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Pathogenic mycobacteria have the ability to survive within macrophages and persist inside granulomas.
The complex host–pathogen interactions that determine the outcome of a mycobacterial infection pro-
cess result in marked alterations of the host gene expression profile. Here we used the zebrafish model
to investigate the specificity of the host response to infections with two mycobacterium strains that
give distinct disease outcomes: an acute disease with early lethality or a chronic disease with granu-
loma formation, caused by Mycobacterium marinum strains Mma20 and E11, respectively. We performed
a microarray study of different stages of disease progression in adult zebrafish and found that the acute
and the chronic strains evoked partially overlapping host transcriptome signatures, despite that they
induce profoundly different disease phenotypes. Both strains affected many signaling cascades, includ-
ing WNT and TLR pathways. Interestingly, the strongest differences were observed at the initial stage
of the disease. The immediate response to the acute strain was characterized by higher expression of
genes encoding MHC class I proteins, matrix metalloproteinases, transcription factors, cytokines and other
common immune response proteins. In contrast, small GTPase and histone gene groups showed higher
expression in response to the chronic strain. We also found that nearly 1000 mycobacterium-responsive

genes overlapped between the expression signatures of infected zebrafish adults and embryos at differ-
ent stages of granuloma formation. Since adult zebrafish possess an adaptive immune system similar to
mammals and zebrafish embryos rely solely on innate immunity, this overlap indicates a major contri-
bution of the innate component of the immune system in the response to mycobacterial infection. Taken
together, our comparison of the transcriptome responses involved in acute versus chronic infections and
in the embryonic versus adult situation provides important new leads for investigating the mechanism

nesis
of mycobacterial pathoge

. Introduction

Tuberculosis remains among the most threatening infectious
iseases world-wide with approximately 1.6 million deaths each
ear (WHO, http://www.who.int/tb/publications). Around one-
hird of the world population is infected with Mycobacterium
uberculosis, the causative agent of tuberculosis, and an estimated
–10% of these people will develop active disease sometime during
heir life. The outcome of an infection with mycobacteria depends

n the complex interactions between the immune defenses of
he host and a pathogen’s capacity to subvert them. Pathogenic
ycobacteria, like M. tuberculosis, have developed strategies to

vade eradication by the immune system in order to persist for a
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long time inside macrophages (Manabe and Bishai, 2000; Stewart
et al., 2003). The host’s immune system reacts on the prolonged
infection with the formation of granulomas, which are composed
of several cell types including macrophages, neutrophils and lym-
phocytes. Granuloma formation is a hallmark of tuberculosis and
a critical step in the pathogenesis of this disease (Flynn and Chan,
2003; Gordon et al., 1994).

Innate immunity provides an important early defense against
M. tuberculosis and could be a crucial determinant of the ulti-
mate outcome of the infection. The innate response is triggered
by interactions between surface structures on mycobacteria and
pattern recognition receptors on the cell, such as the Toll-like recep-

tors (TLRs). To circumvent destruction in lysosomes mycobacteria
manipulate the macrophage to prevent or delay phagosome-
lysosomal fusion and maturation. As a result mycobacteria may
reside inside immature phago-lysosomes (Russell, 2001) and even
translocate to the cytosol (Stamm et al., 2003; van der Wel et al.,

http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
http://www.who.int/tb/publications
mailto:a.h.meijer@biology.leidenuniv.nl
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007). Not all mycobacteria escape destruction, what results in acti-
ation of the adaptive immune system leading to interferon-gamma
IFN-�) secretion by T helper type 1 (Th1) CD4+ lymphocytes. IFN-�
ctivates macrophages to express anti-microbial activity. Activation
f CD4+ T-cells, recruitment of CD8+ T-cells to the site of infection
nd the production of pro-inflammatory cytokines all contribute
o the maintenance of adaptive immunity. As a reaction mycobac-
eria have developed strategies to modulate adaptive immunity
owards a Th2 response leading to secretion of anti-inflammatory
ytokines and suppression of adaptive immunity (Flynn and Chan,
003).

Knowledge of specific molecules or pathways targeted by
ycobacteria for immune evasion may provide insights into

ost–pathogen interactions that determine the outcome of infec-
ion. Pathogen-induced changes in host cells are generally
ccompanied by marked changes in gene expression due to host-
nd pathogen-mediated reprogramming of the transcriptome dur-
ng infection (Jenner and Young, 2005). Global expression profiling
tudies therefore may reveal transcriptional responses specific for
ycobacterial diseases and thereby provide valuable leads for fur-

her investigation of the process of mycobacterial pathogenesis.
icroarrays have recently been applied to study susceptibility to
. tuberculosis infection in mice (Marquis et al., 2008) and to report

n the immune response of animal populations naturally infected
ith Mycobacterium bovis (Fernandez de Mera et al., 2008; Naranjo

t al., 2006). Furthermore unique host gene expression signatures
ave been attributed to specific strains of Mycobacterium avium in
tudies of human macrophage infections (Blumenthal et al., 2005;
oussens et al., 2003; Jenner and Young, 2005).

Here we used the zebrafish as an animal model to investi-
ate the host response to a mycobacterial infection. Zebrafish can
e infected by a natural mycobacterial pathogen, Mycobacterium
arinum, and it has been well documented that the zebrafish-M.
arinum model recapitulates hallmark features of human tubercu-

osis (Clay et al., 2007; Lesley and Ramakrishnan, 2008; Swaim et
l., 2006). A particular advantage of the zebrafish-mycobacterium
odel is that besides studies in adults, which possess an adaptive

mmune system similar as mammals, the innate component of the
mmune response can be studied in the embryo model. Importantly,
t has been shown that innate immunity is sufficient for granu-
oma formation in zebrafish embryos (Davis et al., 2002). Previously

e reported on the transcriptome response of adult zebrafish
t the end stage of a chronic M. marinum infection and showed
hat mycobacterium-infected zebrafish express many homologs of
uman immune response genes and genes that have previously
een implicated in the response to mycobacterial infection (Meijer
t al., 2005). In the present work we extended those studies with
he aim to identify transcriptional patterns associated with differ-
nt stages of mycobacterial infections caused by two distinct M.
arinum strains, Mma20 and E11 that, respectively, induce an acute

isease or chronic tuberculosis (van der Sar et al., 2004). In addition,
e compared for the first time the differentially expressed genes

nd pathways between embryonic and adult-infected zebrafish.
his is of particular interest, since this allows for the dissection of
ene regulation only by innate immunity in the case of embryonic
nfections, and gene regulation in the presence of full immunity
n the case of adult infections (Davidson and Zon, 2004; Lam
t al., 2004; Willett et al., 1999). For this study we developed
custom microarray enriched for zebrafish homologs of mam-
alian immune response genes that we identified by data mining

f the zebrafish transcript and genome databases. The results

f this study provide a genomic repository of mycobacterium-
esponsive genes at different stages of disease progression and
ontribute to the basic understanding of the mechanisms of
athogenesis, protective immunity and resistance to mycobacterial

nfections.
unology 46 (2009) 2317–2332

2. Materials and methods

2.1. Bacterial strains and growth conditions

M. marinum strains E11 and Mma20 have been described
before (van der Sar et al., 2004). Bacteria were grown at 30 ◦C
in Middlebrook 7H9 medium supplemented with Middlebrook
oleic acid-albumin-dextrose-catalase (BD Biosciences) and 0.05%
Tween-80. Prior to inoculation in zebrafish, bacteria were washed in
phosphate-buffered saline (PBS) and 0.3% Tween-80 and diluted in
PBS. Bacterial numbers were determined by measuring the optical
density at 600 nm and by plating and CFU determination.

2.2. Zebrafish husbandry and infection experiments

Zebrafish were handled in compliance with the local animal
welfare regulations and maintained according to standard proto-
cols (http://ZFIN.org). Infection experiments were approved by the
local animal welfare committee (DEC) of the VU University med-
ical center and of Leiden University. Infection experiments with
adult fish were performed on young males selected from a wild
type laboratory-breeding colony and acclimated to their new envi-
ronment for one week in a quarantine area. These fish were kept
at 28 ◦C on a 12:12 h light/dark rhythm throughout the experi-
ment. Groups of 10 fish, infected with the same dose and strain
of mycobacteria, were kept in small fish tanks (10 l) with their own
separate filtering system (Eheim Ecco). Zebrafish were inoculated
intraperitoneally as previously described (van der Sar et al., 2004)
with approximately 104 bacteria or with phosphate-buffered saline
(PBS) as a control. For the acute infection study with E11 and Mma20
strains, 3 fish per group were sacrificed at 1 and 6 days post infec-
tion (dpi) and used for microarray analysis. For comparison with the
end stage of chronic E11 infection we used RNA samples from our
previously published chronic infection study ((Meijer et al., 2005);
control fish c2 and infected fish i2) and additional RNA samples (2
controls, 2 infected) from a similar infection experiment. All chroni-
cally infected fish showed overt signs of fish tuberculosis, including
lethargy and skin ulcers. Histological examination of fish from the
same experiments confirmed that the pathology of infected fish
corresponded to fish tuberculosis (van der Sar et al., 2004) and that
no characteristics of the disease were present in the control fish.

Infection experiments at the embryonic stage were performed
using mixed egg clutches from different pairs of AB strain zebrafish.
Embryos were grown at 28.5–30 ◦C in egg water (60 �g/ml Instant
Ocean see salts) and for the duration of bacterial injections embryos
were kept under anaesthesia in egg water containing 0.02% buffered
3-aminobenzoic acid ethyl ester (tricaine, Sigma). Embryos were
staged at 28 h post fertilization (hpf) by morphological criteria
(Kimmel et al., 1995) and approximately 50 cfu of E11 bacteria were
injected into the caudal vein close to the urogenital opening. As
a control an equal volume of PBS was likewise injected. Infection
experiments were carried out in triplicate on separate days and
pools of 25–30 embryos were taken at 2, 24 and 120 h post infection
(hpi).

2.3. RNA isolation, labeling and hybridization

Adult fish and embryos for RNA isolation were snap frozen in
liquid nitrogen and subsequently stored at −80 ◦C. Adult fish were
homogenized in liquid nitrogen using a mortar and pestle and por-
tions of 50–100 �g of powdered tissue were used for extraction of

total RNA with 1 ml of TRIZOL® Reagent (Invitrogen) according to
the manufacturer’s instructions. Embryos were directly homoge-
nized in TRIZOL® Reagent. The RNA samples were incubated for
20 min at 37◦ with 10 units of DNaseI (Roche Applied Science)
to remove residual genomic DNA prior to purification using the

http://zfin.org/
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ig. 1. Early response of adult zebrafish to infection with M. marinum strains Mma
hange, P ≤ 10−4) by Mma20 and E11 infection at 1 and 6 dpi. (B) Venn diagrams sho
trains and at the different time points.

Neasy MinElute Cleanup kit (Qiagen) according to the RNA clean
p protocol. The integrity of the RNA was confirmed by Lab-on-chip
nalysis using the 2100 Bioanalyzer (Agilent Technologies). Sam-
les used for microarray analysis had an average RIN value of 9 and
minimum RIN value of 8.

Amino Allyl modified aRNA was synthesized in one ampli-
cation round from 1 �g of total RNA using the Amino Allyl
essageAmpTM II aRNA Amplification Kit (Ambion). Subsequently,
�g of Amino Allyl modified aRNA was used for coupling of
onoreactive Cy3 and Cy5 dyes (GE Healthcare) and column puri-

ed. All samples of the early adult infection study (1 and 6 dpi
nfection with Mma20 and E11 strains and PBS-injected controls)

ere labelled with Cy5 dye and hybridized against a Cy3-labelled
ommon reference, consisting of a mixture of samples from the
ame experiment. All samples from the embryo infection study (2,
4 and 120 hpi infection with strain E11 and PBS-injected controls)
ere also labelled with Cy5 dye and hybridized against a Cy3-

abelled common reference, consisting of a mixture of samples from
mbryo infections described in Stockhammer et al. (2009). For the
hronic E11 infection study samples from infected fish were labelled
ith Cy5 dye and samples from PBS-injected control fish with Cy3
ye. The dual colour hybridization of the microarray chips was per-
ormed at ServiceXS (ServiceXS, Leiden, The Netherlands) according
o Agilent protocol G4140-90050 v.5.7 (www.Agilent.com) for Two-
olor Microarray-Based Gene Expression Analysis. The microarray
lides were custom designed by Agilent Technologies as described
n Stockhammer et al. (2009). The microarray design has been sub-

itted to the Gene Expression Omnibus (GEO) database, under
latform submission number GPL7735. All microarray data were
ubmitted to the GEO database under series GSE15328.

.4. Data analysis

Microarray data were processed from raw data image files with
eature Extraction Software 9.5.3 (Agilent Technologies). Processed
ata were subsequently imported into Rosetta Resolver 7.1 (Rosetta
iosoftware, Seattle, Washington) and subjected to default ratio
rror modeling. The Rosetta built-in re-ratio with common ref-
rence application was used to calculate ratios between infected
nd control samples for the early adult infection study (1 and
dpi) and for the embryo infection study. For the chronic E11

nfection experiments, triplicate ratio results from control ver-
us infected adult fish were combined using the default ratio
xperiment builder. Data were analyzed at the level of UniGene
lusters (UniGene build #105). The significance cut-off for ratios
f infected versus control was set at P ≤ 10−4. For adult infec-

ion studies, where triplicate individuals are tested, an absolute
old change cut-off (≥1.5) was applied additionally. For embryo
nfection studies, where triplicate pools of 25–30 individuals are
ested, no fold change cut-off was applied. Differences between
esponses to the Mma20 and E11 strains and between acute
E11. (A) Number of UniGene clusters up- and down-regulated (≥1.5 absolute fold
the overlap of UniGene clusters up-regulated and down-regulated by the different

and chronic E11 infection were analyzed by one-way ANOVA
analysis (error-weighted) with Benjamin–Hochberg FDR multi-
ple test correction. Only those UniGene clusters were included
for which at least one of the ratio experiments met the thresh-
olds of 1.5-fold change and P ≤ 10−4, and the significance cut-off
for ANOVA testing was set at P ≤ 0.01. Cluster analyses were per-
formed with Rosetta Resolver settings for agglomerative algorithm
(average link) with Pearson correlation (weight by error). Gene
ontology (GO) analysis was performed with DAVID software tools
for Functional Classification and Functional Annotation Clustering
(http://david.abcc.ncifcrf.gov/home.jsp) (Dennis et al., 2003) with
default settings and the Danio rerio Entrez Gene IDs as input.

3. Results

3.1. Microarray design and validation

In an earlier study we used Affymetrix, MWG and Sigma-
Compugen microarray platforms to profile the zebrafish host
transcriptome response at the late stage of M. marinum infection
(Meijer et al., 2005). However, we noted that many immunity-
related genes were not represented on these three microarray
platforms. For the present study, we therefore switched to the
more flexible Agilent platform and made a custom 44k design that
includes Agilent’s own 22k probe set released in 2005, a 16k set of
probes similar to the Sigma-Compugen oligonucleotide library used
in our previous study, and a 6k set of probes for selected genes of
interest that we identified by data mining of zebrafish transcript
and genome databases. Most of the genes of our custom array are
represented by more than one probe, together accounting for a total
of 19,122 different UniGene clusters. In the previous study we pre-
sented a reference set of differentially expressed genes detected by
the Affymetrix, MWG and Sigma-Compugen platforms (Meijer et
al., 2005). Here, we hybridized the same RNA samples to our new
Agilent platform and could confirm differential expression of 94%
of these genes with a P-value lower than 0.01 and of 87% with a
P-value lower than 10−4 (Supplementary Table S1). Additionally, 6
differentially expressed genes previously validated by quantitative
PCR analysis, were also confirmed by Agilent microarray analysis
(P ≤ 10−4) (Supplementary Table S1).

3.2. Early response of adult zebrafish to infection with M.
marinum strains Mma20 and E11

Previously we showed that M. marinum strains can be divided
into two distinct clusters based on genetic diversity and virulence

(van der Sar et al., 2004). Here we compared the adult zebrafish
host transcriptome responses towards early infection with strain
Mma20, a representative from cluster I that causes an acute dis-
ease phenotype, and strain E11, a representative from cluster II that
causes a chronic disease phenotype. Fish were sampled for microar-

http://www.agilent.com/
http://david.abcc.ncifcrf.gov/home.jsp
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Fig. 2. 2D-cluster analysis of a group of 835 genes showing differential expression
between the Mma20 and E11 strains at 1 dpi based on one-way ANOVA statistical
320 A.M. van der Sar et al. / Molecul

ay analysis at 1 and 6 dpi with 3 biological replicates per group.
n agreement with previous observations, the fish infected with

ma20 began to show acute disease symptoms like a swollen belly
t 6 dpi, while the appearance of fish infected with E11 was normal
t this stage. The acute disease state of the 6 dpi Mma20 group was
lso apparent from our microarray analysis that identified more
han 5000 up- or down-regulated UniGene clusters for this group,
hich was 2–3-fold more than for the other three groups (Mma20
dpi, E11 1 dpi, E11 6 dpi) (Fig. 1A).

First we determined the overlap in host genes induced or
epressed by the different strains (Fig. 1B) and subjected the result-
ng gene lists (Supplementary Table S2) to Gene Ontology using
AVID software tools for Functional Classification and Functional
nnotation Clustering (Dennis et al., 2003). These are complemen-

ary tools designed to identify functionally related gene groups
hat are significantly enriched with respect to the microarray back-
round. DAVID analysis (Supplementary Table S3) indicated that at
dpi the Mma20 and E11 strains both caused up-regulation of 373
enes, including a group of around 50 genes involved in regula-
ion of transcription, around 40 genes with the GO-term zinc-ion
inding and around 10 genes associated with heme metabolic pro-
esses, including several cytochrome P450 genes. A group of 175
enes consistently up-regulated by both strains and at both time
oints contained at least 14 genes encoding zinc finger proteins,

ncluding kruppel-like factors and ring-fingers, at least 4 apoptosis-
elated genes, including casp9 and bad, and a number of immune
esponse-related transcription factor genes, including cebpd, cebpg
nd fos.

Gene groups that were down-regulated at 1 dpi by both the
ma20 and E11 strains had GO-terms related to ribosome biogene-

is and assembly, protein metabolism, protein folding, ATP-binding
nd biosynthetic processes (457 genes in total). A group of 165 genes
onsistently down-regulated by both strains and at both time points
lso predominantly contained genes involved in metabolic pro-
esses. In addition, gene groups with the GO-term membrane attack
omplex appeared in all down-regulated gene lists. Interestingly,
hile transcriptional regulators were among the up-regulated gene

roups at 1 dpi, they were among the down-regulated groups at
dpi (165 genes for Mma20, 31 genes for E11). A gene group encod-

ng zinc-ion binding proteins (83 genes) was also down-regulated
y Mma20 infection at 6 dpi, in contrast to its up-regulation by E11
t the same time point and by both Mma20 and E11 at 1 dpi. In
ddition, acute infection with the Mma20 strain was associated
ith down-regulation of developmental gene groups (nervous sys-

em, eye, muscle), and genes associated with negative regulation of
ignal transduction, G-protein-coupled receptor activity and trans-
orter activity.

In conclusion, our data showed that Mma20 and E11 infections
voke partially overlapping host responses, despite that they cause
rofoundly different disease phenotypes. A particularly notable
imilarity was the initial up-regulation of transcription factor gene
roups at 1 dpi and their subsequent down-regulation when the
nfections progressed.

.3. Statistical analysis of differences in the initial host response
o Mma20 and E11 infection

To identify specific differences between the effects of the Mma20
nd E11 strains on the host immune response, the 1 dpi time
oint was most relevant, given the acute disease symptoms caused
y the Mma20 strain at 6 dpi. We therefore subjected the 1 dpi

ata sets to a one-way ANOVA analysis with Benjamin–Hochberg
DR multiple test correction. A total of 835 UniGene clusters
ere found to be differentially regulated between the two strains

Supplementary Table S4). In order to visualize the behavior of
hese genes over all time points we performed a 2D agglom-
testing (P ≤ 0.01). Ratio experiments used for clustering included the 1 and 6 dpi
time points of both strains. Two main subclusters are designated as Mma20 > E11
and Mma20 < E11.

erative cluster analysis (Fig. 2). In the first dimension, the two
strains rather than the time points clustered separately, indicat-
ing that the majority of strain-specific differences detected at 1 dpi
extended through to 6 dpi. In the second dimension, two main
subclusters were identified, one with genes showing higher expres-
sion with Mma20 infection than with E11 infection (Mma20 > E11)
and one with genes showing lower expression with Mma20 infec-
tion than with E11 infection (Mma20 < E11) (Supplementary Table
S4).

The Mma20 > E11 subcluster appeared to be specifically
enriched for four gene groups with the GO-terms, regulation of
transcription, response to stimulus, extracellular region, and anti-
gen presentation via MHC class I (Table 1, and Supplementary Table
S4 for the supporting gene lists with fold changes and P-values).

The majority of genes in the regulation of transcription group (26
out of 29) were up-regulated by Mma20 infection, while unrespon-
sive or up-regulated to a lower extent by E11 infection. This group
includes genes encoding transcription factors of the Irf, Jun/Fos, Atf,
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Table 1
Gene Ontology (GO) analysis of genes responding differentially to M. marinum Mma20 and E11 infection at 1 dpi.

Mma20 > E11 Mma20 < E11 Genes in group

Count Size Score Count Size Score

Gene Functional Classification
BP regulation of transcription 29 29 1.34 tbx6, ascl1b, bzw1, zgc:77060, foxi3b, irf11, fos, mycb,

hoxa13b, maf, wu:fk63e10, homez, zgc:85969, tsc22d3, rel,
junbl, jun, irf8, reverbb1, zgc:92106, cebpb, atf3, cebpd,
nfkb2, junbl, zgc:66473, zgc:85857, nr1d1,
si:ch211-238e6.5

BP small GTPase-mediated signal transduction 10 10 1.71 zgc:92926 (Rab40 subfamily), rab5al (Rab5 subfamily),
zgc:73061(Rab39 subfamily), zgc:110645 (Rab5 subfamily),
zgc:101893 (RabL4 subfamily), rala (Ras subfamily),
rnd1(Rnd1/Rho6 subfamily), zgc:64022 (RERG/RasL11-like
subfamily), cdc42l2 (Cdc42 subfamily), zgc:92870 (Ras
subfamily)

BP chromatin assembly and disassembly 5 5 1.69 zgc:65861 (linker histone 1 and histone 5 domains), h2afvl
(histone 2A family member ZA), h2afv (histone 2A family,
member V), mid1ip1 (histone cluster 2, H2ab), zgc:63676
(histone cluster 1, H2ah)

Functional Annotation Clustering
BP cellular component organization and biogenesis 28 35 1.66 lgtn, h2afv, dzip1, pane1, zgc:112262, jmjd6, bnip3l2,

zgc:123274, zgc:55580, tbx2b, eif4e1b, zgc:56330, agxt,
zp3b, slc25a27, ctsl1b, tuba4l, wu:fj49c01, nr1i2, nrp1a,
zgc:63676, zgc:55995, zgc:63736, rarga, zgc:66125,
zgc:65861, ptk2.1, mid1ip1, robo2, nudt1, h2afvl, tube1, cat,
sema3ab, esr1

BP immune system development 5 7 1.34 zgc:109721, si:busm1-194e12.11, stat5.1, bmp4, ba2, melk,
nrp1a

BP response to stimulus 26 28 4.05 igfbp-1, tlr 5a, tnfb, gadd45b, hyou1, il1b, cxcr4b,
zgc:111997, tlr21, tnfa, opn1mw1, zgc:152866, mxc,
mhc1uea, ptgs2a, mhc1uda, hamp1, jun, ifng1-2, atf3,
dap3, stm, or115-10, cyp2k6, cfb, tpsn, mhc1ufa, tlr22

BP antigen presentation via MHC class I 5 5 1.70 mhc1uea, mhc1uda, zgc:111997 (mhc class I family),
mhc1ufa, tpsn (mhc class I family)

CC extracellular region 10 15 2.19 zgc:85866, hamp1, igfbp-1, tnfb, ifng1-2, tnc, atf3, hyou1,
zgc:77076, il1b, mmp9, tnfa, cfb, mmp13, mxc

Differences between responses to the Mma20 and E11 strains at 1 dpi were analyzed by one-way ANOVA analysis and the resulting genes were subjected to cluster analysis as
shown in Fig. 1C. Genes in the two subclusters, Mma20 > E11 and Mma20 < E11were subjected to GO analysis with DAVID tools (Dennis et al., 2003). The Functional Classification
tool reduces gene lists into functionally related gene groups. Functional Annotation Clustering is a complementary tool that groups GO-terms with similar biological meaning
together using a grouping algorithm that is based on the hypothesis that similar annotations should have similar gene members. Both tools rank the importance of the
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iscovered gene groups according to EASE enrichment score, which is the minus lo
ssociated with the different gene group members. Only groups with EASE scores l
roup a representative GO-term for Biological Process (BP) or Cellular Component (C
f genes in that group associated with the selected GO-term (count) and the EASE e

ebp, and NF-�b families. Likewise, most genes in the response to
timulus group (21 out 28) were up-regulated by Mma20 infec-
ion to a higher extent than by E11 infection. This group includes
ytokine and interferon genes (tnfa, tnfb, il1b, infg1-2), toll-like and
hemokine receptor genes (tlr5a, tlr5b, tlr22, cxcr4b), and other
ommon immune response genes, such as those involved in the
omplement reaction (cfb), prostaglandin synthesis (ptgs2a), and
he antimicrobial response (the hepcidin gene hamp1). The extra-
ellular region group shows much overlap with the response to
timulus group, but unique members are the matrix metallopro-
einase genes mmp9 and mmp13. Notably, at 6 dpi both mmp genes
ere also differentially regulated, with, respectively, 41- and 13-

old higher up-regulation of mmp9 and mmp13 by Mma20 infection
Supplementary table S4). Finally, the antigen presentation via MHC
lass I group contains 3 genes that were very strongly up-regulated
y Mma20 infection (mhc1uea: 497-fold; mhc1uda: 2 UniGene clus-
ers, 239- and 32-fold; mhc1ufa: 196-fold) but down-regulated by
11 infection (mhc1uea: 8.6-fold; mhc1uda: 2 UniGene clusters,
.5- and 4.1-fold; mhc1ufa: 3.2-fold). The strong up-regulation of
hese genes by Mma20 infection was a temporary effect, since

hey were down-regulated at 6 dpi with both strains. In addition,
he antigen presentation group contains one MHC I gene that was
nresponsive to Mma20 infection and strongly down-regulated by
11 infection (zgc:111997) at both 1 and 6 dpi (79- and 93-fold,
espectively).
sformation of the geometric mean of P-values from the enriched annotation terms
than or equal to 1.3 were considered (geometric mean of P-values ≤ 0.05). For each
s selected. The table lists the total number of genes in each group (size), the number

ent score. Note that some genes are assigned to more than one gene group.

The Mma20 < E11 subcluster was enriched for four gene groups
with the GO-terms, small GTPase-mediated signal transduction,
chromatin assembly and disassembly, cellular component organi-
zation and biogenesis, and immune system development (Table 1,
and Supplementary Table S4 for the supporting gene lists with
fold changes and P-values). The small GTPase group consists of ten
members with representatives from the Rab, Ras, Rho, Rnd and
Cdc42 subfamilies. Five of these were down-regulated by Mma20
infection and less down-regulated or unresponsive to E11 infection
(rab5al, zgc:73061, zgc:101893, rala, rnd1), four were not signifi-
cantly responsive to Mma20 but up-regulated by E11 (zgc:110645,
zgc:64022, cdc42l2, zgc:92870), and one was up-regulated by both
strains but stronger by E11 (zgc:92926). For most of the small GTPase
genes (8 out of 10) the differential response to Mma20 and E11
infection was an early effect observed at 1 dpi only. In two cases
(zgc:92926, zgc:101893) the observed difference was persistent at
6 dpi. The chromatin assembly and disassembly group contained
five histone gene family members. Three of these were not signifi-
cantly responsive or slightly up-regulated by Mma20 infection and
up-regulated to a higher extent by E11 infection. The other two

were down-regulated by Mma20 infection and unresponsive or less
down-regulated by E11 infection. In all cases differential regula-
tion of histone genes was an early effect observed at 1 dpi only.
The five histone genes were also present in the cellular component
organization and biogenesis group, which additionally contained
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Fig. 3. 2D-cluster analysis of genes responsive to the early and end stages of Mma20
and E11 infection. Ratio experiments used for clustering included the 1 and 6 dpi
time points of the early Mma20 and E11 infection study and the end stage point of
322 A.M. van der Sar et al. / Molecul

rather mixed set of genes with functions in diverse cellular pro-
esses. Finally, the immune system development group contained
he si:busm1-194e12.11 gene encoding MHC II class alpha domain
rotein, which was 17- and 20-fold down-regulated by Mma20

nfection at 1 and 6 dpi, respectively, while not significantly respon-
ive to E11 infection.

Taken together our data show that, besides a substantial degree
f overlap, significant differences exist in the initial host responses
o infections with identical doses of the acute disease causing

ma20 strain and the chronic disease causing E11 strain. Specif-
cally, the response to the acute strain was characterized by higher
xpression of genes encoding MHC class I proteins, matrix metal-
oproteinases, transcription factors, cytokines and other common
mmune response proteins. In contrast, small GTPase and histone
ene groups showed lower expression in response to the acute
train.

.4. Comparison of the end stages of Mma20 and E11 infection

While Mma20-infected fish become symptomatic and start
ying within a week after infection, zebrafish inoculated with
he E11 strain commonly do not show external signs of disease
ntil 6–8 weeks after the infection when clear symptoms, such
s skin ulcers, a swollen belly and moribund behavior, suddenly
anifest. Microarray analysis of the end stage of E11 infection

howed that a total of 2079 UniGene IDs were up-regulated and
872 were down-regulated (Supplementary Table S5). We sub-

ected this data set to a 2D-cluster analysis together with the
bove-described data sets of Mma20 and E11 infections at 1 and
dpi. 2D-cluster analysis revealed a higher similarity between the
nd stages of E11 and Mma20 infection than between the early
nd end stages of E11 infection (Fig. 3). A total of 963 up-regulated
nd 1268 down-regulated UniGene IDs were overlapping between
he data sets of the E11 and Mma20 end stages (Supplementary
able S5). The overlap group of up-regulated genes contained sev-
ral immunity-related transcription factor genes (e.g. atf3, cebp1,
ebpa, cebpb, cebpd, hhex, hif1al, junb, junbl, pea3, nfkb2, rel, spi1) as
ell as several genes involved in toll-like receptor signaling (tlr1,

lr2, tlr5a, tlr5b, tlr8b, tlr22, myd88, tirap, irak4). Other examples
nclude cytokine genes (il1b, il10, tnfa, tnfb), chemokine recep-
or genes (cxcr4b, cxcr3.2), complement component genes (c3b, c6,
fb), matrix metalloproteinase genes (mmp9, mmp13, mmp14a) and
group of at least 13 lysosomal proton transporter genes. Also

otable was that the overlap group contained several up-regulated
enes with the GO-terms GTP-binding or small GTPase-mediated
ignal transduction, including those encoding guanyl-nucleotide
xchange factors (GEFs, 7 family members), Ras GTPases (rab7,
hogb, rhof) and G-protein alpha inhibitors (gnai1, gnai2, gnai2l).
xamples of down-regulated genes in the overlap group include
enes encoding various types of metabolic proteins, solute carriers
9), crystallins (5), intermediate filament proteins (10) and con-
exins (4). In addition, this group includes 6 distal-less homeobox
enes, 6 hox cluster genes and the nitr9 gene. We also noted that sev-
ral genes involved in WNT signaling were up- or down-regulated
t the end stages of both Mma20 and E11 infection. To visualize the
ffects on this pathway we projected the microarray data onto a
enMAPP pathway (Fig. 4). As shown in the WNT pathway (Fig. 4A),

he expression of several wnt genes, Wnt inhibitor genes and Wnt
eceptor genes (fzd family) was down-regulated by both strains.
owever, wnt5a expression was up-regulated by both strains.

ANOVA statistical testing showed that a total of 3625 UniGene

Ds showed significantly different expression between the end
tages of Mma20 and E11 infection. We removed all UniGene clus-
ers that showed more than 1.5-fold change in the same direction,
hus narrowing down the list to 1430 UniGene IDs that were specif-
cally responsive to the E11 end stage (700 up, 730 down) and 1537
the chronic E11 infection study. Only those UniGene IDs were included for which at
least one of the ratio experiments met the thresholds of absolute fold change ≥1.5
and P ≤ 10−4.

UniGene IDs (614 up, 923 down) that were specifically respon-
sive to the Mma20 end stage (6 dpi) (Supplementary Table S5).
Enriched gene groups specifically regulated by either the E11 or the
Mma20 strain are shown in Table 2. Notably, a group of transmem-
brane receptors (including 9 G-protein coupled receptor genes, tlr9,

and tlr18) was specifically up-regulated by the E11 strain. On the
other hand, the Mma20 strain specifically up-regulated groups of
genes involved in proteolysis (encoding peptidases and peptidase
inhibitors), in cell cycle regulation (mitosis), actin polymerization
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Fig. 4. Effects of Mma20 and E11 end stage infection on WNT signaling. Microarray data of E11-infected fish (end stage at 6–8 weeks) and Mma20-infected fish (end stage at
6 dpi) were projected onto the WNT signaling pathway using the GenMAPP program (www.genmapp.org) with P ≤ 0.001 as significance cut-off. The canonical WNT GenMAPP
was adapted from Krens et al. (2008). It should be noted that not all interactions have been experimentally confirmed in zebrafish. The left part of each gene box is colour coded
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ith the Mma20 expression data and the right part with the E11 expression data. Up
rey. White denotes genes that were not represented on the array platform (For int
eb version of the article.).

encoding arp2/3 complex subunits), and a group of genes involved
n the response to biotic stimulus (including mxb, mxc, hsp8, hsp90ˇ,
nfg1-2). Five nitr genes were specifically down-regulated at the
11 end stage (nitr1c, nitr1i, nitr1o, nitr3a, nitr6b). The Mma20
train specifically down-regulated a group of 65 transcription fac-
ors, including 9 hox cluster genes and several other homeobox
enes. Mma20 also down-regulated genes associated with the GO-
erm nervous system development (27) and the GO-term receptor
inding (18), including 7 members associated with (neuro)peptide
ormone activity.

In conclusion, our microarray studies of M. marinum infection in
dult zebrafish indicate that overlapping as well as distinct host
ene expression signatures are evoked by the E11 and Mma20
trains, both at the initial and at the end stages of the infection
rocess.

.5. E11 infection of zebrafish embryos

In contrast to adults, zebrafish embryos rely solely on innate
mmunity during the first days to weeks of their development
Davidson and Zon, 2004; Lam et al., 2004; Willett et al., 1999).
owever, similar to adults, embryos respond to M. marinum infec-

ion by the formation of granuloma-like aggregates (Fig. 5A). Here,
e analyzed the host response of embryos at 2, 24 and 120 h post

nfection (hpi). As shown in Fig. 5B the number of up-regulated

niGene clusters peaked at 24 hpi, while the number of down-

egulated UniGene clusters increased until 120 hpi. The overlap of
p- and down-regulated UniGene clusters between the time points
as fairly limited (Fig. 5C), which may be explained by the different

tages of the infection process reflected at each time point (from
lation is indicated in yellow, down-regulation in blue and unchanged expression in
tation of the references to colour in this figure legend, the reader is referred to the

initial response to granuloma formation). Furthermore, different
competencies of the embryo’s developing immune system are likely
to play a role. In fact, at the start of the infection study the immune
system consists primarily of primitive macrophages, at 24 hpi
definitive hematopoiesis has begun and functional granulocytes
have developed, and at 120 hpi the first immature lymphoblasts
have formed and immune cells have seeded the thymus and head
kidney (Herbomel et al., 1999, 2001; Lam et al., 2004; Murayama
et al., 2006). Despite these differences, a few notable genes were
up-regulated at all three time points, for example the small GTPase
gene rhobtb2a and the zinc finger type transcription factor gene
plag2l, whose homolog in mouse has been described as a leukemia
oncogene that acts by expanding hematopoietic progenitor cells
(Castilla et al., 2004; Landrette et al., 2005). Also wnt4a was up-
regulated over all time points, however, GenMAPP analysis of the
WNT pathway showed only limited regulation of other components
of WNT signaling in embryos (Supplementary Figure S1). In addi-
tion to these specific genes, we observed that particular classes of
genes were regulated over all time points, for example hox cluster
genes (2 hpi: 12 down; 24 hpi: 6 up, 1 down; 120 hpi: 8 up, 5 down),
and solute carrier genes (2 hpi: 5 up, 1 down; 24 hpi: 11 up, 8 down;
120 hpi: 2 up, 16 down).

Gene ontology analysis using DAVID tools (Table 3 and
Supplementary Table 6 for the corresponding gene lists) showed
that the set of UniGene clusters up-regulated at 2 hpi was enriched
for a group of small GTPase genes, encoding 6 Ras and 3 Arf family

members. A gene group associated with the GO-term ATP-binding,
including 12 protein kinase genes, was also enriched. A group
of 35 transcription factor genes was enriched among the down-
regulated set at 2 hpi, notably including 12 hox cluster genes and
several immune-related transcription factor genes that we found

http://www.genmapp.org/
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Table 2
Gene groups with overlapping or differential responses during the end stages of M. marinum E11 and Mma20 infection.

Gene ontology groups were determined using DAVID Functional Classification and Functional Annotation Clustering tools as in Table 1. For each group a representative GO-
term for Biological Process (BP), Molecular Function (MF), or Cellular Component (CC) was selected. Some redundant gene groups were omitted from the table. The overlap
c ) at th
c r Mma
f egula
i

u
r
(
t
g
t
g
2

olumn shows the enriched gene groups with ≥1.5 absolute fold change (P ≤ 10−4

olumns show the enriched gene groups that were up- or down-regulated by E11 o
or DAVID analyses are given in Supplementary Table S5. Yellow boxes indicate up-r
ndicate gene groups consisting of both up- and down-regulated members.

p-regulated during infection of adult fish (cebpb, cebpd, jun, junbl,
el) and in some cases also at later stages of embryonic infection
jun, rel). In addition, a group of 4 cryptochrome genes (GO-

erm: photolyase activity) was enriched among the down-regulated
enes at 2 hpi. Worth mentioning is also the up-regulation of tlr1,
irap and stat3, and the down-regulation of complement factor
enes (c3c, cfb), lectin genes (lgals3bp, lgals3l) and mhc1uea at
hpi.
e end stages of both E11 (8 weeks) and Mma20 (6 days) infection. The difference
20 infection only, based on one-way ANOVA statistical testing. The input gene lists

ted gene groups, blue boxes indicate down-regulated gene groups, and green boxes

The main up-regulated gene groups that were enriched at
24 hpi were associated with regulation of transcription (72 genes,
e.g. atf7a, atf7b, dlx1a, dlx4b, gata4, gata5, gata6, hhex, jun, junb,

pea3), zinc-ion binding (41 genes), and translation (18, including
11 ribosomal protein genes). Several genes involved in WNT sig-
naling (wnt2, wnt4a, wnt4b, dkk1, dvl2), BMP signaling (bmp1a,
bmpr2b, chd, grem1), FGF signaling (fgf20a, fgf23, fgf24, fgfr1), and
TLR signaling (tlr1, tlr2, tlr19) were also up-regulated. The main



A.M. van der Sar et al. / Molecular Immunology 46 (2009) 2317–2332 2325

Fig. 5. Response of zebrafish embryos to infection with M. marinum strain E11. (A) Overlay of bright field and fluorescence images of an embryo infected with 50 cfu of
DsRed-labelled E11 bacteria at 120 hpi. Granuloma-like aggregates are visible as red fluorescent clusters. (B) Number of UniGene clusters up- and down-regulated (P ≤ 10−4)
at 2, 24 and 120 hpi. (C) Venn diagrams showing the overlap of UniGene clusters up-regulated and down-regulated at the different time points of embryo infection. (D) Venn
diagrams showing the overlap of up- and down-regulated UniGene clusters identified in the embryo infection study (2, 24 and/or 120 hpi), the early adult infection study (1
and/or 6 dpi) and the chronic infection study (end stage) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the
article.).

Table 3
Gene groups regulated during M. marinum E11 infection of embryos.

Enriched gene ontology groups of the embryo infection study at 2, 24 and 120 hpi were determined using DAVID Functional Classification and Functional Annotation Clustering
tools as in Tables 1 and 2. The input gene lists for DAVID analyses are given in Supplementary Table S6. Yellow boxes indicate up-regulated gene groups, blue boxes indicate
down-regulated gene groups, and green boxes indicate gene groups consisting of both up- and down-regulated members.



2 ar Imm

d
m
p
a
r

w
(
m
i
c
p
a
(
G
t
e
c
s
a
r
o
g
b
(
m

3
i

t
r
b
t
2
o
(
a
c
g
a
a
2
z
i
k
T
g
i
t
e
m
a
c
1
s
d
i
t
i
F
c
2
e

infection in both embryos and adults, for example bfb (comple-
ment family), cd36 (scavenger receptor class B), lect1 (encoding
leukocyte cell derived chemotaxin 1), mhc1uea (MHC class I),
ptgds (prostaglandin D2 synthase), scarb1 (scavenger receptor class
B), tnfrsf21 (TNF receptor superfamily) and trap1 (TNF receptor-

Fig. 6. Differential expression of small GTPases under different conditions of M.
marinum infection. A 2D cluster analysis is shown of 38 genes for small GTPases
that showed differential expression in at least one of the ratio experiments. Ratio
experiments used for cluster analysis were of embryo infection by the E11 strain (2,
326 A.M. van der Sar et al. / Molecul

own-regulated gene groups at 24 hpi were associated with the
embrane attack complex (21 genes), ion transmembrane trans-

orter activity (14), ATP-binding (14, of which 9 with hydrolase
ctivity), and GTP-binding (12, including the Ras GTPases rab5b,
ab1a, rac1, and zgc:55558).

At 120 hpi we observed up-regulation of gene groups associated
ith metabolic processes (178 genes), regulation of transcription

53 genes, e.g. atf3, gro1, junb, rel, smad3b, stat5.2), and protein
odification (48 genes, of which 36 associated with kinase activ-

ty, e.g. map2k3, mpa3k7, mos, mapk1, mapk3epha4a, epha4b, ek1,
sf1r, src, jak2a, irak3, and others with phosphatase activity, ptpn11,
tpru, ptpra). Additionally up-regulated were smaller gene groups
ssociated with nervous system development (28), the cell cycle
18), and small GTPase-mediated signaling (10, including the Ras
TPases rhobtb2a, rab30, rab32, rhoj, rnd1l). As was observed for

he up-regulated genes, transcription factor genes formed also an
nriched group among the down-regulated genes (54, e.g. cdx4,
ebpd, dlx4a, gsc, hif1al, mef2a, mycn, snai1a, snai2, sox2, sox11b,
ox17). The main other down-regulated gene groups were associ-
ted with biosynthesis (43), the membrane attack complex (34),
ibosome biogenesis and assembly (12), and negative regulation
f signal transduction (11). Finally, some notable down-regulated
enes at 120 hpi included complement factor genes (bfb, c7), mem-
rane receptor genes (cd36, cxcr4b, scarb1), WNT signaling genes
frzb, fzd8a, wnt4b), and matrix metalloproteinase genes (mmp9,
mp13).

.6. Overlap between adult and embryonic host responses to E11
nfection

The overlap between the adult and embryonic host responses
o E11 infection consisted of 435 up-regulated and 532 down-
egulated UniGene clusters (Fig. 5D, Supplementary Table S7). In
oth cases transcription factor genes formed the largest func-
ional group recognized by DAVID classification (23 up-regulated,
8 down-regulated). Up-regulated transcription factor genes that
verlapped between adult and embryo included members of the atf
atf3, atf7b), ets (ets1a, pea3), jun (jun, junb), forkhead (foxd5, foxk1)
nd kruppel-like families (klf11, klf2b). Additionally, this group
ontained the hhex gene (hematopoietically expressed homeobox
ene), which has been implicated in regulation of early endothelial
nd blood differentiation in zebrafish and has been suggested to be
ctivated by WNT signaling (Liao et al., 2000; Bischof and Driever,
004). Other genes that have been linked with hematopoiesis in
ebrafish and that were up-regulated both in embryos and adults
ncluded melk and spry4, which are coding for a serine/threonine
inase and an inhibitor of map kinase signaling, respectively.
he adult–embryo overlap group contained only a few cytokine
enes (il12a, tnfa, tnfb), whereas several other cytokine genes were
nduced in adults (e.g. il1b, il10, cxcl12a). No matrix metallopro-
einase genes of the mmp family were induced in E11-infected
mbryos, but the adult–embryo overlap group contained another
etalloprotease gene, adam8 (CD156), which is thought to play
role in a variety of biological processes involving cell–cell and

ell–matrix interactions (Wolfsberg et al., 1995; Yamamoto et al.,
999). Other proteases in the overlap group included nothep-
in (nots) and proteasome subunit genes (psmb11, psmb3). Some
efense response genes up-regulated both in adults and embryos

ncluded those encoding hepcidin (hamp1), lysozyme C (lyz) and
he p47 neutrophil NADPH oxidase subunit (ncf1), as well as genes

nvolved in toll-like receptor signaling (tlr1, tlr2, tirap, sarm1).
inally, the gene encoding coronin (coro1a), which has been impli-
ated in formation of the mycobacterial phagosome (Fratti et al.,
000; Kaul, 2008), was also up-regulated by E11 infection in both
mbryos and adults.
unology 46 (2009) 2317–2332

Down-regulated transcription factor genes that overlapped
between adult and embryo included gsc, mycn, otx5, prox1, kruppel-
like genes (klf11 (also in up-regulated group), klfd), sox genes (sox3,
sox9a, sox11b), and several types of homeobox genes (cdx4, dlx3b,
dlx4a, emx1, eng1a, hoxc12a, hoxc6a). Examples of other genes
down-regulated in both adults and embryos are those encoding
apoptotic and/or proteolytic proteins (caspb, cflar, psmd12), lectins
(lgals3bp, lgals3l), tight junction proteins (cldn10l, cldnh, cldni), and
odorant receptors (or103-2, or13.3). Furthermore, several immune
response genes were also down-regulated at certain stages of
24, 120 h), early stages of adult infection by the E11 and Mma20 strain (1 and 6 dpi),
and the end stage of E11 chronic infection (6–8 weeks). Note that fish at 6 dpi of
Mma20 infection display similar end stage disease symptoms as the fish at the end
stage of chronic E11 infection. Asterisks indicate GTPase genes showing significantly
different expression between Mma20 and E11 infection at 1 dpi based on the ANOVA
analysis. These genes fall in the Mma20 < E11 subcluster of Fig. 2.
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ssociated protein 1). The overlap in expression signatures of
mbryos and adults indicates a major contribution of the innate
omponent of the immune system in the response to M. marinum
nfection.

.7. Regulation of small GTPase-mediated signaling during
mbryonic and adult infection

Genes involved in small GTPase-mediated signaling came out as
n enriched group in several of the analyses described above. Alto-
ether, a total of 38 small GTPases of the ras/ral (9), rab (16), rnd (3),
heb (1), rho (6), rac (1), cdc42 (1) and rhobtb (1) subfamilies were
ifferentially expressed under one or more tested conditions of M.
arinum E11 and Mma20 infection. To visualize how the expression

f these genes changed over the different experimental conditions
e performed a 2D cluster analysis (Fig. 6). In the first dimen-

ion, the three embryo infection stages (2, 24, 120 hpi) clustered
ogether. The same was true for the end stages of adult infection
6 dpi Mma20, 6–8 weeks E11) and the early stages of adult infec-
ion (1 and 6 dpi E11, 1 dpi Mma20). In the second dimension two

ain subclusters were apparent. The upper one was dominated by
enes showing up-regulation at the end stages of adult infection,
hile the lower one contained genes with higher expression dur-

ng embryonic infection and early stages of adult infection. All 6
ho GTPase genes were present in the upper subcluster, whereas
as-like and rab GTPase genes were spread over both subclusters.
everal genes were up-regulated during embryo infection as well
s during early and/or late stages of adult infection (e.g. rab7, rab20,
nd1l, rhobtb2a, and ras-like GTPases zgc:63471, zgc:110699 and
gc:92870). In other cases the direction of change was different
etween embryo and adult infections (e.g. rala and the rab-like
TPases zgc:101893, zgc:112516). Finally, 2D cluster analysis sup-
orted the differential responsiveness of small GTPases to Mma20
nd E11 infections. This was most evident in the lower subcluster,
hich contained nine GTPase genes that showed significantly dif-

erent expression between Mma20 and E11 infection at 1 dpi based
n the ANOVA analysis described above.

. Discussion

Here we used the zebrafish as an animal model to delin-
ate mechanisms involved in mycobacterial infection and disease
rogression reflected by changes in the host transcriptome. To

dentify transcriptional patterns associated with different stages
f mycobacterial infection we compared transcriptome changes of
dult zebrafish upon initial infection and after disease progression
nto either an acute or a chronic disease, caused by, respectively,

. marinum strain Mma20 or E11 (van der Sar et al., 2004). In
ddition, we used the E11 strain to profile the host response of
ebrafish embryos prior to development of adaptive immunity.
ur data show that a large set of mycobacterium-responsive genes

435 up-regulated and 532 down-regulated) overlapped between
nfected zebrafish adults and embryos at different stages of granu-
oma formation, indicative for a major contribution of the innate
omponent of the immune system in the response to mycobac-
erial infection. We also observed strong similarities in the host
esponse to Mma20 and E11 infections, particularly at the end
tages of the resulting disease (963 up-regulated and 1268 down-
egulated genes) but also immediately upon infection at 1 dpi (373
p-regulated and 457 down-regulated genes). Importantly, besides

his common transcriptome response, our study revealed a set of
35 genes that responded differently to the Mma20 and E11 infec-
ions at 1 dpi. We analyzed this gene set for enrichment of specific
ene ontology groups. Particularly notable was the higher expres-
ion of matrix metalloproteinases and MHC class I genes in the
unology 46 (2009) 2317–2332 2327

immediate response to infection with the acute strain (Mma20),
in contrast to higher expression of small GTPase and histone gene
groups in response to the chronic strain (E11). The relation of these
gene groups to mycobacterial infection will be discussed below.
Furthermore, we will reflect on how mycobacterial infection of
zebrafish adults and embryos affected TLR and WNT pathways, two
of the major signaling routes involved in the immune response.

4.1. Overlap and differences between Mma20 and E11 infections

Despite the clear difference in the type of infection induced by
M. marinum Mma20 and E11, our microarray analyses revealed a
substantial degree of overlap in the transcriptional responses to
these strains. The responses upon initial infection (1 dpi) include
up-regulation of gene groups with GO-terms related to regulation
of transcription, zinc-ion binding, heme metabolic processes and
apoptosis, and include down-regulation of the gene groups related
to ribosome biogenesis and assembly, protein metabolism, protein
folding, ATP-binding and biosynthetic processes. These overlapping
responses reflect a common initial (transcriptional) reaction of the
host upon pathogenic mycobacterial infection and fit well with
transcriptome data of mycobacterium-infected cultured bovine or
human cells and of bronchoalveolar lavage cells from tuberculosis
patients (Blumenthal et al., 2005; Raju et al., 2008; Weiss et al.,
2004). Furthermore, the induction of apoptotic genes is consistent
with recent results of Davis and Ramakrishnan (2009) showing the
role of apoptosis of infected macrophages in dissemination of M.
marinum in zebrafish.

Pathological differences between the two strains become appar-
ent when disease progresses. While zebrafish infected with M.
marinum strain Mma20 manifest symptoms of acute disease after 6
days, fish infected with strain E11 display normal behavior. This
difference in disease progression was correlated with a massive
up- and down-regulation of transcripts at 6 dpi in Mma20-infected
zebrafish compared with E11-infected zebrafish. For the chronic
strain E11, there was much more similarity between the time points
at 1 and 6 dpi. However, the transcriptome profile of the end stage
of E11 infection, reached around 8 weeks post infection, was more
comparable to that of the end stage of Mma 20. This observation
indicates that, although E11 induces a chronic disease and subse-
quently needs more time to manifest itself, the biological processes
that mark the end stage of mycobacterial infection are rather simi-
lar. Given this correlation between disease stage and transcriptome
profile in both types of infection, the gene expression differences
at the early stages of infection may provide important clues on key
steps in mycobacterial disease progression. Below we focus on the
transcriptional differences during the initial manifestation of the
disease at 1 dpi that are likely to be most crucial for an acute or a
chronic disease outcome.

4.2. Strongly induced tissue-remodeling transcripts

In general, already at 1 dpi, infection with Mma20 resulted
in a stronger up-regulation of genes involved in antimicrobial
responses than infection with E11. This is true for genes encod-
ing inflammatory molecules like Tnfa and b, Inf�1 and 2, and
Il1�, as well as for tissue-remodeling genes, such as mmp9
and mmp13. Matrix metalloproteinases constitute a large family
of Zn2+ dependent endopeptidases and maintain tissue allosta-
sis by catalyzing the normal turnover of extracellular matrix
macromolecules, proteoglycans and fibronectin. MMPs facilitate

leukocyte recruitment, cytokine and chemokine processing and
remodeling of matrix, and perform multiple roles in the normal
immune response to infections (Goetzl et al., 1996; Parks et al.,
2004). It has been shown for instance that MMP9 is responsi-
ble for the processing of cytokines, e.g. pro-IL1� and pro-TNF�,
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nto their active forms (Chang et al., 1996; Schonbeck et al.,
998).

Several studies reported on MMP9 induction through mycobac-
erial stimulation in vitro or in vivo after infection with M.
uberculosis, Mycobacterium leprae, M. bovis BCG or M. avium (Basu et
l., 2007; Elkington et al., 2007; Goetzl et al., 1996; Quiding-Jarbrink
t al., 2001; Sheen et al., 2009; Taylor et al., 2006; Teles et al.,
007). Analysis of knockout mice with a pulmonary M. tuberculosis

nfection showed that MMP9 expression is required for macrophage
ecruitment to the lungs and contributes to granuloma formation
Taylor et al., 2006). MMP9 is induced during mycobacterial infec-
ions by TNF�, IL1� and TLR2 and suppressed by IL18, IFNs and
rogesterone (Birkedal-Hansen et al., 1993; Chang et al., 1996;
oetzl et al., 1996; Quiding-Jarbrink et al., 2001). In addition, it has
een shown that induction of MMP9 by M. avium required NF-�B,
istone acetyltransferase p300 and chromatin modifications (Basu
t al., 2007). These studies indicate that MMP9 exerts multiple func-
ions in mycobacterial infection and that activation of MMP9 is
egulated on different levels and needs to be orchestrated well in
ime.

Although MMP9 clearly has a role in mycobacterial infection,
he function of MMP13 is less well understood. Gonzalez-Avila et
l. (2009) hypothesized that mycobacterial infections would have
n effect on fibroblast collagen metabolism, since type I collagen
ynthesis and degradation are important events during granuloma
ormation. Indeed they showed an increase of MMP13 mRNA levels
nd MMP13 pro-enzyme synthesis in fibroblasts incubated with M.
uberculosis H37Rv culture medium, suggesting that mycobacterial
nfection may have direct effects on fibroblast collagen turnover
Gonzalez-Avila et al., 2009). This is in line with the assumption
hat during chronic disease progression, mycobacteria contribute
irectly to granuloma and cavity formation via the stimulation of
acrophages, T-cells and fibroblasts to release matrix metallopro-

einases, resulting in collagen digestion. Indirectly, mycobacteria
ight contribute to granuloma formation by stimulating the release

f TNF� and IL1� which in turn will induce release of matrix metal-
oproteinases and in addition will allow for leukocyte recruitment.

How might differences in mmp9 and mmp13 expression levels
ranslate to the different disease progression of Mma20 and E11
nfections in zebrafish? During infection with the Mma20 strain,
apid overstimulation of mmp9/13 gene transcription may result in
assive tissue damage. As shown in mice, this tissue destruction

n the end causes host morbidity or mortality and favors pathogen
issemination (Taylor et al., 2006), a pathological stage identical
o the end stage of Mma20 infection at day 6 post infection and
o the end stage of E11 infection at 8 weeks post infection when
mp gene activity is also strongly induced. Also consistent with

he results in mice (Taylor et al., 2006), a more moderate induc-
ion of mmp expression, as we observed during the early stages of
nfection with the E11 strain may contribute to granuloma forma-
ion and development of the chronic disease phenotype. Similarly,
ebrafish embryos infected with Salmonella typhimurium displayed
massive increase in mmp9 and mmp13 transcripts much like
ma20-infected zebrafish (Stockhammer et al., 2009). These S.

yphimurium-infected embryos succumbed quickly to the infec-
ion, while embryos infected with a non-pathogenic S. typhimurium
a mutant strain showed a much lower increase in mmp9 and
mp13 expression (Stockhammer et al., 2009). Expression of mmp9

nd mmp13 was not significantly increased during E11 infection of
ebrafish embryos, indicating that the basal expression levels of
hese genes are sufficient for granuloma formation.
.3. Antigen presentation via MHC class I

Mma20 infection resulted in a massive increase in gene expres-
ion of the MHC class I cluster (Table 1). In chronic mycobacterial
unology 46 (2009) 2317–2332

infections in mammals, including humans, it has been shown that
mycobacterial granulomas contain both CD4+ and CD8+ T-cells.
For a long time researchers believed that pathogenic mycobacteria
reside primarily in a membrane containing compartment, a view
currently under debate (van der Wel et al., 2007). Based on this
view, most attention was paid to the role of CD4+ T-cells and MHC
class II presentation of mycobacterial antigens. Many studies have
indeed confirmed the importance of CD4+ T-cells in mycobacterial
infections (Caruso et al., 1999; Flynn and Chan, 2001; Muller et al.,
1987; Orme and Collins, 1983). Only in recent years the importance
of CD8+ T-cells and MHC I antigen presentation in mycobacterial
infection and granuloma formation became apparent (Grotzke and
Lewinsohn, 2005). Most of these studies focused on the role of
CD8+ T-cells during persistent infection, from 1-week post infection
onwards. Only after 2 weeks of infection an increase in the amount
of mycobacterial activated CD8+ T-cells could be recovered from
lungs of aerosol-infected mice (Serbina and Flynn, 1999). The early
up-regulation of several MHC class I molecules (mhc1uda, mhc1uea,
mhc1ufa and tapasin) in zebrafish infected with M. marinum strain
Mma20 at 1 dpi is therefore remarkable. It is even more remarkable
considering the fact that at 6 dpi there is a clear down-regulation
of mhc1 transcripts in Mma20-infected zebrafish. Infection with M.
marinum strain E11 caused down-regulation of these MHC class I
genes at early time points in adult infection (1 and 6 dpi) and also
during embryonic infection at 2 hpi.

The coordinate expression of several MHC class I molecules in
zebrafish suggests regulation by a common transcription factor,
which itself may be differentially regulated during Mma20 and E11
infections. TNF and IFN mediate transcriptional regulation of MHC
class I genes (Boehm et al., 1997; Drew et al., 1995; Goodbourn et al.,
2000; Martin et al., 2007), but since TNF and IFN are up-regulated at
1 dpi as well as at 6 dpi, there are probably other regulators involved
in this process. Recently interferon-regulatory factor 1 (IRF1) was
reported to mediate transcriptional regulation of MHC class I genes
in Atlantic salmon (Young et al., 2008) independent of IFN and
IRF2 expression. The zebrafish irf11 gene, closely related to IRF1,
is also differentially transcribed in Mma20-infected zebrafish and
might therefore account for the regulation of the MHC I genes. The
differences in transcriptional regulation of MHC class I genes at
1 dpi indicate a clear difference in immunological response upon
infection with M. marinum strains E11 and Mma20 and might help
to predict the disease outcome. The ability of M. marinum strain
E11 to suppress, already at early stages after infection, MHC class
I expression and inhibit the development of acquired immunity
might promote chronic infection.

4.4. Histone modification and chromatin remodeling

In addition to the above-mentioned transcriptional regulator
mechanisms, histone modification and chromatin remodeling are
possibly involved in mycobacterial infections. We observed that
infection with the chronic disease inducing strain E11 led to higher
expression levels of at least five members of the histone family
compared to infection with the Mma20 strain (Table 1). In addi-
tion, histone deacetylase 9b was up-regulated at the end stages
of infection with both strains. Histone deacetylation of specific
promoter regions influences the expression level of the respective
target genes. For example, histone deacetylation diminished the IFN
gamma induced Human Leukocyte Antigen (HLA-DR) gene expres-
sion in human THP-1 monocytic cells upon mycobacterial infection
(Wang et al., 2005). Furthermore, Pennini et al. (2006) found that

chromatin remodeling at the MHC2TA gene, that regulates MHC
class II expression, is a target of inhibition by M. tuberculosis
(Pennini et al., 2006). Not only MHC class II but also MHC class
I expression is regulated by histone modifications (Kotekar et al.,
2008). Together these data indicate that regulatory mechanisms
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ia histone activation have profound effects on MHC expression
n infected cells. Furthermore, increased DNaseI sensitivity and
estriction enzyme accessibility indicated rapid remodeling of the
LR2 promoter region following infection of macrophages with M.
vium (Wang et al., 2002). Therefore regulation of chromatin struc-
ure might contribute to immune evasion by mycobacteria and the
nitial differences in histone gene expression that we observed upon

ma20 and E11 infections might play a role in determining the
cute or chronic disease outcome.

.5. Small GTPase gene expression

We found that many genes encoding small GTPases were tran-
criptionally regulated during mycobacterial infection. This is of
reat interest, since many bacterial pathogens are known to secrete
roteins that manipulate host GTPase functions (Brumell and
cidmore, 2007; Lemonnier et al., 2007; Lerm et al., 2000). A clus-
er analysis of our transcription data indicated one group of GTPase
enes that showed strong up-regulation at the end stages of Mma20
nd E11 infection in adult fish. This group contained six members
f the Rho GTPase family, including rhogb, for which we previously
emonstrated mycobacterium-induced expression by RT-PCR anal-
sis (Salas-Vidal et al., 2005). Rho GTPases, which are key regulators
f intracellular actin dynamics, are downstream of many signal-
ng cascades, including the non-canonical WNT signaling route
iscussed below. M. avium invasion was found to be dependent
n the activation of Rho GTPases (Sangari et al., 2000). On the
ther hand, secretion of nucleoside diphophatase kinase, acting as
GTPase-activating protein, was suggested to aid M. tuberculosis

athogenesis by stimulating the conversion of Rho GTPases into
heir GDP-bound inactive form (Chopra et al., 2004). Furthermore,
ransgenic expression of a human Rho GDP dissociation inhibitor
D4-DGI) in mouse T-cells impaired granuloma formation by the
. bovis BCG strain, while expression of a mutated form of D4-DGI

esulted in a higher number of granulomas (Kondoh et al., 2008).
issemination of M. marinum during the end stage of tuberculo-

is in zebrafish might be facilitated by the strongly up-regulated
xpression of Rho GTPases.

Rab GTPases are essential regulators of vesicle trafficking,
process modulated by mycobacteria in order to prevent

hagosome-lysosome fusion (Brumell and Scidmore, 2007). Mat-
ration of phagosomes containing M. tuberculosis is blocked at
he Rab5-positive stage (Via et al., 1997). The retainment of Rab5
acilitates the mycobacterial acquisition of iron within phago-
omes through continued fusion with early endosomes (Kelley and
chorey, 2003). Mycobacterial phagosomes also retain Rab14 and
ab22 but do not acquire Rab7 that normally regulates late endo-
ytic trafficking (Deretic et al., 1997; Kyei et al., 2006; Rink et al.,
005; Roberts et al., 2006; Via et al., 1997). Already at early time
oints after infection of zebrafish adults and embryos we observed
difference in the expression of a subset of Rab GTPases. Although
ab7 is commonly excluded from mycobacterial phagosomes, the
xpression of the zebrafish rab7 gene was weakly induced during
arly stages of adult and embryonic infection and strongly at the end
tage of infection. Interestingly, a group of nine small GTPase genes,
ncluding two members of the rab5 family (rab5al and zgc:110645)
howed significantly higher expression at the initial stage of M.
arinum E11 infection compared with Mma20 infection (Table 1).

hese GTPases may therefore play a role in establishing the chronic
isease phenotype.
.6. WNT and TLR signaling

The expression of several genes involved in the canonical
nd non-canonical WNT-signaling pathways was affected during
ycobacterial infection of adult and embryonic zebrafish, most
unology 46 (2009) 2317–2332 2329

notably at the end stages of infection with M. marinum strain
E11 and Mma20. WNTs are secreted lipid-modified glycoproteins
required for basic developmental processes, such as cell prolif-
eration, cell fate specification, asymmetric cell division and axis
formation. As a result abnormal WNT-signaling can induce patho-
logical processes, such as carcinogenesis and chronic inflammation.
In the last decade it has become clear that WNT-signaling plays a
prominent role in the immune system as well, regulating effector
T-cell development, regulatory T-cell activation and dendritic-cell
maturation (Staal et al., 2008). Our transcriptome analysis showed
that in mycobacterium-infected adult zebrafish mainly wnt5a
transcription was up-regulated. As this was not observed dur-
ing mycobacterium infection of embryos, wnt5a signaling may be
linked to the adaptive rather than the innate immune response. In
contrast, wnt4a expression was consistently up-regulated during all
stages of mycbacterium infection in embryos, but down-regulated
during the end stage of infection in adults. While Wnt4a has not
been previously implicated in mycobacterial infections, the up-
regulation of wnt5a in mycobacterium-infected adult zebrafish
corroborates findings of Blumenthal et al. (2006), who reported
up-regulation of WNT5a expression in human macrophages derived
from M. tuberculosis-infected patients. Furthermore, Blumenthal et
al. demonstrated that activation of TLR4 or TLR2 signaling cascades
in human macrophages induced WNT5a expression (Blumenthal
et al., 2006). These data are further supported by Pereira et al.
(2008) who identified WNT5a transcript to be highly induced in
human macrophages exposed to LPS and IFN� and concluded
that WNT5a is important in inflammatory macrophage signaling
and that its expression is dependent on TLR signaling and NF-
�B pathway activation. In addition, cross-talk between WNT5a
and TLR4 was proposed to play a role in murine and human
atherosclerotic lesions (Christman et al., 2008). In our analyses
we also observed a clear effect on the transcription of zebrafish
tlr genes and downstream components of the TLR signaling cas-
cade, therefore also in zebrafish cross talk may exist between
the evolutionary highly conserved TLR and WNT signaling path-
ways.

Expression of tlr1 and tlr2 was induced in infected zebrafish
embryos and adults at multiple time points. Murine and human
TLR1 and TLR2 have been implicated in the recognition of mycobac-
terial ligands (Hawn et al., 2007; Jo et al., 2007; Ryffel et al.,
2005). Currently the role of TLRs as mediators of adaptive immu-
nity in mycobacterial infections is under debate (Korbel et al.,
2008; Reiling et al., 2008; Ryffel et al., 2005). Our observation
that induction of tlr1 and tlr2 also occurs in the embryonic system
is consistent with a role in innate immunity against mycobac-
terial infection. At the end stage of adult infections with the
Mma20 and E11 strains we also observed induction of tlr8b,
which is of interest since a recent study showed that TLR8 is
also up-regulated during the acute phase of disease in patients
with pulmonary tuberculosis and that TLR8 polymorphisms were
associated with tuberculosis susceptibility (Davila et al., 2008). Fur-
thermore, we found that tlr9 and tlr18, which is closely related to
tlr1, were specifically induced during the end stage of E11 infec-
tion, but not during any stage of Mma20 infection. Activation
of murine TLR9 was shown to be required for maintenance of
mycobacteria-elicited pulmonary granulomatous responses (Ito et
al., 2007). The link between tlr9 expression and the chronic dis-
ease causing E11 strain may suggest a conserved role in zebrafish.
Finally, we observed that compared with E11 infection at 1 dpi,
an infection with the acute Mma20 strain resulted in signifi-

cantly higher tlr5a and tlr5b expression, the zebrafish orthologs
of human TLR5 (Stockhammer et al., 2009), and of tlr21 and tlr22,
encoding two fish-specific TLRs with unknown ligand specificity
(Meijer et al., 2004). This suggests that Tlr5a and Tlr5b might
respond to more signals than flagellin, the currently only known lig-
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nd (Stockhammer et al., 2009), and that inflammatory responses
riggered by TLRs that are highly expressed during the initial
hase of Mma20 infection may contribute to the acute disease
henotype.

. Conclusions

In this study we have provided an extensive transcriptome data
epository of mycobacterial infection stages in adult and embry-
nic zebrafish. We pinpointed and discussed gene groups that
ay determine the outcome of a mycobacterial infection being

hronic with granuloma formation or acute with early lethality.
hese gene groups require functional testing and are important
eads for follow up studies and validation in mammalian systems.
t is clear from the data that many signaling cascades, including

NT and TLR pathways, are involved in determining the disease
utcome and that balancing the transcriptional regulation is an
mportant key for disease prognosis. A strong advantage of the
ebrafish-mycobacterium model is the availability of an optically
ransparent and genetically tractable embryo system, in which the
ritical step of mycobacterium infection, i.e. granuloma forma-
ion, can be studied (Davis et al., 2002; Davis and Ramakrishnan,
009). Interestingly, in a recent transcriptome profiling study of
ebrafish embryos infected with a pathogenic or a non-pathogenic
. typhimurium strain infection we found a much stronger induc-
ion of the genes for immune-responsive transcription factors and
nflammatory mediators than we observed during the time course
f M. marinum infection (Stockhammer et al., 2009). This sug-
ests that suppression of the host’s innate inflammatory response
ontributes to immune evasion by mycobacteria in the embry-
nic system. Comparison of embryonic and adult infection allows
issecting the role of innate versus adaptive immunity in mycobac-
erial pathogenesis (Davis et al., 2002). Genes that respond similarly
o infection in embryos and adult might determine if granuloma for-

ation will occur and can conveniently be studied taking advantage
f the genetic tools available for embryo experiments. Further-
ore, a growing collection of zebrafish knockout and transgenic

ines can be exploited for functional studies in adults. Recent stud-
es in zebrafish have provided new insight into how pathogenic

ycobacteria exploit the granuloma during the innate immune
hase for local expansion and systemic dissemination (Davis and
amakrishnan, 2009). Here we identified several genes of interest
hat have not been previously implicated in mycobacterial infec-
ions, but whose induction was common to infections in embryos
nd adults, suggestive of a function in the innate immune response.
xamples include members of the Rhobtb (rhobtb2a), metallopro-
einase (adam8), homeobox (hhex) and serine/threonine kinase
melk) families. By the identification of such common embry-
nic and adult-responsive genes and that of particular genes and
ene groups that distinguish Mma20 and E11 infections we have
btained many useful directions for future research into the factors
f the innate and adaptive immune system involved in tuberculo-
is.
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