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Chemokines and chemokine receptors are key evolutionary innova-
tions of vertebrates. They are involved in morphogenetic processes
and play an important role in the immune system. Based on an
analysis of the chemokine receptor gene family in teleost genomes,
and the expression patterns of chemokine receptor genes during
embryogenesis and the wounding response in young larvae ofOry-
zias latipes, we identified the chemokine receptor cxcr3a as amarker
of innate immune cells. Cells expressing cxcr3a were characterized
in fish transgenic for a cxcr3a:gfp reporter. In embryos and larvae,
cxcr3a-expressing cells are motile in healthy and damaged tissues,
and phagocytic; the majority of these cells has the morphology of
tissuemacrophages, whereas a small fraction has a dendritic pheno-
type. In adults, cxcr3a-positive cells continue to specifically express
myeloid-associate markers and genes related to antigen uptake
and presentation. By light microscopy and ultrastructural analysis,
the majority of cxcr3a-expressing cells has a dendritic phenotype,
whereas the remainder resembles macrophage-like cells. After chal-
lenge of adult fish with bacteria or CpG oligonucleotides, phagocy-
tosing cxcr3a-positive cells in the blood up-regulated il12p40 genes,
compatible with their function as part of the mononuclear phago-
cytic system. Our results identify a marker of teleost mononuclear
phagocytic cells and suggest a surprising degree of morphological
and functional similarity between the innate immune systems of
lower and higher vertebrates.
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Despite the fact that the majority of vertebrate species lives in
aquatic environments, the analysis of their immune systems

has lagged behind that of their land-living relatives. However, in
recent years, interest in the organization of immune systems in
fish has grown substantially (1–4).
During development of the vertebrate embryo, chemokines and

their corresponding chemokine receptors play important roles in
morphogenetic processes, including the formation of central and
peripheral nervous systems and gonads (5–8). The exceptional
functional versatility of the chemokine/chemokine receptor sys-
tem is also used in the immune system.There, it is not only involved
in the early development of lymphocytes and innate effector cells
and in the elaboration of secondary lymphoid organs and tertiary
lymphoid structures (1, 9–11), but it also directly regulates the
immune response (12–14).
Chemokines and chemokine receptors are a key evolutionary

innovation of vertebrates (1, 15); however, the species- and group-
specific diversifications of this gene family have not yet been fully
addressed. It is possible that the diversification of the chemokine/
chemokine receptor pairs scales with the complexity of innate and
adaptive effector cell populations and their functional integration in
the two arms of vertebrate immune systems. In this context, the
analysis of lower vertebrates, such as fish, is of particular interest.
Fish are thought to lack organized secondary lymphoid organs (4),
yet they exhibit robust immune responses that occur in the absence
of a recognizable morphological framework. Because chemokines
and chemokine receptors are differentially expressed in resting and
activated stromal and hematopoietic cells, their activities can be
used to define functionally distinct subsets of effector cells. Lower

vertebrates possess many cell types that are characteristic of the
adaptive and innate immune systems of mammals. The sites of or-
igin and developmental pathways of lymphocytes (1, 16, 17), as well
as those of the myeloid lineages (macrophages, neutrophils) (18–
22), have been well characterized. This was achieved by use of cell
type-specific antibodies recognizing characteristic and evolution-
arily conserved cell surface molecules or, for some species—most
notably zebrafish—by use of transgenic fish in which the expression
offluorescent reporter proteins is directed by the regulatory regions
of specific genes to allow the in vivo visualization and preparative
recovery of individual cell types. These studies suggest that, overall,
the immune systemsof lower andhigher vertebrates are surprisingly
similar, as is also evident from genetic studies probing the function
of key regulators of the immune system (23–25).
Among the least studied effector cell types of the immune system

in fish are dendritic cells. This is surprising because dendritic cells
play a pivotal role in the regulation of the immune response as pro-
fessional antigen presenting cells (26), although they are heteroge-
neous with respect to function and developmental origin (27). In-
deed, the distinctions among tissue macrophages, monocytes, and
dendritic cells become increasingly blurred, as their develop-
mental and lineage relationships are being explored by genetic
means (28). Hence, the characterization of mononuclear phago-
cytic cells in evolutionarily older types of vertebrates has the po-
tential to provide essential information about their phenotypic
and functional diversity.
Here, we report that expression of a fish homologue of the

mammalian Cxcr3 gene (29) occurs in mononuclear phagocytic
cells and describe their phenotypic and functional characteristics
in embryonic, larval and adult stages of the teleost Oryzias latipes.

Results and Discussion
Chemokine Receptor Gene Repertoire of Teleost Fish.Weestablished
thephylogenetic relationships of teleost chemokine receptors using
genome sequences of two evolutionarily distant fish species, tet-
raodon (Tetraodon nigroviridis) (30) and medaka (O. latipes) (31).
The overall topology of our phylogenetic tree incorporating mam-
malian and teleost sequences is similar to that derived from mam-
malian sequences only (32), and compatible with a recent study of
Cc-type chemokine receptors in teleosts (33). Interestingly, it ap-
pears that tetraodon and medaka lack recognizable orthologues of
Ccr1, Ccr2, Ccr3, Ccr4, Ccr5, Ccr11, CcrL1, and Cxcr6 genes;
a previous report (33) used a somewhat different nomenclature
(Fig. 1A, Fig. S1A, and Table S1). The teleost genomes are dis-
tinguished by the presence of two or three copies of several che-
mokine receptor genes for which there is only one copy known in
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mammals; some extra copies might be the consequence of the ge-
nome-wide duplication events that are thought to have occurred
early in vertebrate evolution (34) and additionally in teleosts (35),
but others might have resulted from local duplication events, per-
haps as a result of adaptation to distinct environments and/or
lifestyles. Indeed, our results provide evidence for species-specific
differences betweenT. nigroviridis andO. latipes. Furthermore, our
data show that certain chemokine receptor genes (mostly those of
theCcr type) have evolved after the split of tetraodon andmedaka.
Overall, the number of chemokine receptor genes encoded by
teleost andmammalian genomes is not very different, although fish
possess more chemokine receptors of the Cxc type. It will be in-
teresting to additionally (36) examine the complexity of the cor-
responding Cxc chemokine gene family to determine whether

differential expansion has also occurred among the ligands of the
known Cxc chemokine receptors.
The cxcr3 cluster in medaka probably arose as a result of two

local duplication events, which, according to conserved synteny
relationships with flanking genes (Fig. S1B), appear to have oc-
curred in the last common ancestor of zebrafish (Danio rerio) and
medaka (note that tetraodon has only two cxcr3-like genes; the
currently available genome assembly of tetraodon precludes
synteny analysis). Phylogenetic analysis indicates that the cxcr3a
genes represent a diverged form of cxcr3 genes (Fig. S1C);
a previously described cxcr3 gene from the grass carp (Cteno-
pharyngodon idella) (37) corresponds to cxcr3c (Fig. S1C).

Expression of Chemokine Receptor Genes During Embryogenesis. To
examine which of the chemokine receptor genes are expressed in
early embryogenesis, and hence before the appearance of mature
effector cells of the adaptive immune system, whole-mount RNA
in situ hybridization (WISH) studies were performed. In medaka
embryos [5-12 d post fertilization (dpf)], only six of 23 chemokine
receptor genes are expressed (Fig. 1B, Fig. S2, and Table S1).
Interestingly, whereas only one of three paralogues of cxcr3 is
expressed (cxcr3a), both paralogues of cxcr4 and ccr9 are coex-
pressed. The latter have been shown to be important for migration
events in the early embryo, regulating themovement of primordial
germ cells, neuromasts (38), and lymphoid precursors (1). Hence,
based on the differential expression of Cxcr3 in diverse types of
mammalian immune effector cells (29, 39), it appears possible that
cxcr3a is expressed in cells of the innate immune system of
medaka embryos.

Expression of Chemokine Receptor Genes During Wounding Re-
sponse. Chemokine and chemokine receptor signaling pairs
function in morphogenesis, migration, and response to different
kinds of tissue damage. We examined the expression patterns of
all chemokine receptor genes identified in the medaka genome,
before and shortly after wounding of young larvae (2–5 d after
hatching). Initially, we determined the kinetics of leukocyte ac-
cumulation at the wounded site by Sudan black staining, which
identifies cells of the myeloid lineage. A strong accumulation of
positive cells was observed within the first 1 h after the insult;
these aggregates remained for at least 24 h (Fig. S3A). Based on
these findings, we determined chemokine receptor gene ex-
pression during immediate (1 h after insult) and late responses
(16 h after insult). For all chemokine receptors examined, the
basal levels of expression are very low in the tailfin region (Fig.
S3B). However, after wounding, expression increases for a num-
ber of genes, although the kinetics appear to be different. The
chemokine receptors cxcr4b and cxcr7 were induced in the in-
jured tissue immediately after insult, and their expression levels
remained high when examined 16 h later. Interestingly, the ex-
pression of the cxcl12a gene, encoding one of their ligands, is
also rapidly induced in this region (Fig. S3C). In contrast to other
chemokine receptor genes, expression of cxcr4b and cxcr7 might
also occur in stromal cells of the fin (40). Other chemokine recep-
tors appear to be expressed in migratory cells; cxcr1, cxcr3a, and
xcr1a are expressed shortly after wounding, whereas expression of
cxcr5, ccr9a, and ccr9b occurs later.

Development and Function of cxcr3a-Expressing Cells in Embryos and
Larvae. The aforementioned experiments indicated that five che-
mokine receptor genes (cxcr3a, cxcr4b, cxcr7, ccr9a, and ccr9b) are
expressed during embryonic development and the wounding re-
sponse in larvae. Because the functional roles of cxcr4, cxcr7, and
ccr9 chemokine receptor genes have been well characterized in
fish, we focused on cxcr3a in our subsequent experiments. To
facilitate the temporospatial expression analysis of cxcr3a, we
generated transgenic reporter lines (Fig. 2A). Comparison with
expression patterns obtained by RNA in situ analysis indicated

Fig. 1. The chemokine receptor gene family in two teleost species. (A)
Phylogenetic tree based on derived protein sequences of chemokine re-
ceptor genes of human (prefix Hs), mouse (prefix Mm), medaka (prefix
Ol), and tetraodon (prefix Tn) genomes. The sequence for the human
formyl-peptide receptor FPR1 was used as an outgroup. (B) Expression of
chemokine receptor genes in medaka from 5 dpf until larval stage. White
box indicates no expression, filled box indicates expression detected
by WISH.
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that the transgenic reporter faithfully reflects the expression of
the endogenous cxcr3a gene (compare Fig. 2B vs. Fig. S2; adult
stages are detailed later). In transgenic fish, fluorescent cells were
detected at 1 dpf and were located in the rostral blood island (2),
compatible with the expression in embryonic macrophages; with
time, fluorescent cells became more numerous until they were
found in many parts of the larvae (Fig. 2B). As observed by in vivo
imaging of single cells in transgenic embryos, themajority of GFP-
positive cells have the morphology of macrophages, whereas
a small fraction of cxcr3a-expressing cells display the morpho-
logical features of dendritic cells (Fig. 2C). As determined in
larval stages, cxcr3a-positive cells are highly motile (Movie S1). To
examine the molecular phenotype of cxcr3a-expressing cells more
closely, we isolated them by FACS (Fig. 2D) for subsequent RT-
PCR analysis; approximately 30 to 60 GFP-positive cells could be
recovered per embryo. These cells expressed endogenous cxcr3a,
as expected, and also expressed myeloid-associated markers, such
as mpo, csf1r, and l-plastin, but lacked expression of genes char-
acteristic of red blood and T cells (Fig. 2D). By contrast, GFP-
negative cells do not express cxcr3a, as expected; additional dif-
ferences are the lack of expression of csfr1a and csfr1b, only
low levels of expression of mpo and l-plastin, and high levels of

erythroid and lymphoid markers (Fig. 2D). As cxcr3a is expressed
immediately after wounding (Fig. S3B), it was of interest to ex-
amine the behavior of cxcr3a-expressing cells during this process
using the GFP reporter system. We observed three types of cell
behavior in transgenic larvae (Fig. 2E andMovie S2). Some GFP-
positive cells move only within a small area (black circles, Fig. 2E
and Movie S2), whereas others traverse the region of interest
seeminglywithout regard for the lesion (red and green trajectories,
Fig. 2E andMovie S2).Other cells appear to respond to thewound
and directly approach the tissue defect (blue trajectory, Fig. 2E
and Movie S2). This analysis indicates that cells expressing cxcr3a
are functionally heterogeneous with regard to their response to
a tissue lesion; interestingly, in zebrafish, evidence for functionally
distinct types of macrophages has been obtained (41). The cxcr3a:
gfp transgenic line also enabled us to examine whether these cells
participated in the immune response to septic insults. To this end,
a septic lesion was introduced into the region of the abdominal fin
of young larvae (2–5 d after hatching) with red fluorescence-
expressingEscherichia coli bacteria.Within approximately 30min,
most bacteria were cleared from the lesion (Fig. 2F andMovie S3).
The presence of yellow cells indicates that cxcr3a-expressing cells

Fig. 2. Characterization of cxcr3a-expressing cells in O. latipes embryos and larvae. (A) Schematic diagram of the transgenic construct indicating the position
of the 1.9-kb promoter fragment. (B) Fluorescence microscopy of transgenic embryos at the indicated time points (in dpf). Positive cells identifiable at 1 dpf
are indicated. In the panel depicting the fry, merged from four pictures, regions with autofluorescent pigment cells are indicated by an asterisk. Note that the
pattern of fluorescence is similar to the distribution of cxcr3a-mRNA as determined by whole-mount in situ hybridization (Fig. S1). (C) Morphology of GFP-
positive cells. A total of 664 cells from 13 embryos (51 ± 17 cells per embryo) were observed by live imaging of 5 dpf embryos and categorized as macrophages
(two representative examples are shown, Upper) or dendritic-like cells (Lower). (D) Flow cytometric profiles of WT and transgenic embryos (Left) and rep-
resentative results from RT-PCR reactions. GFP-positive cells express myeloid-associated markers, whose expression is greatly reduced or not detectable in the
GFP-negative fraction. By contrast, genes specifically expressed in the erythroid (gata1, embryonic alpha globin 2 [gea2]) and T cell (lck) lineages are ex-
clusively expressed in GFP-negative cells. Note that the flow cytometric analysis is not quantitative, because only mechanical disruption but no enzymatic
digestion of tissues was used. Results are representative of two independent cell sortings from pooled embryos and subsequent duplicate cDNA analyses. (E)
Still photographs taken at various time points after wounding in the membranous fin (mf) of transgenic larvae. The region of insult is marked by a white
dotted circle. Three different migration behaviors are depicted by different colors. Blue and green cells migrate from the intestine (int) region into the insult
(Movie S2). (Scale bar, 100 μm.) (F) Time course of bacterial clearance in transgenic larvae. Regions of autofluorescent cells are indicated by an asterisk. Note
the appearance of yellow cells, indicative of phagocytosis by GFP-positive cells; also see Movies S3 and S4.
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are capable of phagocytosing foreign material, as confirmed by
high-resolution imaging (Movie S4).

Gene Expression Signature and Morphology of Adult cxcr3a-Expressing
Cells. In adult tissues, GFP-expressing cells have the light-scatter
characteristics of myelomonocytic cells (Fig. 3A and Table S2) and
express endogenous cxcr3a (Fig. 3B), indicating that the reporter
expression reflects endogenous gene expression.Next, we examined

the gene expression profiles of cell populations isolated from dif-
ferent tissues, such as blood, kidney (themajor hematopoietic site in
adult fish), and the spleen (the only known organized secondary
lymphoid tissue). We found that cxcr3a-positive cells lack markers
specifically expressed in red blood cells and lymphocytes but express
myeloid-associated markers, such as csfr1, mpo, and pu.1; as ex-
pected for cells involved in antigen uptake and presentation, ex-
pression of genes encoding Toll-like receptors, mhc class II, irf
familymembers, and nfkb components was detectable (Fig. 3C and
D and Fig. S4 A and B). flt3, encoding a transmembrane receptor
tyrosine kinase and a specificmarker for dendritic cells inmammals,
was also expressed in cxcr3a-positive cells (Fig. 3 C and D and Fig.
S4). GFP-positive cells isolated from different tissues differ with
respect to the expression of some genes, such as irf4 and tlr9 (Fig.
S4B) and several chemokine receptors (Fig. S4C), pointing to po-
tential developmental and/or functional heterogeneity. Immature
thymocytes express rag1, cd4, and cd8a, but not cxcr3a; conversely,
cxcr3a-positive cells are negative for these T cell markers (Fig. S5).
These results suggest that cxcr3a-expressing cells in adult fish

might comprise immune effector cells of the myeloid lineage, in-
cluding dendritic cells. To substantiate this conclusion, we examined
the morphology of GFP-positive cells after fluorescence-activated
sorting from blood which is the most easily accessible and richest
source in medaka (Table S2). As shown in Fig. 3E, the predominant
population (approximately 80%)hasadendriticphenotypewith long
cytoplasmic extensions and an excentric nucleus; the less frequent
cells (15%) have a macrophage-like morphology distinguished by
agranular cytoplasm and a high ratio of cytoplasm to nuclei; indeed,
a cxcr3 homologue was previously found to be expressed in trout
head kidney macrophages (42). By contrast, cells with the morpho-
logical characteristics of neutrophils and monocytes predominate in
myelomonocytic cells of the GFP-negative fraction. High-resolution
ultrastructural analysis of cxcr3a-positive cells by EM confirms that
the majority of cells in blood and hematopoietic tissues exhibit
a phenotype compatible with dendritic cells (Fig. 3F). Hence, by
means of the cxcr3a:gfp reporter, myelomonocytic cells of dendritic
phenotype can be isolated and substantially enriched from fish tis-
sues. Using antibodies directed against GFP, the presence of cxcr3a-
expressing cells can also be studied in situ. Indeed, cxcr3a-positive
cells are present in the major lymphoid organs (thymus and spleen)
and in the central nervous system; in the skin of adult fish, they form
a dense network of cells (Fig. S6).

Functional Characteristics of Adult cxcr3a-Expressing Cells. Next, we
examined thephagocytic properties ofGFP-positivebloodcells. To
this end, adult fish received intracoelomic injections of red fluo-
rescently labeled inactivatedE. colibacteria.Twohours later, blood
cells were collected and cells in the myelomonocytic gate were
examined for red and green fluorescence. After injection of bac-
teria into WT fish, a significant fraction of the blood myelomono-
cytic cells exhibited redfluorescence (Fig. 4A), indicating that these
cells gain access to intracoelomic material. In naive transgenic
cxcr3a:gfp fish, two populations of GFP-positive cells (designated
GFPlow and GFPhigh) could be distinguished. Their proportions
increased upon injection of sterile salt solution, possibly reflecting
a wounding response (Fig. 4B, Top and Middle); this increase is
augmented by injection of bacteria (Fig. 4B, Bottom). Notably, the
GFPlowpopulationphagocytoses to a lesser extent than theGFPhigh

cells. To examine whether phagocytosing cells become activated,
we examined the expression levels of il12p40 genes, which encode
key effectors of activated dendritic cells in mammals (43). Like the
situation in the carp (44), the genome ofmedaka fish contains three
paralogues of themammalian IL12p40 gene (Fig. S7A). Expression
of il12p40 genes in GFP-negative and GFP-positive cells isolated
from the blood of naive animals is not detectable (Fig. S7B). By
contrast, expression of il12p40 genes increases after antigen chal-
lenge. Twohours after exposure to bacteria, expressionof twogenes
(il12p40aand il12p40c) becomes clearly detectable inphagocytosing

Fig. 3. Geneexpressionprofiles andmorphologyof cxcr3a-positive cells in adult
O. latipes. (A) Light-scatter properties of adult GFP-expressing cells isolated from
whole kidney marrow. Note that the majority of cells (green dots) falls into the
myelomonocytic gate (red circle). Similar results were obtained for GFP-express-
ing cells isolated from blood and spleen. Results are representative of three in-
dependent experiments from pooled tissues. (B) Cells expressing cxcr3a are
confined to the cxcr3a:gfp-positive fraction of blood cells from adult fish. Single
myelomonocytic cells were separated according to fluorescence and examined
for cxcr3a-expression by RT-PCR. (C) Expression profiles of GFP-positive and GFP-
negative cells isolated from whole kidney marrow of adult cxcr3a:gfp medaka
fish. Results are representativeof two independent cell sorting experiments from
pooled tissues and subsequentduplicate cDNAanalyses. (D) Expressionprofilesof
GFP-positive and GFP-negative cells isolated from blood of adult cxcr3a:gfpme-
daka. Results are representative of duplicate cDNA analyses. (E) Distribution of
cell types (mean ± SD) among GFP-positive and GFP-negative cells isolated from
bloodof adult cxcr3a:gfpmedakaas revealed byWright-Giemsa staining. A total
of 805GFP-positive cells (fromatotal offivefish; i.e.,five independent cell sorting
experiments) and 227 GFP-negative cells of myelomonocytic morphology (from
threefish; i.e., three independent cell sorting experiments) were evaluated from
cytospin preparations. (Scale bar, 3 μm.) (F) EM images of GFP-expressing cells
obtained frommyelomonocytic cells of kidneyandspleen (Left) andblood (Right)
of adult fish processed according to the two protocols described in SI Materials
and Methods. Note the presence of electron-dense cytoplasmic extensions and
large numbers of cytoplasmic vacuoles. (Scale bars, 1 μm.)
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GFP-positive cells, but not in GFP-negative or nonphagocytosing
GFP-positive cells. The response of the il12p40b gene appears to be
different; first, it is expressed at low levels in bothGFP-negative and
GFP-positive cells (the latter exhibiting a somewhat higher level),
and second, no difference between phagocytosing and non-
phagocytosing cells are apparent (Fig. 4C). Next, we examined
whether GFP-positive blood cells are also activated by CpG oligo-
nucleotides, a known ligand of the Tlr9 receptor that is highly
expressed by these cells (Fig. 3 and Fig. S4). Compared with GFP-
negative cells, all three il12p40 paralogues are expressed at higher
levels at 4 h after injection, with il12p40b showing the strongest

response; interestingly, whereas expression levels of il12p40a and
il12p40b genes in GFP-positive cells are even higher at 16 h after
challenge, the expression of il12p40c gene is no longer detectable
(Fig. 4D). Whether differential responses of il12p40 paralogues are
of functional significance remains to be seen.

Conclusions. Here, we report on the development, phenotype, and
function of the cxcr3a-expressing subset of mononuclear phago-
cytic cells in the teleost O. latipes. In embryonic, larval, and adult
stages, the transgene marks phenotypically and functionally di-
verse cell types that bear the hallmarks of cells involved in antigen
uptake and presentation. Whether cxcr3a expression marks all
types or only a subset of mononuclear phagocytic cells in fish
remains to be investigated. Our studies provide the starting point
for more detailed analysis of these cells in teleosts. For instance,
the information about cxcr3a expression can be exploited for the
development of a genetic marking system to clarify the lineage
relationship among phenotypically distinguishable cxcr3a-positive
cells.Moreover, as our transgenic reporter provides a facilemeans
for their detection in and isolation from complex mixtures of cells
and tissues, detailed in vivo and in vitro studies of these cells are
now possible. Interestingly, a large fraction of cxcr3a-positive cells
in adult fish resembles dendritic cells in higher vertebrates. This
conclusion is based on their morphological features, a character-
istic pattern of gene expression (including the cytokine receptor
flt3 and the chemokine receptor cxcr3a), and their activation by
bacteria and CpG oligonucleotides. However, whether such cells
indeed represent one or more of the much better characterized
subsets ofmammalian dendritic cells or belong to an evolutionarily
more primitive mononuclear phagocytic type of cell is currently
unclear. Nonetheless, given the increasingly recognized pheno-
typic and functional overlap among different subsets of mono-
nuclear phagocytic cells (28, 45), studies in lower vertebratesmight
inform investigations addressing the lineage relationships among
mammalian mononuclear phagocytic cells. Earlier work has hin-
ted at the potential presence of dendritic cells in fish, when cells
with their morphological characteristics were described in tissue
sections (46). Indirect evidence derived from cloning of genes
encoding characteristic surface molecules also suggests the exis-
tence of dendritic cells in teleosts (47–50) and in cartilaginous fish
(50), themost primitive groupof jawed vertebrates.More recently,
Lugo-Villarino et al. have identified and functionally character-
ized myelomonocytic cells resembling dendritic cells in zebrafish
(51). Collectively, these studies suggest that cells equivalent to
mammalian dendritic cells might be an ancient component of
the vertebrate immune system.

Materials and Methods
Phylogenetic Analyses. Details of phylogenetic analyses can be found in SI
Materials and Methods.

Animal Husbandry. The Cab strain of WT medaka was used for the experi-
ments. Embryos were staged according to Iwamatsu (52).

Transgenic Line. Details on the construction of cxcr3a:gfp transgenic lines can
be found in SI Materials and Methods.

Wounding Assay. The tail or membranous fins were cut or punctured, re-
spectively, and Sudan black staining was performed at various time points
thereafter according to Le Guyader et al. (22).

CpG Injection. Adult transgenic F3 fish (approximately 1 g body weight) were
given intracoelomic injections of 5 μg type B CpG oligonucleotide (ODN 1668)
or vehicle (control). Four or 16 h after immunization, GFP-positive cells were
isolated from blood.

Phagocytosis Assay. Fish were given intracoelomic injections of 20 μg of heat-
inactivated E. coli (K-12 strain) conjugated with Alexa-594 (Molecular
Probes). Two hours later, blood cells were analyzed by flow cytometry.

Fig. 4. Functional analysis of cxcr3a-positive cells. (A) WT adult fish received
intracoelomic injections of red fluorescently labeled bacteria (or vehicle alone),
and 2 h later, blood cells were analyzed by flow cytometry (gated for cells with
light scatter characteristics of myelomonocytic cells). The proportions of cells
are indicated (representative patterns for three animals are shown). Results
are representative of at least three independent experiments. (B) cxcr3a:gfp
transgenic adult fish received intracoelomic injections of red fluorescently la-
beled bacteria (or vehicle alone), and2 h later, blood cellswere analyzedbyflow
cytometryas inA. Theproportionsofmyelomonocytic cells in the individualgates
are indicated (representativepatterns for at least threeanimals are shown).Note
that the proportions of both GFPlow and GFPhigh cells increase in injected fish
and that the majority of phagocytosing cells are GFP-positive. (C) Phagocytosis
induces expression of il12p40 genes. Adult cxcr3a:gfp transgenic fish received
intracoelomic injectionsof redfluorescently labeledbacteria, and2h later, blood
cells were separated by flow cytometry according to their fluorescence charac-
teristics. GFP-negative cells express erythroid (gata1) and lymphocyte (lck) line-
agemarkers, whereas GFP-positive cells do not (cf. Fig. 3C). GFP-positive cells are
separated into those expressing low (lo) and high (hi) levels and whether they
have phagocytosed red fluorescently labeled bacteria (PE+ or PE−). Results for
the three il12p40 paralogues (Fig. S7) are shown. Results are representative of
two independent experiments (i.e., cell sorting followed by duplicate cDNA
analyses). (D) CpGoligonucleotides induce il12p40geneexpression.Adult cxcr3a:
gfp fish were given intracoelomic injections; GFP-negative and GFP-positive
blood cells were isolated by flow cytometry 4 h after injection and processed for
RT-PCR analysis. For GFP-positive cells, the results for the 16-h time point after
injection are also shown. Results are representative of two independent experi-
ments (i.e., cell sorting followed by duplicate cDNA analyses).
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EM. GFP-positive cells were fixed in 4% paraformaldehyde and 4% glutar-
aldehyde solution and processed as detailed in SI Materials and Methods.

In Situ Hybridization Analysis.WISH in medaka was performed with digoxigenin-
labeled RNA riboprobes as described previously (53). Probes are listed in Table S1.

FACS and RT-PCR. GFP-positive cells from embryos, fry, and adult kidney,
spleen, and blood from transgenic cxcr3a:gfp or rag1:gfp (17) were sorted
with a FACSAria cell sorting system (BD Biosciences). Total RNA isolation and
first-strand cDNA synthesis were performed as previously described (1). RT-
PCR analyses were performed using the HotStar HiFidelity polymerase kit
(Qiagen). For single-cell RT-PCR assays, GFP-positive cells were directly sorted
into reverse transcriptase mix (Superscript II; Invitrogen) supplemented with
0.1% Triton X-100 and primers for ef1α (5′-CTTGAACCAGCTCATCTTGTCGC)
and cxcr3a (5′-GCCAGGTAACGGTCAAAGCTGATGC). The resulting cDNAs
were used for multiplex PCR, and in a second round amplified separately

using primers for ef1α and cxcr3a. The source sequences and relevant primer
sequences are listed in Table S1.

Live Microscopy of cxcr3c:gfp Fry. Details for live microscopic analyses can be
found in SI Materials and Methods.

Immunohistochemistry. Paraffin sections (5–7 μm) were processed as de-
scribed in SI Materials and Methods.
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