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RNAseq Profiling of Leukocyte
Populations in Zebrafish Larvae
Reveals a cxcl11 Chemokine Gene as
a Marker of Macrophage Polarization
During Mycobacterial Infection

Julien Rougeot’, Vincenzo Torraca’, Ania Zakrzewska', Zakia Kanwal', Hans J. Jansen?,
Frida Sommer', Herman P. Spaink' and Annemarie H. Meijer ™

" Institute of Biology Leiden, Leiden University, Leiden, Netherlands, ? ZF-screens B. V., Leiden, Netherlands

Macrophages are phagocytic cells from the innate immune system, which forms the
first line of host defense against invading pathogens. These highly dynamic immune
cells can adopt specific functional phenotypes, with the pro-inflammatory M1 and
anti-inflammatory M2 polarization states as the two extremes. Recently, the process of
macrophage polarization during inflammation has been visualized by real time imaging
in larvae of the zebrafish. This model organism has also become widely used to
study macrophage responses to microbial pathogens. To support the increasing use of
zebrafish in macrophage biology, we set out to determine the complete transcriptome of
zebrafish larval macrophages. We studied the specificity of the macrophage signature
compared with other larval immune cells and the macrophage-specific expression
changes upon infection. We made use of the well-established mpeg1, mpx, and Ick
fluorescent reporter lines to sort and sequence the transcriptome of larval macrophages,
neutrophils, and lymphoid progenitor cells, respectively. Our results provide a complete
dataset of genes expressed in these different immune cell types and highlight their
similarities and differences. Major differences between the macrophage and neutrophil
signatures were found within the families of proteinases. Furthermore, expression
of genes involved in antigen presentation and processing was specifically detected
in macrophages, while lymphoid progenitors showed expression of genes involved
in macrophage activation. Comparison with datasets of in vitro polarized human
macrophages revealed that zebrafish macrophages express a strongly homologous
gene set, comprising both M1 and M2 markers. Furthermore, transcriptome analysis
of low numbers of macrophages infected by the intracellular pathogen Mycobacterium
marinum revealed that infected macrophages change their transcriptomic response by
downregulation of M2-associated genes and overexpression of specific M1-associated
genes. Among the infection-induced genes, a homolog of the human CXCL77
chemokine gene, cxcl11aa, stood out as the most strongly overexpressed M1 marker.
Upregulation of cxcl11aa in Mycobacterium-infected macrophages was found to require
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the function of Myd88, a critical adaptor molecule in the Toll-like and interleukin 1 receptor
pathways that are central to pathogen recognition and activation of the innate immune
response. Altogether, our data provide a valuable data mining resource to support
infection and inflammation research in the zebrafish model.

Keywords: innate immunity, zebrafish, RNAseq, macrophage, mycobacteria, neutrophil, lymphoid progenitor cells

INTRODUCTION

Macrophages are phagocytic innate immune cells that, together
with neutrophils, form the cellular arm of the first line of
host defense against invading pathogens. The activation of
macrophages is initiated by the recognition of microbial and
danger signals by Pattern Recognition Receptors (PRRs), such
as the Toll-like receptors (TLRs), which recruit MYD88 and
related adaptor molecules for signal transduction to MAP
kinases and Nuclear Factor kB (NFkB) (1). The signaling
pathways downstream of TLRs and other PRRs regulate the
transcription of a large number of genes that are involved
in signaling between immune cells (cytokine and chemokine
genes) and in host defense (1, 2). To exert their anti-
microbial function, macrophages employ several mechanisms,
such as the production of reactive oxygen and nitrogen
species, the production of antimicrobial peptides, and the
degradation of microbes through the phagosomal-lysosomal
and autophagy pathways (3). Following successful elimination
of microbial invaders, macrophages mediate the resolution of
inflammation by clearing cellular debris and eliminating the
surplus immune cells that are undergoing cell death at the
infection site (4). In addition to these primary functions in
infection and inflammation, macrophages orchestrate a range
of developmental processes. For example, macrophages interact
with endothelial cells to support angiogenesis (5, 6), help control
definitive hematopoiesis (7), and facilitate electrical conduction
in the heart (8). Thus, macrophages are highly versatile cells, not
only functioning as central players in the immune system, but
also contributing to organismal development and maintenance
of homeostasis.

Macrophages can adopt different states of activation, which
are classically divided into a pro-inflammatory M1 state
and an anti-inflammatory M2 state (9). These states are
characterized by distinct cytokine and chemokine expression
patterns as well as different metabolic profiles. However, it is
clear that many intermediate phenotypes exist and that the
distinction between M1 and M2 states is a simplification of
how macrophage polarization occurs in different organs and
tissues and in response to different stress signals (9). Macrophage
polarization plays a major role in the context of disease. Tumor-
associated macrophages can acquire anti-tumor or tumor-
promoting phenotypes (10), macrophage metabolism is critical
in development of atherosclerosis and other cardiovascular
diseases (11, 12), and certain pathogens are known to
manipulate the macrophage phenotype to their advantage
(13-15). Therefore, a better understanding of macrophage
polarization and function could open novel therapeutic avenues

for diseases related to dysfunction or hyperactivation of this
cell type.

The majority of studies on differentiation of macrophage
subtypes have been performed in vitro, but recently it has
been achieved to image the process of macrophage polarization
during inflammation in a living organism (16). To this end, the
optically transparent early life stages of the zebrafish were used
(embryos and larvae), expressing different fluorescent markers
for the macrophage cell type and for a classical M1 marker,
tumor necrosis factor alpha (tnfa). Expression of the tnfa reporter
was observed in macrophages recruited to sites of injury or
sites of Escherichia coli infection. Furthermore, the tnfa-positive
macrophages were shown to express other M1 markers (il1b,
il6), while tnfa-negative macrophages expressed M2 markers
(tgfbl, ccr2, cxcr4b). Dynamic tracing of reporter expression
showed that tnfa-positive cells at inflammation sites reverted
to a tnfa-negative phenotype during the resolution phase (16).
In a follow-up study, a tail fin amputation model was used to
show that early recruitment of a fnfa-expressing macrophage
subpopulation is required for blastema formation and subsequent
fin regeneration (17). Zebrafish models for a wide variety of
human diseases have been developed in the recent years (18).
Therefore, the tnfa-reporter together with other M1 and M2
lines that are still to be developed, will find many applications to
elucidate the functions of polarized macrophage subsets during
disease processes.

The most frequently used promoter for driving macrophage-
specific expression of fluorescent reporters in zebrafish is that
of the macrophage expressed 1 gene (mpegl.1, hereafter called
mpegl) (19, 20). The mpegl gene codes for a perforin-like protein
with anti-bacterial function (21). Fluorescent mpegl reporter
lines have been used to study a diverse range of processes.
These include for example, macrophage-endothelial interactions
(22), long-distance communication between macrophages and
pigment cells (23), the function of tumor-associated macrophages
(24), and the role of macrophages in host defense against
infections (25). Fluorescent mpegl reporter expression in
zebrafish embryos and larvae marks the monocytic precursors of
macrophages in the blood as well as tissue-resident macrophages,
including microglia in the developing brain (19, 26). The
expression of mpegl reporters is non-overlapping with that
of a neutrophil-specific BAC reporter line driven by the
myeloperoxidase (mpx) promoter (27), or with a reporter for
immature lymphocytes controlled by the promoter of the LCK
proto-oncogene, Src family tyrosine kinase (Ick) gene (28).

The generation of macrophage and neutrophil reporter lines
has gone together with the development of zebrafish models for a
variety of human infectious diseases, providing new possibilities
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to visualize host-pathogen interactions in real time (25, 29). It
has been shown that zebrafish embryos rely on macrophages
for an effective host defense against different pathogens, such
as Staphylococcus aureus (30) and Salmonella enterica servovar
Typhimurium (31). In contrast, the ablation of macrophages
was found to protect zebrafish embryos against infection with
Burkholderia cenocepacia, revealing that macrophages are critical
for the proliferation of this pathogen and for the development
of a fatal inflammatory response (32). Macrophages play a dual
role during infection with Mycobacterium marinum, a pathogen
widely used to model human tuberculosis in zebrafish, since it
provides access to the early stages of tuberculous granuloma
formation that is initiated by the aggregation of infected
macrophages (33-35). On the one hand, abundant extracellular
growth is observed in macrophage-deficient hosts, indicating that
proliferation of M. marinum is restricted when phagocytosed by
macrophages (36). On the other hand, infected macrophages,
driven by bacterial virulence mechanisms, can migrate into
tissues and recruit new macrophages, which promotes the cell-to-
cell spreading of M. marinum and the expansion of granulomas
(37, 38). Consequently, a mutation in the macrophage-specific
chemokine receptor cxcr3.2, which restricts macrophage motility,
has a positive outcome on the ability of zebrafish embryos to
control M. marinum infection (39).

Despite extensive use of the zebrafish mpegl reporter lines
for studying macrophage biology, the expression signature of
these cells has remained uncharacterized. Here, we isolated
mpegl expressing cells from transgenic zebrafish larvae by
fluorescence activated cell sorting (FACS) and performed
RNAseq to investigate what distinguishes the mpegI-driven
expression profile from the signatures of neutrophil and
lymphocyte populations isolated from mpx and Ick reporter
lines. In addition, we determined a core expression set
of 744 zebrafish macrophage markers, based on enriched
expression in mpegl-positive cells. We compared this gene
set with published RNAseq profiles of human macrophages
differentiated in vitro toward M1 or M2 phenotype (40),
which showed that zebrafish macrophages express a mixed
profile of M1 and M2 markers under unchallenged conditions.
We then studied how the expression profile is changed
upon M. marinum infection and identified a homolog of the
human M1 marker CXCLI1 as a robust and specific marker
of Mpycobacterium-infected macrophages that is induced by
myd88-dependent signaling.

MATERIALS AND METHODS

Zebrafish Husbandry and Infection

Experiments

Zebrafish lines in this study were handled in compliance
with local animal welfare regulations as overseen by the
Animal Welfare Body of Leiden University (License number:
10612) and maintained according to standard protocols
(zfin.org). All protocols adhered to the international guidelines
specified by the EU Animal Protection Directive 2010/63/EU.
All experiments with these zebrafish lines were done on

larvae before the free-feeding stage. Zebrafish lines included
AB/TL, Tg (mpx:eGFP)''* (27), Tg (mpegl:Gal4-VP16)8"%4/
(UAS-E1b:Kaede)19%%" (19), Tg (mpegl:mCherry—F)“mPZ (20),
Tg (Ick:eGFP)?? (28), cxcr3.2~/~h4604  and their cxcr3.27/*
wildtype controls (39), myd88~/~h43%68 and their myd88*/+
wildtype controls (41). Embryos were grown at 28.5°C in
egg water (60 pg/ml Instant Ocean sea salts). Mycobacterium
marinum M or its RD1-deficient (ARD1) isogenic strain (42)
containing pSMT3-mCherry (43) was grown and prepared for
injections as described (44) and microinjected into the caudal
vein of embryos at 28 h post fertilization (hpf) using, where not
differently specified, a dose of 100-125 colony-forming units
(cfu) per embryo. After injection, embryos were transferred
into fresh egg water and incubated at 28°C for 4 or 5 days
before collection. Proper infection was controlled by fluorescent
imaging before embryo dissociation.

Embryo Dissociation and Fluorescent
Activated Cell Sorting (FACS)

Immune cells from 5 to 6 dpf larvae were isolated by FACS as
described previously (45). Briefly, live embryos were rinsed in
calcium free Ringer solution for 15min and then digested with
0.25% trypsin for 60-90 min at 28°C. Digestion was stopped with
1 mM CaCl, and 10% fetal calf serum and the cell suspension was
centrifuged and washed in PBS. The cell pellet was resuspended
in 1-2ml in Leibovitz medium L15 without phenol-red with
1% fetal calf serum, 0.8 mM CaCl,, 50 units/ml penicillin and
0.05 mg/ml streptomycin and filtered through a 40 um cell
strainer. FACS was performed at 4°C using a FACS Arialll (BD
Biosciences) with the BD FACSDiva software (version 6.1.3).
For collecting mCherry-positive cells a Coherent Sapphire solid-
state 561 nm yellow green laser with 36 mW power was used.
Laser settings applied were 600 LP, 615/20 BP. For sorting eGFP
and Kaede positive cells a Coherent Sapphire solid-state 488 nm
laser with 154 mW power was used. Laser settings applied
were 505 LP, 530/30 BP. mCherry and eGFP/Kaede gates were
set-up with non-fluorescent samples and allowed to collect an
average of, respectively, 33.8 +/- 16.4 mCherry and 11.6 +/-
4.4 eGFP/Kaede false-positive cells per million of sorted cells. An
average of 526 mpegl:Kaede, 195 mpx:eGFP and 983 Ick:eGFP
positive cells in 5 dpf embryos and 1,826 mpegl:Kaede and
5,482 mpegl:mCherry positive cells at 6 dpf were collected per
million of sorted cells. For background expression assessment
500,000 non-fluorescent cells were sorted for each sample.
Cell fractions were separately collected in supplemented L15
medium and RNA isolation was performed directly after
sample collection.

RNA Isolation, lllumina Sequencing, and
Real Time PCRs

RNA extraction was done using the RNAqueous-Micro Kit
(Ambion) or RNeasy mini kit (Qiagen). Quality of RNA used for
MMumina sequencing was checked on an Agilent Bioanalyzer 2100
using the RNA 6000 Pico kit (Agilent). RNA sample integrity
was assessed based on RIN number and visual inspection of
the electropherograms. cDNA synthesis and amplification was
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performed using the SMARTer Ultra Low RNA Kit for Illumina
sequencing (Clontech) according to the manufacturer’s protocol.
Mlumina TruSeq DNA Sample Preparation Kit v2 (Illumina)
was used on sheared cDNA to prepare libraries. Three changes
were made to manufacturer’s protocol: the adapters were diluted
20 times in the adapter ligation step, library size selection was
achieved by double Ampure XP purification with a 0.7x beads
to library ratio and library amplification was made with 15
cycles. The resulting libraries were sequenced using an Illumina
HiSeq2000 with 50 bp paired-end reads for all samples and
single-end reads for 6 dpf samples. RNA collected for real time
PCR experiments was further purified using column DNA
digestion (RNase-Free DNase set, Qiagen). cDNA was prepared
using iScript cDNA-synthesis kit (Invitrogen, Life Technologies)
and was used as a template for qRT-PCR reaction with iQ SYBR
Green Supermix according to the manufacturer’s instructions
(Bio-Rad Laboratories). Gene expressions were analyzed using
the AACt method and were normalized against ppiab for
whole-mount analyses and to eif5 for FACS sorted cells. Primers
for these genes were: cxclllaaFw: ACTCAACATGGTGAAGCC
AGTGCT; cxclllaaRy: CTTCAGCGTGGCTATGACTTCCAT;
ppiabFw: ACACTGAAACACGGAGGCAAAG; ppiabRy: CAT
CCACAACCTTCCCGAACAG; eifsSFw: CAAGTTTGTGCT
GTGTCCCG; eif5Rv: AGCCTTGCAGGAGTTTCCAA; ccr2Fw:
TGGCAACGCAAAGGCTTTCAGTGA; ccr2Rv: TCAGCTAGG

GCTAGGTTGAAGAG;  ccr5(cer12b.2)Fw:  GGCTTCCAAC
ATCATCTTCACCCTCAG; ccr5Rv:  CTATCATCCGAGTGC
GCATGATGG; cxcr3.2Fw: CCTCTGTTGGTAATGCTGTAT

TGC; cxcr3.2Rv: ACACGATGACTAAGGAGATGA; tfebFw:
GCATTACATGCAGCATCGCATGCCG; tfebRv: CGTGTACAC
ATCCAAATGACTGCTGG; tfecFw: AACAGTACCTCGCTT
TGGGC; tfecRv: CAGTGTTCCCAGCTCCTTGA; ctsl.1Fw: C
TGGAGGGACAAGGGCTATG; ctsl.1Rv: CTATGGCAACAG
ATATGGGGCC; spilFw: CCGATGAGGAGTGTATGAGAG;
spilRv: GCTTGGATGAGAACTGGAATG. Primers for mpegl
and marco were described in Zakrzewska et al. (46), primers for
mpegl.2 in Benard et al. (21), primers for mpx in Kanwal et al.
(47), primers for apoa4 in Ordas et al. (48), primers for mmp9 in
Stockhammer et al. (49), and primers for grnl/2, grna, and grnb
in Solchenberger et al. (50).

RNA-Sequencing on 20 Sorted Cells
Dissociation and cell sorting of infected embryos were performed
as mentioned previously. Twenty cells were sorted directly in
cDNA synthesis buffer from the SMARTer Ultra Low RNA Kit
for Illumina sequencing (Clontech) and used directly for cDNA
synthesis. The resulting cDNA were amplified for 20 cycles and
used for library preparation and single-end Illumina sequencing
as mentioned above.

RNA-Seq Data Analysis

Image analysis, base calling, and adapter removal were done
using the Illumina HCS version 1.15.1. Sequencing depth of
all samples was between 6.5 and 29.8 million reads with an
average of 14.9 million reads. All reads were aligned to the
Ensembl zebrafish genome (Zv9) using Bowtie2 with the option
—very-sensitive. On average, 72.5% of the total reads aligned on

the genome, with a minimum of 32.3% and a maximum of 91.3%.
Aligned reads were mapped to zebrafish transcripts using TopHat
with default parameters except for minimal intron length set up
to 2 and library type set up to fr-unstranded. A modified version
of the Ensembl Zv9_79 annotation with additional manually
annotated genes was used (Table S1). Differential expression
analyses between non-fluorescent cells and fluorescent positive
cells were performed using DEseq package in R and DEseq2
for the 20 cell samples. PCA plots and Pearson correlation
HeatMaps were generated with DEseq package build in
functions. Networks based on GO-enrichment analysis
(GOEA) were produced using BINGO and EnrichmentMap
in Cytoscape (51). Gene Set Enrichment Analyses were
performed with the GSEA software from the Broad Institute
(52, 53) version 3.0.

RESULTS

The Macrophage-Specific Transcriptome
of Zebrafish Larvae

To determine the gene expression signature of macrophages,
we used mpegl-driven reporters expressing Kaede or mCherry
fluorescent proteins (19, 20, 25). RNA was extracted from
positive and negative fluorescent cell fractions obtained by FACS
sorting of single cell suspensions obtained by dissociating 5 or
6 dpf transgenic larvae. Illumina sequencing (RNAseq) of RNA
samples from Kaede-labeled macrophages at 5 dpf and 6 dpf
and mCherry-labeled macrophages at 6 dpf, each in duplicate,
resulted in a total of 6 replicates. Reproducibility between these
replicates after alignment and mapping of the reads was high,
as shown by calculation of the Pearson correlation coefficient
(Figure S1). Principal component analysis (PCA) showed that
all macrophage samples segregated clearly from the samples of
negative fluorescent cell fractions. Furthermore, PCA indicated
minor differences between samples from macrophages with
Kaede and mCherry markers and between the Kaede-labeled
macrophages at 5 and 6 dpf (Figure S2A). Between 8,177 and
12,162 genes were expressed (Transcripts Per Million (TPM)
> 3) in the macrophage populations (TablesS2, S3) and a
total of 8,892 genes were shared in at least two of the three
conditions. Together, these results indicate that our protocol of
RNAseq on FACS sorted cells from zebrafish larvae produces high
quality results.

We performed differential expression (DE) analysis on the
duplicates from the three different conditions by comparing
results from fluorescence positive cell fractions with the related
fluorescent negative cell fractions. By selecting an adjusted p-
value threshold of 0.01, we detected a similar number of genes
expressed specifically in Kaede-labeled macrophages at 5 and
6 dpf (400 and 414 genes, respectively), whereas more genes
were detected in the 6 dpf mCherry-labeled macrophages (1,318
genes). Comparison between the different conditions showed a
high overlap between the enriched gene sets (Figure 1A). To
produce a complete and accurate description of the macrophage
transcriptome in the larvae, we selected the genes that met the
significance threshold in at least two out of the three conditions.
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FIGURE 1 | Core expression of macrophages in zebrafish larvae. (A) Overlap of the genes enriched (P-adj < 0.01) in zebrafish larval macrophages (zfM) at 5 or 6 dpf
from mpeg1-driven Kaede and mCherry reporter fish. The zfM core expression is defined as the overlap of two or three mpeg1 positive populations and includes 437
genes. (B) Expression table of immune cell specific genes. First, second and third columns correspond, respectively, to macrophage expression from 5dpf
mpeg1:Kaede, 6dpf mpeg1:Kaede, and 6dpf mpeg1:mCherry reporter larvae. Colored cells correspond to genes enriched in the corresponding sequencing data
(logs (fold change) > 1, P-adj < 0.01) whereas gray cells correspond to non-enriched genes. Numbers are expression levels expressed in TPM in fluorescence
positive cells. (C) Network visualization of GO enrichment analysis of genes from the core macrophage expression data set using BINGO and EnrichmentMap.
Magenta nodes are terms found exclusively in the zfM core dataset and green nodes are found in both zfM core and neutrophil data sets. Node size corresponds to
the number of genes associated to the enriched GO term and edge size to the similarity coefficient between two nodes.

This dataset, hereafter named zebrafish macrophage (zfM) core
expression set, contains 437 genes (Figure 1A; Table $4).

The zfM core dataset includes the main genes that are
known to be specific for macrophages and myeloid cells
in zebrafish larvae (Figure 1B). For example, in addition to
mpegl itself, the macrophage-specific genes csflra, mhc2dab,
the myeloid genes spila and b, and the pan-leukocyte
markers corola, ptprc, and ptpn6 were detected (25, 46). In
addition, we validated the macrophage-enriched expression
of several chemokine receptors (ccr2, ccr5 also known as
ccrl2b.2, cxcr3.2) and lysosomal genes (tfeb, tfec, ctsl.1) by RT-
qPCR (Figure S3A). Network visualization of Gene Ontology
(GO) terms revealed enrichment of biological processes linked
to immune response and inflammation, antigen processing
and presentation, signal transduction, response to bacterium,
peptidoglycan catabolic process, chemotaxis, and proteolysis
(Figure 1C). Similarly, GO terms for molecular function
were clearly linked to immune cell function and defense
mechanisms (Figure S4).

Among the genes from the zfM dataset, 31% (137 out
of 437) corresponded to uncharacterized proteins or non-
coding RNAs. Manual annotation showed that many of these
uncharacterized sequences belong to large immune-related

protein families, including the immunoglobulins (36), the
C-type lectins (13), and NACHT/LRR proteins (8) (Table S4).
Other uncharacterized genes were also related to immunity,
such as genes coding for proteins with chemokine/interleukin-
like domains, chemokine receptor like domains, interleukin
receptor-like domains, complement domains, leukotriene
receptor like domains, or MHC class II alpha and beta chains.
In addition, 17 genes correspond to non-coding RNAs,
long-intronic-non-coding RNAs or processed transcripts,
of which the possible role in immunity is of interest for
further study.

Comparison of Zebrafish Macrophage and
Neutrophil Expression

For comparison with the macrophage transcriptome, we studied
the neutrophil transcriptome by sequencing the fluorescent cell
population extracted from 5 dpf mpx:gfp larvae (two replicates).
A total of 8,627 genes were found expressed in neutrophils
(TPM > 3, Tables S2, S3). Selection of differentially expressed
genes revealed a data set composed of 227 neutrophil-enriched
genes (P-adj < 0.01) (Table S5). Among these genes, 111 (49%)
are shared with the zfM core expression dataset (Figure 2A).
The neutrophil markers lyz and mpx were detected enriched
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at a high level in neutrophil population, although a low level
of these transcripts could be detected in zebrafish macrophages
(Figure 2A) as well as in human macrophages (40). Several
macrophage markers could be detected in neutrophils, but none
were significantly enriched (Figure 2A). The macrophage and
neutrophil specific signatures of several genes were validated by
RT-qPCR (Figure S3B).

GO analysis identified different biological processes specific
for neutrophils grouped into protein metabolic process and
lipid metabolic process (Figure2B). GO terms associated
to signal transduction, antigen processing and presentation,
peptidoglycan catabolic process, and chemotaxis are enriched in
macrophages but not in neutrophils, confirming the functional
differences between the two myeloid lineages (Figure 1B). Many
GO terms are shared between the two cell populations. However,
their contents often are composed of different protein families
(Figure 3). For example, proteolysis appears to be a major group
in both cellular lineages, but macrophages express cathepsin
coding genes (ctsc, ctsh, ctssb2, ctsz) whereas neutrophils
express proteinases from the carboxypeptidase (cpa5), the
elastase (ela2, ela2l, and ela3l), the chymase families as well
as trypsin.

Comparison of Zebrafish Myeloid and

Progenitor Lymphoid Expression

While it is clear that zebrafish larvae do not yet have a functional
adaptive immune system (54, 55) the precise state of development
of both the innate and (immature) adaptive immune system
remains unknown. We therefore used the Ick: GFP transgenic line
to study the transcriptome of immature lymphoid cells that are
present in the thymus at 5 dpf. At this stage, T-lymphopoiesis
is independent from hematopoietic stem cells (HSC) and arises
from aorta endothelium, whereas HSC-dependent lymphopoiesis
begins from 8 dpf onwards (56). RNAseq analysis showed that
8,547 genes are expressed in this cell population (TPM > 3,
Tables S2, $3) and 1,328 genes were enriched in the lymphoid
cell progenitor compared to non-fluorescent cell background
(Table S6). Comparison of genes enriched in lymphoid cells with
genes specific for myeloid cells (i.e., genes enriched in either
macrophages or neutrophils) showed a small overlap between
the two populations (Figure2C). None of the macrophage
or neutrophil specific markers was detected in the lymphoid
cell transcriptome. On the opposite, several known lymphocyte
markers were detected only in this cell population (Figure 2C).
GO analysis showed also little overlap with processes detected
in myeloid cells (Figure 2D). Surprisingly, very few terms were
associated to immune function, except for chemotaxis and
response to organic substances, also shared with the myeloid
lineage. However, these groups are composed of different genes.
For example, the proteases expressed by lymphoid cells mainly
belong to the proteasome (Figure 3). A closer look to immunity-
related genes showed the presence of chemokines and chemokine
receptors as well as MHC class II genes, but often expressed
at a low level compared to myeloid cells (Figure 3). The main
enriched GO terms in the lymphoid cells were found to be
associated with metabolic processes, and cell cycle (Figure 2D),

which might reflect the immature status of this cell population in
developing zebrafish larvae.

Similarity Between the Zebrafish
Macrophage Transcriptome and Human

Polarized Macrophage Transcriptomes

By real time imaging of macrophages in a dual fluorescent
mpegl and tnfa reporter line evidence has been obtained
that zebrafish larvae differentiate M1 and M2 like polarized
macrophages in response to wounding and infection (16). We
found that the known M1 (il1b, tnfa/tnfb) and M2 (cxcr4b,
il10, ccr2) markers were expressed in the zfM core expression
set. Additionally, the zebrafish homologs of human M1-markers
CXCLI1 (cxclllaa), MMP9 (mmp9) and TNFRSFIB (tnfrsfl1b)
and the M2-markers ALOX5AP (alox5ap), MARCO (marco),
and TGFBI (tgfblb) were also detected in our zfM core
dataset (Table S4).

To investigate further the similarities with human
macrophages, we compared our transcriptomic data with
RNA sequencing data published by Beyer et al. (40), in which
transcriptomes of in vitro polarized M1 and M2 macrophages
were analyzed.

By using Biomart (http://www.ensembl.org/) combined with
custom annotations, we retrieved 7,963 human homologs of the
genes expressed in mpegl-positive macrophages. Approximately
three quarters of these homologs were also found among the
genes expressed in human M1 cells (70.9%) and among the
genes expressed in M2 cells (72.1%) (TPM > 3) (Figure 4A).
Similar proportions of the human homologs of the zfM core
expression set (for which 294 human homologs were identified,
see Table S7) were found in human M1 (69.0%) and M2
(68.4%) macrophages (Figure 4A). Among those genes, only 4
were expressed exclusively in human M1 macrophages and 7
exclusively in M2 macrophages. These observations suggest that
zebrafish macrophages are composed of a mixed population of
M1 and M2 type macrophages.

A total of 87 homologs from the zfM core expression dataset
were not present in the M1 or M2 polarized human macrophage
datasets (Figure 4A). Among these were the known M1 marker
Interleukin 12B and the M2 marker mannose receptor C type 1
(MRC1). Other genes detected exclusively in the zfM expression
set were associated to the molecular function cell adhesion and
differentiation, catabolic processes, and response to bacterium
(Figure 4B). Genes coding for the peptidoglycan recognition
protein Pglyrp family, and cytokine receptors (Ccr9a, 1122ra2)
are present in these categories. The absence of these genes in
the human M1 and M2 sets might be due to low expression
levels in in vitro cultured cells or inaccurate orthology detected
in zebrafish.

Finally, we computed the differential expression between
human M1 and M2 polarized macrophages and searched whether
the genes from the zfM core expression set were preferentially
associated to either M1 (log;FC > 1) or M2 (log;FC < —1)
signal. The results show that 48 genes from the zfM core dataset
were associated to M1-enriched genes and 54 were associated to
M2-enriched genes (Figure 4C).
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FIGURE 2 | Comparison of macrophage core dataset with neutrophils and lymphoid cells expression sets. (A) Overlap of the genes from the zfM core data set
(magenta) and the genes enriched [logs (fold change) > 1, P-adj < 0.01] when comparing mpx:gfp positive and negative cells from 5 dpf transgenic fish (green).
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FIGURE 2 | Below is represented an expression table of a selection of immune cell specific genes. Magenta cells and green cells represent genes enriched in
macrophages or neutrophils, respectively, whereas gray cells represent non-enriched genes. Numbers are expression levels expressed in TPM in fluorescence positive
cells. (B) Network visualization of GO enrichment analysis of genes from the neutrophil expression data set using BINGO and EnrichmentMap. Green nodes are terms
found exclusively in neutrophil expression dataset and magenta nodes are found in both core macrophage and neutrophil data sets. Network legend is similar to
Figure 1C. (C) Overlap of the genes from the myeloid data set corresponding to genes found either in the core macrophage or the neutrophil expression data sets
(magenta) and the genes enriched (logs (fold change) > 1, P-adj < 0.01) when comparing Ick:gfp positive and negative cells in 5 dpf Ick:gfp transgenic fish (blue).
Below is represented an expression table of a selection of immune cell specific genes. Magenta cells and blue cells represent genes enriched in myeloid or lymphoid
cell populations, respectively, whereas gray cells represent non-enriched genes. Numbers are expression levels expressed in TPM in fluorescence positive cells (for
myeloid cells, expression levels in macrophage and neutrophil populations were averaged). (D) Network visualization of GO enrichment analysis of genes from the
lymphoid expression data set using BINGO and EnrichmentMap. Blue nodes are terms found exclusively in lymphoid expression dataset and magenta nodes are
found in both myeloid and lymphoid data sets. Network legend is similar to Figure 1C.

We also used Gene Set Enrichment Analysis (GSEA)
to compare the set of genes expressed (TPM > 3) in
zebrafish macrophages with the differential expression between
human M1 and M2 polarized macrophages. The analysis
showed a preference for M2-enriched genes, although this
enrichment was not significant (FDR > 0.05) (Figure 4D,
top). Focusing on the zfM core gene set also showed
no clear enrichment for either M1- or M2-enriched genes
(Figure 4D, lower).

Altogether, our results indicate no clear polarization of the
zebrafish macrophages, suggesting the presence of both M1 and
M2-typed macrophages in unchallenged larvae.

Effect of M. marinum Infection on the
Zebrafish Macrophage Transcriptome

Profile

As zebrafish larval macrophages display mixed M1 and M2
characteristics, we tried to induce a shift in activation phenotype
by infecting mpegl:mCherry embryos at 1 dpf with GFP-labeled
Mycobacterium marinum (Mm), an intracellular pathogen
of macrophages. Transcriptomes of infected and uninfected
macrophages were profiled 5 day post infection (6 dpf).

When retrieving samples from infected larvae, only a small
number of double positive cells were collected over a long sorting
period, inducing variation between replicates. To minimize the
differences, we reduced the sorting time and the number of
steps in the protocol by collecting 20 infected and uninfected
cells from Mm-infected larvae directly in cDNA synthesis
buffer and by proceeding immediately to cDNA synthesis
and amplification without RNA extraction. These modifications
of the protocol led to reproducible results (FiguresS2, S3).
Differential expression analysis between infected and uninfected
macrophages identified 330 upregulated and 139 downregulated
genes (P-adj < 0.05) (Figure5A; Table S8). GO analysis
identified two terms enriched in the downregulated genes
only: cell cycle and blood vessel morphogenesis. This group,
often related to immune cell migration, included the genes
flt1/VEGFRI, known to be expressed in mouse M2 macrophages
in vitro (57, 58), and ptprja/CD148, expressed by human
macrophages under exposure to LPS and other TLR-ligands
but repressed under CSF-1 treatment (59). Performing GO
analysis on the human homologs of this set of genes
identified the terms transcription coactivator activity, NADP
or NADPH binding and serine hydrolase activity associated

to upregulated genes (Figure 5B) and protein localization to
downregulated genes.

Our analysis revealed several Mm-induced genes that could
play important roles in host defense. These include for example
CIITA, the master transactivator of MHC class II gene expression,
which has previously been described to be important for
limiting M. tuberculosis infection in mice (60). Another Mm-
induced gene is the mpegl-family gene mpegl.2, which we have
previously shown also to be inducible by Salmonella infection
(21). The mpegl genes encode proteins of the perforin family
with proposed anti-bacterial functions in macrophages that
require further mechanistic dissection (21). On the other hand,
other overexpressed genes could be more beneficial for the
survival of the bacteria. The gene nsfb, the zebrafish homolog
of the human N-ethylmaleimide sensitive factor, has been
proposed to promote the fusion of phagosomes containing live
Salmonella with the early endosome and repress their transport
to lysosomes (61), whereas the acapl gene promotes Salmonella
invasion (62).

To explore the possible polarization of the Mm-infected
zebrafish macrophages, we compared the differentially expressed
gene set with the transcriptomes of M1 and M2 in vitro polarized
macrophages reported by Beyer et al. (40). We found that
18 M1l-enriched genes (logoFC > 1) were overexpressed in
infected macrophages and 2 were downregulated whereas 26
M2-enriched genes (logFC < —1) were upregulated and 6
were downregulated (Figure 5C). GSEA showed no significant
association of either the upregulated or downregulated genes
with either M1- or M2-enriched genes (Figure 5D, FDR > 0.05).

One of the most highly induced gene in infected macrophages
was cxclllaa, a zebrafish homolog of the gene for human
CXCL11 (Figure5A), a proinflammatory chemokine that is
a typical M1 marker (63). We recently showed that this
chemokine is important during Mm infection in zebrafish
for the recruitment of macrophages and dissemination of the
bacteria (39). Furthermore, expression of tnfa appeared to be
highly upregulated in infected macrophages. Tnfa is one of the
main markers of M1 activated macrophages in human and has
been used as a marker for M1-like activated macrophages in
zebrafish larvae (16). Other known zebrafish M1-like activated
macrophage markers are non-significantly overexpressed (il1b,
tnfb), or barely expressed (il6). On the other hand, the
known zebrafish M2-like markers are either expressed at a low
level (tgfbla, il10) or not significantly downregulated (cxcr4b,
ccr2) (Figures 5A,E).
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FIGURE 3 | Different gene sets expressed in macrophage, neutrophil, and lymphoid cell population. Expression table of selected genes belonging to different GO
terms. First, second and third columns correspond to macrophage, neutrophil, and lymphoid cell populations, respectively. Magenta, green, and blue cells represent
genes enriched [logy (fold change) > 1, P-adj < 0.01] in macrophages, neutrophils, or lymphoid cells compared to respective fluorescent-negative background cells.
Numbers are expression levels expressed in TPMin the fluorescence positive cell fractions. Gray cells are non- enriched genes (P-adj > 0.01).
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We can conclude that the strong induction of two important
proinflammatory markers, cxclllaa and tnfa, and the
downregulation of genes associated to M2 polarization as
detected by GSEA indicate that Mm-infected macrophages
display M1 rather than M2 characteristics.

The cxcl11aa Gene Expression as a Robust
Marker of Mycobacterium-Infected

Macrophages
Among the chemokine and cytokine genes expressed in
Mm-infected macrophages, cxclllaa emerged as the most

reproducible infection marker from the RNAseq analysis,
showing significantly higher induction (average log, (fold
change) = 8.6, P-adj < 0.001) than tnfa (average log, (FC)
= 5.6, P-adj = 0.03) in all replicates. In order to confirm
the Mm-inducible expression of cxclllaa in macrophages, we
FACS-sorted mpegl:mCherry positive cells from Mm-infected
and mock-injected larvae and quantified the level of cxclllaa
expression by real time PCR. In uninfected conditions, the
expression of cxcll1aa was significantly enriched in the mCherry-
positive macrophage cell fraction compared with the unlabeled
cell fraction (Figure 6A). During infection, the expression levels
of cxclllaa were strongly upregulated in macrophages but not
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in the unlabeled cell fraction. We found that the level of
this infection-induced and macrophage-specific expression of
cxclllaa is high enough to be detectable in total RNA samples
from whole larvae and that cxclllaa induction did not require
the bacterial locus RD1 (Region of Difference 1), a pathogenicity
locus encompassing the secretion system of ESAT-6 (Early
Secreted Antigenic Target 6 kDa), which is associated with
mycobacterial virulence and formation of tubercular granulomas
(Figure 6B) (65). The induction of cxclI 1aa was also independent
from the host cxcr3.2 gene, which encodes the receptor for
Cxclllaa (Figure 6B) (39). Next, we asked whether cxclllaa
induction requires the central immune mediator Myd88, which
links pathogen recognition by Toll-like receptors and Il1f-
mediated inflammation to activation of the transcription factor
Nfib (66). Therefore, we quantified the expression levels of
cxclllaa in myd88 mutant larvae. Since myd88 mutants display
an increased infection level when infected with the same initial
infection load as wild type controls, we compensated this with
a reduced inoculum to obtain a similar infection level at 4
dpi. Both with the reduced and the regular inoculum, myd88
mutants displayed a marked incapability to upregulate cxclllaa
(Figures 6C-E), indicating that Myd88-dependent signaling is
key to upregulate macrophage expression of cxclllaa during
Mm infection.

DISCUSSION

Zebrafish larvae provide unique possibilities for real time
visualization of macrophage responses during developmental
and disease processes. However, it has remained unknown
how the expression profile of larval macrophages compares
to the profiles of human M1 and M2 in vitro polarized
macrophage subsets, which are commonly considered as a
reference for pro-inflammatory or anti-inflammatory activation
states. Here we used RNAseq analysis of FACS-sorted cell
fractions to determine the expression profile of macrophages
isolated from mpegl reporter lines, which are widely used
for imaging studies in zebrafish due to the highly specific
labeling of the macrophage lineage. We demonstrate the unique
signature of the mpegl reporter cells by comparison with the
RNAseq profiles of neutrophils, marked by the mpx reporter,
and progenitor lymphocytes, marked by the Ick reporter. We
detected expression of homologs of human M1 as well as M2
markers in the mpegl reporter cells, indicating that zebrafish
larval macrophages have the potential to differentiate into both
directions. Finally, to demonstrate polarization of macrophages
under challenged conditions, we achieved an RNAseq analysis
of low numbers of mpegl-positive macrophages infected with
a mycobacterial pathogen. The profiling of these infected
macrophages revealed downregulation of M2 markers, while M1
markers were upregulated, with strongest induction of a homolog
of the human M1 marker CXCLI11.

Adult mpegl reporter fish have previously been used to
determine the transcriptome of microglia, the brain-resident
macrophage population (67). Other fluorescent reporter lines
for different immune cell types from the myeloid and lymphoid

lineages have recently been used to determine single-cell
transcriptomes of cells sorted from hematopoietic organs (spleen
and kidney marrow) of adult fish (68-70). Our study is the first to
report on the transcriptome of larval macrophages. This dataset
provides a useful new data mining resource that will facilitate
genetic analyses of macrophage-specific genes in zebrafish larval
models for development and disease. A dual-fluorescent reporter
line with mpeglI-labeled macrophages and tnfa as a marker for
M1 phenotype has been used to demonstrate that injury and
infection can induce M1 polarization of macrophages in zebrafish
larvae (16). While the tnfa reporter does not show detectable
fluorescent gene expression in the absence of wounding or
infection stimuli, we could detect a basal level of tnfa expression
in our RNAseq data of macrophages from unchallenged zebrafish
larvae. Furthermore, our RNAseq data set of 437 enriched
macrophage markers contains ilIb, a M1 marker that was
reported to be induced by injury in tnfa-positive macrophages,
but also tgfblb, a M2 marker that is expressed at higher levels
in tnfa-negative macrophages. Single cell sequencing would be
required to determine if all macrophages express these M1 and
M2 markers at low levels or that distinct macrophage subsets
exist already under unchallenged conditions. A comparison with
RNAseq profiles of in vitro differentiated human M1 and M2
macrophages provided further evidence that the transcriptome
of zebrafish larval macrophages displays a mixed M1 and M2
signature (40). Whereas, our results do not allow to conclude
if two distinct populations of macrophages similar to human
M1 and M2 polarized macrophages exist in zebrafish larvae,
we identified several specific genes that suggest the presence of
these different populations and that could be used to expand the
repertoire of zebrafish transgenic reporter lines for investigating
macrophage polarization in vivo during immune challenge in the
zebrafish model.

Fluorescent reporters driven by the mpegl and mpx promoters
distinguish specifically between macrophages and neutrophils
(19, 27). In agreement, we did not detect mpegl gene expression
in neutrophils from mpx reporter fish. However, we detected
low levels of expression of mpx and other common neutrophil
markers in macrophages from mpegl reporter fish. This indicates
that the RNAseq procedure is highly sensitive and suggests
that post-translational mechanisms contribute to regulating
the specificity of innate immune cell types. We found that
approximately half of the genes that show enriched expression
in neutrophils also show enriched expression in macrophages.
However, an obvious difference between the two innate immune
cell types is that genes involved in antigen presentation and
processing were detected only in macrophages. Other notable
differences were found within the families of proteinases. The
neutrophil RNAseq data reported here have been data mined
to investigate the expression of the major classes of drug
transporters in zebrafish larvae, providing useful information
for optimizing screening approaches for anti-inflammatory
drugs (71).

The enriched gene sets of larval macrophages and neutrophils
consist for more than 80% of transcripts that are not detected in
progenitor lymphocytes isolated from Ick reporter fish. Similarly,
the enriched gene set of Ick-labeled lymphocytes consists for
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0.05; **P < 0.01; **P < 0.001; ***P < 0.0001. Error bars: mean =+ s.e.m.

92% of transcripts that are not expressed in the myeloid lineage.
It is well-known that the adaptive immune system in zebrafish
larvae is not yet mature and that full immunocompetence,
including antibody production, is achieved only by 3-6 weeks of
development (54, 55). However, it is not known at which stage
of larval development the first interactions between antigen-
presenting cells and T-lymphocytes take place. We found that
mpegl-labeled macrophages from 5 day old larvae express the
major histocompatibility class II gene mhc2dab, which is even
earlier than the observed expression of a fluorescent mhc2dab
reporter that labels putative dendritic cells scattered throughout

the skin of larvae from 9 days onwards (72). The presence of
mhc2dab and transcripts of other genes involved in antigen
presentation and processing in larval macrophages suggest that
communication with T-lymphocytes could take place already
at stages where zebrafish larvae are generally believed to rely
exclusively on innate immunity. In support of this hypothesis,
we found that larval lymphocytes express the Cd4 marker for
helper T-cells and the co-stimulatory receptor Cd28, which are
required for macrophage activation. Furthermore, the expression
of a perforin gene (prfl.7) is indicative of the development
of cytotoxic T-cells. However, since there was no detectable
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expression of Cd3, it is unlikely that cytotoxic T-cells are already
functional in 5 day old larvae.

To investigate how larval macrophages respond to an
intracellular infection with mycobacteria, we determined the
expression profile of Mm-infected mpegl reporter cells. This
RNAseq analysis was challenging due to the low numbers
of infected cells that could be obtained by FACS sorting.
Infected macrophages have a lifespan of <5h (73), which
likely is an important contributing factor to the difficulty
of isolating Mm-infected cells. While different types of
macrophage polarization have been reported for in vitro
cultured macrophages infected with mycobacteria (15), it
is not understood how these pathogens affect macrophage
polarization during different stages of tuberculosis disease in
vivo. Our RNAseq analysis was performed at a stage where
infected macrophages have aggregated into inflammatory
infection foci, which are regarded as the earliest developmental
stages of tuberculous granulomas (74). We observed that
homologs of M2-enriched transcripts of human cells were
preferentially down-regulated in M. marinum-infected zebrafish
macrophages, whereas several M1-enriched transcripts were
highly upregulated. Therefore, although no clear polarization was
observed, our analysis suggests that macrophages shift toward
M1 phenotype in Mm-infected zebrafish, which are used to
model tuberculosis. Our results show an important modification
of the macrophage transcriptome upon mycobacterial infection
and unravel several targets that can be studied to better
understand the molecular mechanisms involved in the
host-pathogen interaction.

An important question is whether part of the observed
expression changes in Mm-infected macrophages might be
triggered by bacterial virulence factors or that all changes
represent a general host defense response that is mounted against
pathogenic as well as non-pathogenic mycobacteria. Irrespective
of the answer to this question, it can be argued that some of
the induced genes benefit the pathogen rather than the host.
For example, we detected induced expression in Mm-infected
macrophages of genes (nsfb, acapl) that promote the survival
of bacteria in phagosomes (61, 62). A gene that is induced
strongly and reproducibly among all replicates, cxclllaa, could
have both host-beneficial and host-detrimental effects. This
gene, which is a homolog of the human M1 marker CXCLI1I,
encodes a chemokine that mediates macrophage recruitment
to infection foci through interaction with chemokine receptor
Cxcr3.2, the zebrafish counterpart of human CXCR3 (39).
While a certain level of macrophage recruitment during Mm
infection is necessary to restrict infection (75), Mm bacteria
also take advantage of the arrival of new macrophages at
infection foci as this promotes spreading of the infection
(37). In line with these considerations, we have previously
found that deficiency in the receptor for Cxclllaa, Cxcr3.2,
limits the expansion of Mm in granulomas (39). A similar
phenotype has been found upon depletion of Mmp9, another
host factor required for macrophage recruitment (38). Therefore,
high and sustained induction of cxclllaa is likely to have an
adverse effect on the control of Mm infection by the zebrafish
host. On the other hand, the robust induction of this M1

polarization marker makes the cxclllaa gene a prime candidate
to expand the collection of zebrafish reporter lines for studying
macrophage activation.

In conclusion, the transcriptome analyses reported here
present a unique and detailed genetic profile of zebrafish
larval immune cells, thereby providing a valuable resource
that can be data mined to verify the expression of specific
genes in the profiled cell types or to identify novel genes
of interest and potential cell-specific markers. In future work
single cell RNA sequencing technology will be useful to
interrogate the heterogeneity in expression profiles of resting and
activated macrophages.
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Figure S1 | Correlation between RNA-sequencing samples. (A-C) HeatMap of
Pearson correlation coefficient of 5 and 6 dpf mpeg1:gal4;, UAS-Kaede, and
mpeg1:mCherry positive and negative samples (A), 5dpf mpx:gfp and Ick:gfp
positive and negative samples (B) and 20 cell samples of mpeg1:gfp positive cells
infected or not with M. marinum GFP (C).

Figure S2 | Principal Component Analysis of RNA-sequencing samples. (A-C)
Principal Component Analysis of 5 and 6 dpf mpeg1:gal4; UAS-Kaede, and
mpeg1:mCherry positive and negative samples (A), 5dpf mpx:gfo and Ick:gfp
positive and negative samples (B), and 20 cell samples of mpeg1:gfp positive
cells infected or not with M. marinum GFP (C).

Figure S3 | RT-qPCR validation of macrophage and neutrophils markers by
RT-gPCR. (A) Expression of chemokine receptors and lysosomal genes in
FACS-sorted macrophages (M®, mpeg1:mCherry positive) and compared with
non-fluorescent cells (neg). All genes tested are present in the zf core dataset.
RT-gPCR were performed in two independent biological replicates. Y-axis is
log1p-transformed for ease of visualization. (B) Expression of macrophage and
neutrophil marker genes in FACS-sorted macrophages (M®, mpeg1:mCherry
positive) and neutrophils (N®, mpx:GFP positive), and compared with their
respective non-fluorescent cells (neg). The genes mpeg1, mpeg1.2, marco,
spitla, gm1/2, and grna were found enriched in the macrophage transcriptome
dataset, mpx and mmp9 were found in both macrophage and neutrophil
datasets, whereas apoa4 and grmb were found in none of them. RT-gPCR
results are similar to RNA-seq results, however neutrophils gPCR results
provide more significantly enriched genes. RT-gPCR were performed in three
independent biological replicates. Statistical significance was analyzed by
one-way ANOVA with Bonferroni post-hoc correction on ACt before
transformation. Significance (P-value) is indicated with: ns, non-significant; *P
< 0.05; *P < 0.01; **P < 0.001. Error bars: mean + s.e.m.
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