay. The treat-
ment of macrophage cultures with
rglFNvy induced significantly ele-
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and Nuclear Accumulation—Western blot analyses of
rglFNvyrel- and rglFNy-treated monocytes using an a-phos-
pho-(Y)-Stat1 antibody were performed (Fig. 6, D and F). When
cells were treated with rglFNvyrel, Statl tyrosine phosphoryla-
tion was evident at 30 and 90 min after stimulation (Fig. 6D). In
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vated nitrite production, compared
with medium-treated cells (Fig.
5B). The addition of rgIFN+yrel to
macrophage cultures resulted in
significantly higher nitrite produc-
tion compared with that induced by
rglFNvy (Fig. 5B). The addition of
a-rglFNyrel IgG partially decreased
the nitrite production of macro-
phages (Fig. 5B).

Analysis of Cellular Association of
rglFNyrel and rgIFNy—Monocytes
were treated for 0, 15, 30, or 90 min
with either rgIFNvyrel or rgIFNvy
and the cellular association of the
two proteins determined using 0
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vation period (90 min). (Fig. 6A). In
contrast, most of rglFNy was pres-
ent in whole cell lysates at 30 min
(Fig. 6A). The incubation of mono-
cytes with rgIlFNy + rglFNyrel for
30 min did not alter the association
of either cytokine with the cells (Fig.
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rglENy or rglFNwyrel (Fig. 6C), it
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contrast, rglFN7y treatment resulted in substantial Statl-(Y)
phosphorylation as early as 15 and 30 min after stimulation,
which was then substantially reduced by 90 min (Fig. 6D).

To determine whether rglFNvyrel or rglFN+y stimulation
resulted in nuclear accumulation of phospho-(Y)-Statl, nuclei
were isolated from monocyte at 0, 15, 30, or 90 min after treat-
ment with either rgIlFNyrel or rgIFNy (Fig. 6E). Nuclear accu-
mulation of phospho-(Y)-Statl was evident 30 and 90 min after
treatment with rgIFNYy. (Fig. 6E). In contrast, no phospho-(Y)-
Statl was detected in the nuclei isolated from rgIFNwyrel-
treated cells (Fig. 6E).

Expression Analysis of Interferon Regulatory Factors in Mono-
cytes Treated with rgIFNvyrel and rgIFNy—In mammals, the
first wave of IFNvy-induced gene activation, including those
that encode interferon regulatory factors (IRFs) occurs 15-30
min after treatment of cells with IFNy (34). The IRFs then help
to regulate the next wave of gene transcription in the IFNvy
signaling cascade. To compare the signaling pathways of
rglFNvyrel and rglFNvy, we measured the expression of IRFs
after stimulation with the two cytokines. In addition to goldfish
IRF-1 and IRF-7 sequences, available in the NCBI data base, we
cloned the goldfish IRF-2, IRF-5, IRF-8, and IRF-9 and designed
specific Q-PCR primers (supplemental Table S1). Monocytes
were treated with 100 ng/ml of rgIFNvyrel or rgIlFNy for 0, 15,
30, and 90 min, and the expression levels of different IRFs deter-
mined (Fig. 7, A-F).

Treatment of monocytes with rgIFN+y caused increased
expression of IRF-1, IRF-2, IRF-8, and IRF-9, while treatment
with rgIFN+yrel caused increased expression of IRF-2 and IRF-9
and decreased expression (at 15 min) of IRF-7 (Fig. 7, A—F). No
changes in expression of IRF-5 were observed after treatment of
monocytes with either cytokine (Fig. 7C).

DISCUSSION

Unlike mammals, bony fish have two Type II interferons,
IFNvyand IFN+yrel, whose pro-inflammatory functions have not
been fully characterized. We previously reported that rgIFNvy
primed monocytes for ROI production, and induced increased
phagocytosis and nitrite production of mature macrophages
(23). In this study, we report that rgIFNyrel elicited a robust and
relatively short-lived priming of monocytes for ROI produc-
tion, and that it down-regulated the priming potential of other
pro-inflammatory cytokines (rgIFNvy and rgTNF«a2). To our
knowledge this is the first report that a type II interferon can
down-regulate antimicrobial response of macrophages.

Our results indicate differences in the signaling pathways of
bony fish rglFNy and rgIlFNyrel. In mammals it has been doc-
umented that Statl activation and concomitant IRF-1 produc-

Type Il Interferons in Fish

tion after IFNy stimulation, determine the differentiation and
fate of the activated cells (43, 44). Our findings indicate that
while rgIlFNy induced both Statl nuclear translocation and
increased IRF-1 expression, rglFNyrel did not mediate Statl
nuclear translocation and did not affect IRF-1 expression.
Indeed the two cytokines induced very unique profiles of func-
tional responses in the goldfish monocytes and macrophages.
For example, rglFNy exhibited long-lasting priming effects for
induction of ROI production of monocytes, compared with
rgIFN+yrel whose priming effect for ROI production was short-
lived, and was followed by a down-regulation of the priming for
the monocyte ROI production. When compared with rgIFNvy,
rglFNyrel induced significantly higher phagocytosis, increased
iNOS gene expression and nitrite production in monocytes and
macrophages, respectively. Schroder et al. (45) reported that in
general ROI responses are better suited to deal with phagocy-
tosed extracellular pathogens and that nitric oxide responses
evolved for more efficient destruction of obligate intracellular
pathogens. We previously reported that fish macrophages
mounted sequential antimicrobial responses following stimu-
lation with macrophage activating factors (MAF) contained in
mitogen-induced cell supernatants (46). The ROI response was
selectively deprogrammed once maximal induction has
occurred without affecting the nitric oxide response of acti-
vated macrophages. The ability of the host to selectively deac-
tivate ROI production may play an important role in host
defense, because the regulation of the duration and intensity of
the ROI response would minimize tissue damage at an inflam-
matory site, in an otherwise futile attempt to eliminate ROI
resistant pathogens. It is likely that MAF contain both IFN"yrel
and IFNy. Consequently, the differences in the induction of
antimicrobial responses of monocytes/macrophages by
rglFN~rel and rglFNy may have evolved to regulate the inten-
sity and the duration of specific antimicrobial functions during
an inflammatory response.

Treatment of monocytes with rgIlFN+yrel caused a significant
decrease in the p67°"°* mRNA while the addition of rgIFNyrel +
rglFNy induced significant decreases of both p67P"* and
p40 PP mRNA. The p67 P"** domain of NADPH oxidase is
essential for electron transfer through flavocytochrome b cen-
ters (47, 48) and p40P"** participates in the activation of
NADPH oxidase (49-51). Humans suffering from chronic
granulomotous disease have dysfunctional p67°"°* and exhibit
a concomitant decrease in p40 PP expression (52, 53). It is
possible that the observed down-regulation of monocyte ROI
production by rgIlFNvyrel may be at least partially due to the
transcriptional decreases of p67P"°* and p40P"*,

FIGURE 3. Recombinant goldfish IFNyrel temporally regulates the priming of the monocyte reactive oxygen production. A, rglIFN+yrel reduces the ROI
production mediated by rglFNy and rgTNFa2. Cells were treated with medium, rgTNFa2 (100 ng/ml), rglFN+y (100 ng/ml), rglFNyrel (0.001, 0.1, 10 ng/ml), or a
combination of rgTNFa2 (100 ng/ml), or rgIFN+y (100 ng/ml), and 0.001, 0.1, or 10 ng/ml of rgIFN~yrel. B, application of an anti-rglFNyrel partially restored the
reactive oxygen production down-regulated by rgIFN+yrel. Cells were treated with medium, rgTNFa2 (100 ng/ml), rgIFN+y (100 ng/ml), rglFN~yrel (1 ng/ml) ora
combination of rgTNFa2 (100 ng/ml) or rgIFN+y (100 ng/ml), and 1 ng/ml of rglFNyrel, alone or in conjuction with 5 ug/ml of a-rglFNyrel polyclonal IgG.
C, Western blot detection of rgIFNyrel using a-rglFNyrel IgG and «a-His IgG. D, rgIFNyrel elicits a short-lived priming effect for monocyte ROl production. Cells
were treated with medium, rgIFN+y (100 ng/ml), rgIFN-yrel (1 ng/ml), or a combination of rgIFN+y (100 ng/ml), and 1 ng/ml of rgIFN+yrel, alone or in conjuction
with 5 ug/ml of a-rgIFN+yrel IgG. All experiments were conducted as described above using monocytes from cultures established from individual fish (n = 5).
Statistical analysis was performed using one-way ANOVA, and the results were deemed to be significantat p < 0.05. (*) denotes significantly different (p < 0.05)
from the respective medium-treated controls and (+) denotes significantly different from respective treatments (rgIFN-y or rgTNFa2) without rglFNyrel (p <
0.05). (-) denotes significantly different from respective treatments without antibody application.
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FIGURE 4. Recombinant goldfish IFNyrel induces higher monocyte phago-
cytic responses compared with rgIFNy. Goldfish monocyte cultures were
treated with medium, rgIFNvy (100 ng/ml), or rglFNyrel (1, 100 ng/ml) and
phagocytosis assessed by FACS. A, representative phagocytosis histogram
plots of cells from an individual fish treated with medium, rglFNvy, or
rglFNvyrel. B, mean + S.E. phagocytic response of monocytes obtained from
cultures established from individual fish (n = 5) that have ingested 3 or more
beads following treatment with medium, rgIFN+y (100 ng/ml), rglFN-~yrel (1,
100 ng/ml), a combination of rglFNy (100 ng/ml) and rgIFN~yrel (100 ng/ml),
or rglFNvyrel (100 ng/ml) in conjuction with 5 ug/ml of a-rglFN+yrel IgG. Sta-
tistical analysis was done using one-way ANOVA. (*) denotes statistically dif-
ferent (p < 0.05) from medium control. (+) denotes statistically significant
(p < 0.05) from rglFN+y-induced phagocytosis values.

Monocytes and macrophages treated with rglFNyrel and/or
rglFNy exhibited distinct expression of select immune genes.
The mammalian IFNy has been documented to up-regulate the
gene expression of NADPH oxidase components p67 P"* (14,
54) and gp91 P"°* (55). In contrast, goldfish rgIFNy and/or
rglFNyrel were found to up-regulate only gp91P"°* and p47°"°~,
It is possible that the mechanisms that regulate NADPH oxi-
dase activation may be different between mammals and fish.
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FIGURE 5. Recombinant goldfish IFN+yrel induces higher macrophage
iNOS gene expression and nitric oxide production compared with
rglFNy. A, Q-PCR analysis of gene expression of iNOS isoforms A and B in
goldfish macrophages treated with medium, rglFN+yrel (100 ng/ml), rgIFNy
(100 ng/ml), or both recombinant cytokines (100 ng/ml of each protein). Gene
expression was performed using the delta CT method against the endoge-
nous control, elongation factor 1 «a (EF-Ta). The results are mean = S.E. RQ
values for macrophages obtained from cultures established from individual
fish (n = 5) and normalized against the RQ values from medium-treated cells.
B, nitrite production by cytokine stimulated goldfish macrophages. Macro-
phages were obtained from cultures established from individual fish (n = 5)
and were treated with medium, rglFNy (100 ng/ml), rglFN~yrel (1, 10, 100
ng/ml) or a combination of rgIFN-y (100 ng/ml) and rglFN-yrel (100 ng/ml), or
rglFN-yrel (100 ng/ml) in conjunction with 5 pg/ml of a-rglFN~yrel IgG. Nitric
oxide production was determined using the Griess reaction and nitrite con-
centration was calculated using a nitrite standard curve. The results are
mean = S.E. um nitrite. Statistical analysis was done using one-way ANOVA. (¥)
denotes statistically different (p < 0.05) from medium controls. (+) denotes
significant difference (p < 0.05) from rglFNy-treated cells.

rglFNyrel (ng/mL)

We previously reported that goldfish monocytes derived
from cultures of kidney leukocytes exhibited significant ROI
production and phagocytosis after treatment with rgIlFNy
(41). In contrast, activated mature macrophages have a
robust nitric oxide response but drastically reduced ability to
produce ROI (23, 41). Our results indicate that iNOS A and B
gene expression was significantly reduced after stimulation
of goldfish macrophages with rgIFN+y and rglFN+yrel, when
compared with rglFN+yrel alone, supporting distinct biolog-
ical roles for the two cytokines in activation of antimicrobial
functions of macrophages.

Human IFNvy has been shown to increase the expression of
the gene encoding the acute phase protein, ceruloplasmin, and
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FIGURE 6. Analysis of rglFNyrel and rgIFNy cellular association, Stat1
tyrosine phosphorylation and phospho-(Y)-Stat1 nuclear accumulation
in monocytes treated with rglFN+yrel or rglFNy. Five million monocytes
were incubated with either medium alone, 5 ng of rgIFN+yrel or 5 ng of rgIFNy
for 0, 15, 30, or 90 min. Whole cell lysates (A) were assayed by Western blot
using a-polyHis antibody. Cells were also co-incubated with 5 g of rgIFNyrel
and 5 ug of rglFNy for a half-hour (B). The relative amounts of rglFN+yrel and
rglFN+y added to cells can be seen in C. Five million monocytes were incu-
bated with either medium, 100 ng/ml of rgIFN-yrel, or 100 ng/ml of rgIFNy for
0, 15, 30, or 90 min. Whole cell lysates (D) or isolated nuclei (E) were assessed
by Western blot with an a-phospho-(Tyr)-Stat1 antibody.

also differentially affect the translation of this protein (56 —58).
This enhanced mRNA levels of ceruloplasmin correlated with
increase in protein level shortly following activation (56), how-
ever, significant inhibition of translation of ceruloplasmin was
reported at later times after treatment (57, 58). Interestingly,
rglFN~rel, which is structurally less related to the mammalian
IENY, significantly increased the expression of goldfish cerulo-
plasmin, while the more related rgIFN+y did not. Unfortunately,
goldfish recombinant ceruloplasmin and a-goldfish ceruloplas-
min antibodies are currently not available, preventing us from
examining the relationship between fish type II IFNs and ceru-
loplasmin at the protein level.

Within the first 30 min of treatment of mammalian cells with
IFNy, the expression of specific IRF transcription factors is up-
regulated and these IRFs participate in further signaling events
(34). In this study, we examined the expression of goldfish IRFs
after treatment of monocytes with IFNvy or IFNyrel. The
expression of IRF-1 is dependent on Statl activation (59, 60)
while the expression of IRF-8 is strictly induced by IFN"y but not
by Type I IENs (61, 62). Our results indicate that like the mam-
malian [FN, the goldfish rgIFN+y also induced phospho-Statl
nuclear translocation and up-regulation in IRF-1 and IRF-8
expression. In contrast, IFNvyrel did not induce phospho-Statl
nuclear translocation or IRF-1 and IRF-8 gene up-regulation,
suggesting that it this cytokine signals through a different sig-
naling pathway. Interestingly IRF-2, which primarily serves as a
transcriptional repressor of IRF-1 and ISGF3 (63), was up-reg-
ulated in fish monocytes treated with either rgIFNvyrel or
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FIGURE 7. Quantitative expression analysis of goldfish IRFs in monocytes
treated with medium, 100 ng/ml of rglFNyrel or 100 ng/ml of rgIFN+y for
0, 15,30, or 90 min. The reported expression was relative to EF-1a. The genes
examined included: (A) IRF-1; (B) IRF-2; (C) IRF-5; (D) IRF-7; (E) IRF-8; (F) IRF-9.
The expression data were normalized against expression of respective IRFs at
the 0 min time point. The results are mean = S.E. RQ values for monocytes
obtained from cultures established from individual fish (n = 5). Statistical
analysis was performed using one-way ANOVA, and the results were deemed
to be significant at p < 0.05. (*) denotes significantly different (p < 0.05) from
the respective 0 time point control.

rglFNYy. It is possible that consistent down-regulation of gold-
fish IRFs at 90 min post-stimulation may be due to increased
IRF-2 protein levels.

The changes in gene expression of both IRF-5 (64) and IRF-7
(65) are believed to be controlled by Type I but not Type IT IFNs.
This is consistent with our observations that the expression of
the goldfish IRF-5 and IRF-7 is not up-regulated in monocyte
stimulated with either rgIFN+y or rgIlFN~yrel.

In addition to transcriptional regulation as a homodimer,
IFNy-activated Statlalso regulates gene expression by forming
the interferon signaling gene factor (ISGF3) complex composed
of Statl, Stat2 and IRF-9 (30, 31) as well as a different complex
composed of a Statl homodimer and IRF-9 (32). Our results
indicate that both rglFN7y and rgIFNyrel induced an up-regu-
lation in the expression of goldfish IRF-9.

We recently showed that zebrafish and goldfish have two
distinct IFNGR1 genes (40). Most vertebrate species have a sin-
gle IFNGR1 gene, and it is reasonable to speculate that these
distinct fish genes arose from a gene duplication of a single
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ancestral gene. As such it is important to emphasize that the
two zebrafish IFNGR1 isoforms have not been evolutionarily
retained on a single chromosome, but instead reside on distinct
chromosomes, each with some but not all homologs of genes
that are syntenic to the single mammalian JFNGRI gene (40).
Because gene synteny is suggestive of biological relationships
between respective genes, the lack of synteny between the
zebrafish IFNGRI1 genes, support the hypothesis that the genes
encoding these receptors have evolved to mediate distinct bio-
logical functions.

A recent report using morpholino knockdowns in zebrafish
embryos showed that zebrafish IFNvyrel appears to be essential
for clearance of Escherichia coli (27). The knockdown of both
IFN~yrel and IFNy had a more drastic effect on embryo mortal-
ity during the course of the infection compared with that
caused by the knockdown of either cytokine alone (27). It
should be noted that the injection of zebrafish with recombi-
nant IFNy failed to protect fish against viral and bacterial infec-
tions possibly due to high rate of clearance of the recombinant
protein by injected animals (26).

We previously reported that rglFNyrel (~rgIlFNvyl) and
rglFNvy (~rglFN¥y2) each bound to one but not the other
IFNGRI1 isoform (40). In silico analyses revealed that the two
zebrafish and the two goldfish IFNGR1 isoforms had putative
and evolutionarily conserved docking sites for both Jakl and
Statl (40). In the present study, both rgIFN+yrel and rgIENy
induced Statl tyrosine phosphorylation, suggesting a role for
Statl in their signaling pathways. It should be noted that
nuclear translocation of phospho-Statl was observed only after
monocyte stimulation with rglFNy but not with rgIlFNyrel and
that only goldfish IFN+y has the nuclear localization signal
sequence (NLS).

The leading model for mammalian IFNy signaling, as pro-
posed by Subramaniam et al. (66), suggests that following liga-
tion of IFNy to its receptor complex, Stat1 is delivered into the
nucleus via the IFNy NLS in a complex consisting of Statl:
IFNGRI:IFNvy. This NLS is made up of a positively charged
stretch of residues at the C-terminal end of the protein
(supplemental Fig. S1). While treatment of monocytes with
either rglFNy or rgIFNyrel resulted in the presence of tyrosine-
phosphorylated Statl in the whole cell lysates, phospho-(Y)-
Statl was observed in the nuclei of IFN7y but not IFNyrel-
treated cells. We used the a-phospho-(Y)-Statl antibody
because, as ascertained by protein alignments, the epitope rec-
ognized by this antibody has been evolutionarily conserved.
This is not the case with other fish Stat proteins, since they do
not have a high sequence homology with the mammalian Stat
proteins. Our attempts to immunodetect goldfish Stat2 and
Stat3 using antibodies raised against mammalian proteins were
not successful. The findings of this study and our previous work
(23) indicate that goldfish and mammalian IFN'y are structur-
ally more related and may signal through similar pathways, In
contrast, IFNvyrel which induces a plethora of significant bio-
logical effects in goldfish monocytes and macrophages, does
not appear to signal through Stat1, because phospho-(Y)-Stat1l
was not detected in nuclei of monocytes. A more thorough
investigation of signaling mechanisms used by the fish Type II
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IFNs and in particular IFNvyrel must await the generation of
fish-specific reagents.

Recently, Type I IFNs of teleosts have been identified and
grouped into two groups based on structural similarities, with
one group found in all teleost and the other present only in
relatively primitive fish species (67). As with the fish Type II
IENS, these also appear to possess functionally distinct proper-
ties (26, 67). Using morpholino knockdowns in the context of
embryo reactivity to a zebrafish type I IFN, Levrad et al. (68)
identified potential candidates for IFNAR1 and IFNAR2. How-
ever similar studies have not been performed with other
recently identified Type I IFNs. It is possible that like Type II
fish interferons, teleost Type I IFNs may mediate biological
events through distinct receptor/ligand complexes.

Our findings suggest the presence of a functional segregation
in the induction of monocyte and macrophage antimicrobial
functions by type II interferons of bony fish. This is different
from the single Type II IEN systems present in all other verte-
brates examined thus far. Given the importance of innate
immunity in host defense of bony fish, it is perhaps not surpris-
ing that they have evolved a more elaborate cytokine-regulated
induction of macrophage antimicrobial responses. However,
the precise evolutionary as well as practical advantage for a
more elaborate Type II interferon system in bony fish remains
to be fully elucidated.
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