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burden. In  Salmonella typhimurium  infection, both  mpeg1  
and  mpeg1.2  knockdown increase the bacterial burdens, but 
 mpeg1  morphants show increased survival times. The com-
bined results of these two in vivo infection models support 
the anti-bacterial function of the MPEG1/perforin-2 family 
and indicate that the intricate cross-regulation of the two 
 mpeg1  copies aids the zebrafish host in combatting infection 
of various pathogens.  © 2014 S. Karger AG, Basel 

 Introduction 

 Membrane attack complex/perforin (MACPF) pro-
teins belong to a large superfamily of pore-forming mol-
ecules present in almost all living organisms  [1, 2] . In ver-
tebrates, MACPF proteins have crucial roles in immune 
defence against both extracellular and intracellular infec-
tions  [3, 4] . The MACPF domain is present in the com-
ponents of the terminal complement pathway (C6, C7, C8 
and C9), which form the membrane attack complex 
(MAC) directly targeting gram-negative bacteria and cer-
tain pathogenic parasites by forming pores on their cell 
membranes  [1] . The MACPF domain is also present in 
the perforins released by cytotoxic T lymphocytes and 
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 Abstract 

 Macrophage-expressed gene 1  (MPEG1)  encodes an evolu-
tionarily conserved protein with a predicted membrane at-
tack complex/perforin domain associated with host defence 
against invading pathogens. In vertebrates, MPEG1/perfo-
rin-2 is an integral membrane protein of macrophages, sus-
pected to be involved in the killing of intracellular bacteria 
by pore-forming activity. Zebrafish have 3 copies of  MPEG1 ; 
2 are expressed in macrophages, whereas the third could be 
a pseudogene. The  mpeg1  and  mpeg1.2  genes show differ-
ential regulation during infection of zebrafish embryos with 
the bacterial pathogens  Mycobacterium marinum  and  Sal-
monella typhimurium.  While  mpeg1  is downregulated during 
infection with both pathogens,  mpeg1.2  is infection induc-
ible. Upregulation of  mpeg1.2  is partially dependent on the 
presence of functional Mpeg1 and requires the Toll-like re-
ceptor adaptor molecule MyD88 and the transcription factor 
NFκB. Knockdown of  mpeg1  alters the immune response to 
 M. marinum  infection and results in an increased bacterial 
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natural killer cells, which create pores in the plasma mem-
branes of infected and transformed host cells, allowing 
the entry of cytolytic proteins  [4] . 

  In addition to the complement proteins and the perfo-
rins, there is another MACPF domain-containing mem-
brane protein involved in the immune system, named 
macrophage-expressed gene 1 (MPEG1) or perforin-2 
 [3] .  MPEG1  was first identified as a macrophage-specific 
gene in humans and mice, but how it contributes mecha-
nistically to macrophage defence remains to be elucidated 
 [3, 5] . Homologs of  MPEG1  are found in marine metazo-
ans, such as the sea sponge  [6] , the pacific oyster  [7] , and 
the abalone shellfish  [8] , and evolutionary reconstruction 
suggests that an ancestral  MPEG1  gene gave rise to the 
vertebrate perforin genes  [9] . The expression of  MPEG1  
homologs in the invertebrates is upregulated by viral and 
bacterial infections or by exposure to bacterial lipopoly-
saccharides (LPS)  [6–8] . Furthermore, recombinant sea 
sponge Mpeg has been shown to inhibit bacterial growth 
in vitro  [6] . In mice,  Mpeg1  (also named  perforin-2 ) is up-
regulated during prion infection and its expression could 
be induced in primary mouse embryonic fibroblasts by 
several types of bacterial infections  [10, 11] . Mouse em-
bryonic fibroblasts rapidly induce expression of  Mpeg1  
in response to infection with  Mycobacterium smegmatis,  
and these fibroblasts lose their ability to kill this non-
pathogenic mycobacterium species when  Mpeg1  is 
knocked down with siRNA  [11] . Furthermore, this study 
showed that  M. smegmatis  bacteria are sensitive to the 
bacteriolytic activity of lysozymes when they are recov-
ered from  Mpeg1- expressing fibroblasts but not when 
they are recovered from  Mpeg1- deficient cells, suggesting 
physical attack of the bacterial membrane by the MACPF 
domain of Mpeg1  [11] . It has also been shown that Mpeg1 
restricts the growth of  Chlamydia trachomatis  in macro-
phages, while studies in HeLa cells suggest that chlamyd-
iae are protected from Mpeg1-mediated killing in epithe-
lial cells by prevention of  Mpeg1  transcription  [12] . Fol-
lowing ectopic expression of  Mpeg1  in HeLa cells, the 
protein concentrated around the chlamydia-containing 
vacuoles and inhibited chlamydial growth. It has been 
proposed that the MACPF domain of Mpeg1 is oriented 
inside membrane vesicles and that upon bacterial infec-
tion these vesicles traffic and fuse with bacteria-contain-
ing endosomes to mediate bacterial killing by pore forma-
tion  [3] .

  The zebrafish genome contains an  mpeg1  gene that, 
like its human and murine counterparts, is expressed by 
macrophages and encodes a protein with the conserved 
MACPF domain as well as the characteristic transmem-

brane region  [13, 14] . There are several advantages of us-
ing zebrafish as a model to study host-pathogen interac-
tions. Firstly, the free-living zebrafish embryos and early 
larval stages are optically transparent and in vivo   visual-
ization of infectious disease processes is facilitated by var-
ious transgenic lines, including reporter lines using the 
 mpeg1  promoter to drive fluorescent protein expression 
in macrophages  [14] . Secondly, genetic approaches are 
easily applicable, such as the efficient inactivation of gene 
functions achieved by injection of anti-sense morpholino 
oligonucleotides. Thirdly, it is possible to study the innate 
immune response in the absence of an adaptive immune 
contribution. Already at 1 day post-fertilisation (dpf), the 
innate immune system of the zebrafish embryo is capable 
of defence against microbial infections  [15] , while the 
adaptive immune system does not mature before 3 weeks 
of age  [16] . Differentiated myeloid cells of the innate im-
mune system are able to phagocytose apoptotic cell corps-
es  [15]  and adhere to and phagocytose bacteria injected 
into the blood  [15, 17, 18] . These properties led to the 
development of zebrafish infection models for a wide va-
riety of pathogens  [19] . 

  In this study, we used well-established zebrafish em-
bryo models for  M. marinum  and  Salmonella enterica  se-
rovar Typhimurium  (S. typhimurium)  infections to in-
vestigate the function of  mpeg1  and one of its paralogues 
named  mpeg1.2 . We show that these two MPEG1 homo-
logues are differentially regulated during infection and 
provide in vivo   evidence for the function of both genes in 
anti-bacterial defence. 

  Materials and Methods 

 Zebrafish Lines and Handling of Embryos 
 Zebrafish were handled in compliance with local animal wel-

fare regulations and maintained according to standard protocols 
(zfin.org). The culture was approved by the local animal welfare 
committee (DEC) of the University of Leiden and all protocols 
 adhered to the international guidelines specified by EU Animal 
Protection Directive 2010/63/EU. Adult zebrafish were not sacri-
ficed for this study. All experiments in this study were performed 
on embryos/larvae before the free-feeding stage and did not fall 
under the animal experimentation law according to EU Animal 
Protection Directive 2010/63/EU. The zebrafish lines used in this 
study included AB/TL,  myd88  hu3568   [20] ,  Tg(mpx:gfp)  i114   [21] , 
 Tg(mpeg1:EGFP)  gl22   [14] , and  Tg(mpeg1::mCherry-F)  UMSF001   [22] . 
Embryos were grown at 28.5–30   °   C in egg water (60 μg/ml Instant 
Ocean sea salts). For the duration of bacterial injections and imag-
ing, the embryos were kept under anaesthesia in egg water contain-
ing 200 μg/ml tricaine (Sigma-Aldrich). Embryos used for stereo 
fluorescence imaging were kept in egg water containing 0.003% 
1-phenyl-2-thiourea (Sigma-Aldrich) to prevent melanisation. 

D
ow

nloaded from
 http://karger.com

/jin/article-pdf/7/2/136/3025486/000366103.pdf by Leiden U
niversity M

edisch C
entrum

 user on 13 Septem
ber 2023

http://dx.doi.org/10.1159%2F000366103


 Benard/Racz/Rougeot/Nezhinsky/
Verbeek/Spaink/Meijer 

 J Innate Immun 2015;7:136–152 
DOI: 10.1159/000366103

138

  Morpholino Knockdown 
 Morpholino oligonucleotides (Gene Tools) were diluted to the 

desired concentration in 1× Danieau buffer [58 m M  NaCl, 0.7 m M  
KCl, 0.4 m M  MgSO 4 , 0.6 m M  Ca(NO 3 ) 2 , and 5.0 m M  HEPES; pH 
7.6] containing 1% phenol red (Sigma-Aldrich), and 1 ηl was in-
jected into the yolk at the 1- to 2-cell stage using a Femtojet injec-
tor (Eppendorf). For knockdown of  mpeg1  or  mpeg1.2,  two mor-
pholinos each were used, i.e. one targeting the exon 1-intron 
1 splice junction ( mpeg1  Mo1: 5 ′ ATTTTGTACTTACTTGAACC 

CGTGC3 ′ , 0.3 m M ;  mpeg1.2  Mo1: 5 ′ ACTTTTCTGTCTTACCT 

GAACTCGT3 ′ , 0.1 m M ) and the other targeting the intron 1-exon 
2 splice junction ( mpeg1  Mo2: 5 ′ GGTTACGGACCTGAGAA 

ACAAATTT3 ′ , 0.1 m M ;  mpeg1.2  Mo2: 5 ′ TGCGTACCTGAGAA 

GATAACACAAA3 ′ , 0.1 m M ). For knockdown of  ptpn6,  the splice 
junction morpholino 1 ( ptpn6  Mo1: 5 ′ ACTCATTCCTTACCCGA 

TGCGGAGC3 ′ ) was used as described previously  [23] . As a con-
trol, the standard control morpholino from Gene Tools was used 
at the same concentrations as the other morpholinos. 

  Chemical Treatments 
 NFκB   activation inhibitor (50 n M , 4 h total treatment, includ-

ing 2 h pretreatment, No. 481406; Calbiochem) and copper sul-
phate (CuSO 4 , 10 μ M , 2 h treatment, No. 1027910250; Merck)  [24]  
were administered via the egg water. After copper sulphate treat-
ment, the embryos were briefly washed 3 times with egg water and 
fixed in 4% paraformaldehyde in PBS.

  Infection Experiments 
  M. marinum  infections were performed using the Mma20 or 

ΔRD1 strains expressing mCherry in a pSMT3 vector  [25, 40]  or 
the M strain expressing GFP in a pMSP12 vector  [26] .  M. marinum  
was heat-killed by incubation in 80   °   C for 20 min and plated dur-
ing injections to control for bacterial growth.  S. typhimurium  in-
fections were performed using the  S. typhimurium  strain SL1027 
and its isogenic LPS Ra mutant derivative SF1592, carrying the 
DsRed expression vector pGMDs3  [18] , and  Staphylococcus epi-
dermidis  infections were performed using strain O-47  [27] . Em-
bryos were staged at 24 hpf by morphological criteria and manu-
ally dechorionated. Bacteria were prepared and injected into the 
blood circulation at 28 hpf, and PBS or 2% PVP was injected as a 
control  [28] . The same conditions were used for injection of 1 nl 
of LPS from  S.  typhimurium  dissolved in PBS   (10 μg/ml, No. 
L6511; Sigma). For  S. typhimurium  plating assays, groups of 5 in-
fected embryos (150 cfu) were homogenized using a Bullet Blend-
er (Next Advance) for 3 min on speed 4 with five 1.0-mm zirco-
nium oxide beads and a density of 5.5 g/cm 3 , and a dilutions series 
was plated at 1 and 16 hours post-infection (hpi).

  Fluorescence-Activated Cell Sorting 
 Macrophages and neutrophils were isolated by FACS from 

6-dpf  Tg(mpeg1::mCherry-F)  UMSF001   [22]  and  Tg ( mpx :: egfp ) i114  
 [21]  zebrafish larvae, respectively, and the RNA was extracted as 
described  [13] .

  RNA Isolation, cDNA Synthesis, and Expression Analyses 
 Whole embryo RNA isolation, removal of residual genomic 

DNA, cDNA synthesis and quantitative RT-PCR (qPCR) analysis 
were performed as described by Stockhammer et al.  [29] . qPCR 
results were analysed using the ΔΔCt method. All reactions were 
performed as technical duplicates and data were normalized to the 

expression of peptidylprolyl isomerase A-like  (ppial)  for whole 
embryo samples and to  eif4  for cells isolated by FACS. The primer 
sequences for  ppial  and  mpeg1  are described in the study of Zakrze-
wska et al.  [13] , and the primer sequences for  mmp9  and  il1b  are 
described in the study of Stockhammer et al.  [29] . The primer se-
quences for  mpeg1.2  were: forward: 5 ′ TCAGGCCAATGTGAACG 

ACA3 ′ ; reverse: 5 ′ GGTGACTCAGGAGTGCATGT3 ′ . The prim-
er sequences for  eif4a1b  were: forward: 5 ′ TTCAGAAACTCAGT 

ACTAGCATACA3 ′ ; reverse: 5 ′ GTGACATCCAACACCTCTGC 

3 ′ . Knockdown of mpeg1 with both morpholinos was verified by 
qPCR and, to validate the knockdown of  mpeg1.2  with both mor-
pholinos, the SuperScript ®  One-Step RT-PCR System (No. 10928–
034; Invitrogen) was used with 50 ng DNAse-treated RNA tem-
plate. The RT-PCR primers for  mpeg1.2  Mo1 knockdown verifica-
tion were: forward: 5 ′ CTGCGCAATTTAGACGTGGG3 ′ ; reverse: 
5 ′ GACGTGTCGTTCACATTGGC3 ′ . For Mo2 they were: for-
ward: as Mo1 primer; reverse: 5 ′ TTAATGCCTGCGGATGC AG 
A3 ′ . The following adjustments were made to the PCR settings: 
59.4   °   C for 30 s for the annealing step of the PCR amplification with 
40 cycles. 

  RNA for deep sequencing analysis was isolated using QIAzol 
lysis reagent and purified using the RNeasy MinElute Cleanup Kit 
(QIAGEN Benelux B.V., Venlo, The Netherlands). RNA sequenc-
ing was performed as previously described  [27] . The Gene Expres-
sion Omnibus (GEO) database accession numbers for RNASeq 
were GSE49188 and GSE54885.  

  Immunohistochemistry and Enzyme Histochemistry 
 For simultaneous identification of  S. typhimurium,  neutrophils 

and macrophages, a combination of immunolabelling and enzy-
matic staining was used. First, neutrophil-specific staining for my-
eloperoxidase (mpx) activity was performed. This was achieved by 
fixing embryos in 4% PFA at 4   °   C overnight, washing 3 times brief-
ly in PBSTx (PBS with 0.05% Triton ×100; Sigma-Aldrich), wash-
ing briefly in amp diluent from the TSA Plus Fluorescein System 
Kit (Perkin-Elmer) and incubating in 1:   50 of fluorescein in amp 
diluent at 28   °   C for 10 min. The embryos were then washed again 
3 times in PBSTx and fixed in 4% PFA for 20 min at room tem-
perature. Next, the embryos were immunolabelled with an anti-
 Salmonella  polyclonal antibody with an Alexa 568-conjugated sec-
ondary antibody as described  [30] . Finally, total leukocytes were 
immunolabelled with an  L -plastin antibody and Alexa 633-conju-
gated secondary antibody  [31] . Macrophages were identified as 
  L -plastin-positive, mpx-negative cells.

  Image Analysis 
 Fluorescence images were taken with a Leica MZ16FA stereo 

fluorescence microscope equipped with a DFC420C digital colour 
camera. In  M. marinum  infection experiments, bacterial pixel 
counts were obtained with stereo fluorescence images and anal-
ysed using dedicated pixel quantification software  [32] . Each im-
age contains 2 channels: bright field and fluorescence. Image rec-
ognition software identifies the location of each embryo (each im-
age can contain up to 3 embryos) and links the outline and 
orientation per embryo in the bright field channel to the fluores-
cence channel. Each fluorescent pixel is quantified and allocated to 
a location in the embryo (the background is determined by a non-
infected control) and the software provides the value of the total 
amount of fluorescent pixels per embryo. This is done for all 
groups of embryos and the results are written to a comma-separat-
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ed file for statistical analysis. Leukocyte counts were performed on 
a Zeiss Axio Observer confocal microscope with an EC PlnN 10 × 
0.3 NA objective, and all other confocal images were taken on a 
Leica TCS SPE with an HCX APO 40 × 0.8 NA objective. Maxi-
mum intensity projections of merged channel confocal images 
were made in Fiji.

  Statistical Analysis 
 Data (mean ± SEM) were analysed (Prism 5.0; GraphPad Soft-

ware, San Diego, Calif., USA) using unpaired, two-tailed t-tests for 
comparisons between 2 groups, and one-way ANOVA with 
Tukey’s multiple comparisons method was used as a post hoc test 
for other data ( *  p < 0.05;  *  *  p < 0.01;  *  *  *  p < 0.001). Statistical sig-
nificance in survival curves was determined by a log-rank test.

  Results 

 The Zebrafish Genome Contains a Conserved Family 
of mpeg1 Genes 
 The zebrafish  mpeg1  gene (chromosome 8:  ENSDARG 

00000055290) has been previously described as a macro-
phage-specific marker  [13 ,  14] . Inspection of the zebraf-
ish reference genome sequence showed that 2 paralogues 
of the  mpeg1  gene are present on the same chromosome 
( fig.  1 a). In consultation with the zebrafish nomencla-
ture  committee (ZFIN), the 3  mpeg1  genes have been 
named  mpeg1.1  (hereafter referred to as  mpeg1  for con-
sistency with previous publications and the nomencla-
ture of the derived transgenic lines),  mpeg1.2  (chromo-
some 8:  ENSDARG00000043093) and  mpeg1.3  (chromo-
some 8: ENSDARG00000078569). All 3 of the predicted 
Mpeg1 proteins contain conserved regions also found in 
mouse and human MPEG1, including a signal peptide, an 
MACPF domain, and a transmembrane region ( fig. 1 b). 
Amino acid alignment of Mpeg1 and Mpeg1.2 revealed 
that these domains are located in the same positions (on-
line suppl. fig. 1; for all online suppl. material, see www.
karger.com/doi/10.1159/000366103). The three zebrafish 
Mpeg1 isoforms show around 80–90% amino acid simi-
larity (with ca. 60–70% identity) among each other, and 
their similarity with murine and human MPEG1 (overall 
and within the MACPF domain) is around 70–80% (with 
between 43 and 50% identity) (online suppl. table 1A, B). 

  The  mpeg1  promoter region has been successfully used 
to drive macrophage-specific expression in zebrafish 
transgenic reporter lines  [14, 22] . We determined the 
RNAseq profiles of macrophages isolated from 5-day-old 
 Tg(mpeg1::mCherry-F)  UMSF001  zebrafish larvae   by FACS 
and found the expression of both  mpeg1  and  mpeg1.2  to 
be enriched in the fluorescent macrophage cell fraction 
compared to the fluorescent-negative background (data 

not shown). The macrophage-specific expression of these 
two genes was confirmed by qPCR analysis on the same 
cell fractions and their expression was not enriched in 
neutrophils sorted from  Tg ( mpx :: egfp ) i114   [21]  transgenic 
larvae ( fig. 1 c, d). Expression of  mpeg1.3  was not observed 
in any of our RNAseq deep sequencing data sets of larval 
leukocyte populations or of different bacterial infection 
experiments in various embryonic, larval, and adult stag-
es, and it is well possible that this is a pseudogene. There-
fore, we focused this study on  mpeg1  and  mpeg1.2 . 

  Mpeg1-Expressing Macrophages Participate in the 
Formation of Granuloma-Like Structures 
 The development of  mpeg1 -driven transgenic lines has 

opened a new window of opportunity for detailed visuali-
sation of host-pathogen interactions. We have previously 
shown that  mpeg1 -expressing macrophages are capable of 
phagocytosing both  S. typhimurium  and  M. marinum  
 bacteria  [28] . The hallmark of infection with pathogenic 
mycobacteria is the clustering of infected macrophages 
into  granuloma-like aggregates  [17] . We used the 
 Tg(mpeg1::mCherry-F)  UMSF001  line to study the behaviour 
of  mpeg1 -expressing macrophages during infection with 
GFP-expressing  M. marinum.  Imaging of the same site of 
infection over a time course of 0–5 days post-infection 
(dpi) clearly showed that  mpeg1 -positive macrophages 
contribute to the formation of the tight granuloma-like 
structure ( fig. 2 ). At 8 hpi, the majority of phagocytosed  M. 
marinum  bacteria were contained within  mpeg1- positive 
cells. By 3 dpi,  mpeg1 -positive infected cells had formed a 
compact centre of a growing granuloma-like aggregate to 
which many uninfected  mpeg1 -macrophages were attract-
ed.  M. marinum -containing  mpeg1 -positive cells showed a 
rounded morphology at this stage, while  mpeg1 -positive 
cells attracted to the border of granulomas showed a 
branched morphology similar to that of  mpeg1 -positive 
cells in uninfected embryos. At 4 dpi, the granuloma struc-
tures had become more compact. At 5 dpi, cording of 
 M. marinum  was observed in granulomas, indicative of ex-
tracellular growth, while fewer mCherry-fluorescent mac-
rophages were present compared to at 4 dpi, consistent with 
the occurrence of infected macrophage cell death at this 
stage  [33] . The remaining mCherry-fluorescent cells all 
showed a rounded morphology markedly different from 
the extensively branched morphology of mCherry-fluores-
cent macrophages in uninfected embryos ( fig. 2 a). While 
these data do not exclude the possible presence of other 
macrophage subpopulations, they show that the majority 
of macrophages contributing to granuloma formation can 
be traced using the  mpeg1  marker. 
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 Fig. 1.  Zebrafish  mpeg1  genes encode proteins with conserved 
transmembrane and MACPF domains and are expressed in mac-
rophages.  a  Schematic representation of the region containing the 
genes  mpeg1, mpeg1.2  and  mpeg1.3  on zebrafish chromosome 8 
(Chr 8). The coding direction of the genes is indicated by the point-
ed end and the exact location is indicated in digits below the gene. 
 b  Comparison of the predicted Mpeg1, Mpeg1.2 and Mpeg1.3 pro-
tein structures with murine and human MPEG1. The signal pep-
tide (SP), MACPF and transmembrane region (TR) are conserved 

domains detected by SMART analysis.  c ,  d  Expression of zebrafish 
 mpeg1  and  mpeg1.2  in macrophages ( c ) and neutrophils ( d ). qPCR 
analysis was performed on RNA from fluorescence-positive cell 
fractions obtained by cell sorting of 6-dpf larvae of transgenic re-
porter lines for macrophages [mpeg1:  Tg(mpeg1::mCherry-F) ] and 
neutrophils [mpx:  Tg(mpx:EGFP) ]. Expression was compared 
against the fluorescence-negative cell fraction of each transgenic 
line. Graphs show combined data of 3 biological replicates [log 2  
scale ( c )]. n.s. = Not significant.
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 Opposite Regulation of mpeg1 and mpeg1.2 during 
Infection 
 Analysis of the  Tg(mpeg1::mCherry-F)  UMSF001  reporter 

line indicated that the  mpeg1  promoter version driving the 
expression of mCherry in this transgenic line is active over 
the entire time course of  M. marinum  infection, from the 
1-day-old embryo up to the larval stage. However, in 
 S.   typhimurium  infection of embryos we had previously 
observed  mpeg1  expression to be downregulated  [23, 29] . 
These observations prompted us to further investigate the 
regulation of  mpeg1  expression during different infections 

and compare this with the expression of the closely related 
 mpeg1.2  gene. First, we examined  mpeg1  and  mpeg1.2  ex-
pression by qPCR during a time course of  M. marinum  
infection ranging from 2 hpi to 5 dpi ( fig. 3 a). Within sev-
eral hours after the intravenous injection of  M. marinum,  
the expression level of  mpeg1  declined compared to the 
mock-injected controls, and this resulted in a significant 
downregulation of approximately 3-fold at 8 hpi ( fig. 3 b). 
A similar, though not significant, trend was observed at 
8 hpi in embryos infected with the attenuated  M. marinum  
 Δ RD1   strain (online suppl. fig. 2A) as well as in embryos 

  Fig. 2.  Tg(mpe g1 )-positive macrophages are involved in the for-
mation of  M. marinum  granuloma-like aggregates. GFP-express-
ing  M. marinum  M-strain (150 cfu) bacterial infection in 
 Tg(mpeg1::mCherry-F)  zebrafish embryos. Confocal z-stack pro-
jections showing identical locations in the posterior region of the 

caudal haematopoietic tissue in an uninfected embryo ( a ) and an 
infected embryo ( b ) developing a granuloma-like aggregate (same 
infection site followed over time). Images were taken at 8 hpi and 
at 1 dpi, 2 dpi (not shown), 3 dpi, 4 dpi and 5 dpi. Arrowheads in-
dicate cording of  M. marinum.  Scale bar = 20 μm. 
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  Fig. 3.   mpeg1  is downregulated and  mpeg1.2  is upregulated upon 
bacterial infection.      a–c     mpeg1  and  mpeg1.2  expression during 
 M.  marinum  infection. AB/TL embryos were injected with  M. 
marinum  Mma20 bacteria (200 cfu) or 2% PVP as a mock control. 
The expression of  mpeg1  and  mpeg1.2  was analysed by qPCR at 2, 
4, 6 and 8 hpi and at 1, 2, 3, 4 and 5 dpi. The light colouring of the 
data points in  a  indicates that the expression in the infected em-
bryos was significantly different from that in the uninfected con-
trols, and in  b  and  c  the full data sets are shown for the time point 
indicated in boxes in  a .  d   mpeg1  and  mpeg1.2  expression in re-
sponse to  S. typhimurium  SL1027 infection. AB/TL embryos were 
injected with 200 cfu of bacteria or mock injected with PBS, and 

qPCR was performed at 8 hpi.  e ,  f  Effect of  mpeg1  and  mpeg1.2  
morpholino knockdown on each other’s gene expression. AB/TL 
embryos were injected with  mpeg1  ( e ) or  mpeg1.2  ( f ) morpholino 
and subsequently infected with  S. typhimurium  SL1027 as in  d . 
Note that  mpeg1  knockdown had a reducing effect on the upregu-
lation of  mpeg1.2  expression by  S. typhimurium  infection, while 
 mpeg1.2  knockdown did not affect the infection-dependent down-
regulation of  mpeg1 . Verification of the knockdown effects is 
shown in online supplementary figure 4A–D. qPCR results are 
presented as relative ratios of 3 biological replicates of the infected 
groups compared to the relevant mock injected control groups 
(n = 18 per group). n.s. = Not significant. 
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infected with heat-killed  M. marinum  (online suppl. 
fig. 2B). This indicates that the  mpeg1  downregulation re-
sponse results from the presence of  M. marinum  and is 
independent of the virulence or viability of the bacteria. 
Between 1 and 3 dpi, the level of expression returned to 
control levels, but at 4 dpi a minor but significant down-
regulation was observed again ( fig.  3 c). In contrast, the 
expression of  mpeg1.2  was unaffected up to 3 dpi and was 
significantly upregulated at 4 and 5 dpi ( fig. 3 c). 

  Next, we investigated if  mpeg1  and  mpeg1.2  were also 
differentially regulated during  S. typhimurium  infection. 
Intravenous  S. typhimurium  infection in zebrafish em-
bryos is acute and lethal within 1 day  [18] . We had previ-
ously reported a robust induction of proinflammatory 
gene expression at 8 hpi  [23, 29]  and therefore investi-
gated  mpeg1  and  mpeg1.2  expression at this time point. 
While  mpeg1  showed an approximately 4-fold downregu-
lation,  mpeg1.2  was upregulated by more than 10-fold 
( fig.  3 d). The uninfected and  S. typhimurium- infected 
embryos at 8 hpi contained similar numbers of macro-
phages (uninfected: 54 ± 4.5 s.e.m., n = 16 embryos; in-
fected: 51 ± 3.6 s.e.m, n = 15 embryos). Furthermore, as 
previously shown, the expression of other markers for ze-
brafish embryonic macrophages, including  csf1r,   cxcr3.2  
and  mfap4,  is unchanged at this time point of infection, 
indicating the specificity of alterations in  mpeg1  and 
 mpeg1.2  expression  [23] . Infection with an attenuated 
LPS mutant of  S. typhimurium  (Ra)  [18]  also led to a sig-
nificant downregulation of  mpeg1,  but  mpeg1.2  showed 
only a slight and non-significant upregulation (online 
suppl. fig.  2C). We also observed downregulation of 
 mpeg1  and upregulation of  mpeg1.2  in infection models 
for  S. epidermidis  (online suppl. fig.  2D, E), indicating 
that the differential regulation of these genes is a more 
general phenomenon in response to bacterial infections.

  The opposite regulation of  mpeg1  and  mpeg1.2  raised 
the question of whether these two genes might influence 
each other’s expression levels. To address this question, 
we used the  S. typhimurium  infection model and knocked 
down  mpeg1  or  mpeg1.2  by injecting morpholinos spe-
cific for each gene   (online suppl. fig. 3A–D) .  When  mpeg1 
 was knocked down, the expression of  mpeg1.2  was up-
regulated to a lower extent than in the control infected 
group ( fig. 3 e). In contrast, when  mpeg1.2  was knocked 
down the downregulation of  mpeg1  was unchanged dur-
ing  S. typhimurium  infection ( fig.  3 f). Since the  mpeg1  
morpholino sequence did not overlap with the sequence 
of  mpeg1.2 , the  mpeg1  knockdown effect on  mpeg1.2  gene 
expression is unlikely to be due to a cross-reaction be-
tween the  mpeg1  morpholino and the  mpeg1.2  mRNA. 

Furthermore, we excluded that morpholino treatments 
might have affected the macrophage or neutrophil num-
bers (online suppl. fig. 3E). Therefore, our results suggest 
that infection-dependent upregulation of  mpeg1.2  is par-
tially dependent on the presence of a functional Mpeg1.

  The innate immune response is initiated by the detec-
tion of microbes through pattern recognition receptors, 
including Toll-like receptors (TLR), which signal via both 
Myd88-dependent and Myd88-independent pathways 
 [34] . Our previous analysis of an Myd88-deficient zebraf-
ish mutant showed that a major part of the innate im-
mune response of zebrafish embryos to bacterial infec-
tions is dependent on this central TLR signalling adaptor 
 [20] . To determine whether the regulation of  mpeg1  and 
 mpeg1.2  in response to infection is Myd88 dependent, we 
injected  S. typhimurium  into  myd88  mutants and their 
wild-type siblings. Downregulation of  mpeg1  at 8 hpi was 
observed in  myd88  mutants similar to the wild type 
( fig. 4 a). In contrast,  mpeg1.2  upregulation was reduced 
to approximately 30% of the level observed for wild-type 
infected embryos ( fig. 4 b). The TLR ligand LPS was suf-
ficient to induce  mpeg1.2  upregulation ( fig. 4 c) but did 
not lead to  mpeg1  downregulation (data not shown). LPS-
mediated upregulation of  mpeg1.2  was abolished by 
 myd88  mutation or by inhibition of the transcription fac-
tor NFκB, which functions downstream of TLR-Myd88 
signalling ( fig. 4 c). In conclusion, upregulation of  mpeg1.2  
expression is partly dependent on MyD88-NFκB signal-
ling, while downregulation of  mpeg1  appears to be medi-
ated by an Myd88-independent mechanism.

  Knockdown of mpeg1 Leads to Impaired Control of 
M. marinum Infection 
 To study the function of Mpeg1 and Mpeg1.2 during 

bacterial infection, we used splice morpholinos targeting 
each gene. First, we investigated the effect of knocking 
down  mpeg1  on  M. marinum  infection. The morphants 
and their controls were injected with mCherry-expressing 
 M. marinum  at 28 hpf and the bacterial fluorescent pixels 
per embryo were analysed at 4 dpi, when granuloma-like 
aggregates are formed ( fig. 2 ).  mpeg1  morphants showed 
higher levels of infection with  M. marinum  compared to 
their controls ( fig. 5 a, c). The higher bacterial load in the 
 mpeg1  morphants was phenocopied with a second mor-
pholino ( fig. 5 b, d).  M. marinum  infection experiments 
were terminated at 5 dpi before the larvae reached the 
free-feeding stage and  mpeg1  morphants did not die from 
the increased bacterial load during this period. We did not 
expect to see an effect on the bacterial load in the  mpeg1.2  
morphants since the expression of this gene is barely de-
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tectable during the first days of development and only be-
comes induced at 4 dpi. As expected,  mpeg1.2  knockdown 
with two different morpholinos did not have an effect on 
 M. marinum  infection ( fig. 5  e–h). While  mpeg1.2  may be 
important at later larval stages that cannot be analysed by 
morpholino knockdown, we conclude that only Mpeg1 
plays an important role in controlling the early pathogen-
esis of  M. marinum  infection.

  The observation that embryos deficient in Mpeg1 de-
velop increased infection is consistent with the expected 
anti-bacterial function of Mpeg1 proteins as members of 
the MACPF superfamily. We next investigated if, other 
than this direct anti-bacterial role, Mpeg1 might be im-
portant for macrophage functions such as phagocytosis 
or migration. A phagocytosis assay was performed using 
both morpholinos targeting  mpeg1.  The morphants and 
their controls were injected with 180 cfu of mCherry-ex-
pressing Mma20 at 30 hpf and these embryos were fixed 
at the time points 5, 10, 20, 30 and 40 min post-infection. 

Leukocytes were immunolabelled with L-plastin antibody 
and Alexa488-conjugated secondary antibody  [31]  and 
all intracellular and extracellular Mma20 were counted 
over the yolk sac of each embryo to determine the per-
centage of phagocytosis. The yolk sac is an ideal location 
for analysing phagocytosis due to the superficial position 
of the blood circulation, which enables easy imaging, and 
this location is distant from the injection site, thereby 
minimizing possible wounding effects on the behaviour 
of macrophages. We observed normal levels of phagocy-
tosis in both  mpeg1  morphants at all stages post-infection 
( fig. 6 a), demonstrating that Mpeg1 does not play a role 
in the phagocytosis of  M. marinum.  Since inflammation 
plays an important role in the  M. marinum- granuloma 
environment, we also investigated whether  mpeg1  defi-
ciency might have a general effect on leukocyte recruit-
ment. We therefore performed a chemically induced in-
flammation assay  [24]  on  mpeg1  morphants and their 
controls. The copper-induced damage of neuromast hair 

Fig. 4.  mpeg1.2  upregulation but not mpeg1 downregulation is 
Myd88 and NFκB dependent.        a ,  b  Effect of  myd88  mutation on the 
response of  mpeg1  and  mpeg1.2  to  S. typhimurium  infection. Ex-
pression levels of  mpeg1  (   a ) and          mpeg1.2  (     b ) were determined by 
qPCR for    myd88+/+  and  myd88  − / −  embryos at 8 hpi after infec-
tion with  S. typhimurium  SL1027 bacteria (150 cfu) and mock PBS 
injected controls.  c  Effect of  myd88  mutation and NFκB inhibition 

on the response of  mpeg1.2  to LPS treatment.  mpeg1.2  expression 
in  myd88+/+, myd88  − / −  and NFκB activation inhibitor-treated 
embryos in response to injection with purified LPS (100 μg/ml) or 
PBS as a control was determined at 2 hpi. All graphs show data 
combined from 3 biological replicates (n    =  20 per group, pooled 
per replicate). n.s. = Not significant.
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Fig. 5.  mpeg1  knockdown impairs control of  M. marinum  infec-
tion. AB/TL embryos were injected with 2 different splice-block-
ing morpholinos against  mpeg1  (   a–d ) or    mpeg1.2  (           e–h ) or with a 
control morpholino, and subsequently injected with mCherry-ex-
pressing          M. marinum  Mma20 strain; infected embryos were im-
aged at 4 dpi.      a ,  b ,  e ,  f  The bacterial burden was quantified by de-
termining the number of fluorescent bacterial pixels using dedi-

cated software, and representative stereo fluorescent images are 
shown below the graph of each experiment ( c ,  d ,  g ,  h ). Graphs 
show 1 representative result of 5 ( a ) or 3 ( b ,  e ,  f ) repeated indepen-
dent experiments. Each data point represents an individual em-
bryo. n.s. = Not significant; mo1 = morpholino 1; mo2 = morpho-
lino 2.
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Fig. 6.  mpeg1  does not play a role in phagocytosis of  M. marinum  
or in leukocyte migration towards local inflammation.      a  Quan-
tification of    M. marinum  phagocytosis.  mpeg1  morphants and 
their controls were injected with an mCherry-expressing 
 M. marinum  Mma20 strain (180 cfu), fixed at 5, 10, 20, 30 and 
40 min post-infection, and stained with L-plastin Ab to label 
leukocytes. Intra- and extra-cellular bacteria were counted over 
the yolk sac and results are presented as percentages of phago-

cytosed Mma20.        b  Representative images of untreated and cop-
per sulphate-treated control and          mpeg1  morphant 3 dpf embry-
os. Embryos were immunolabelled with Ab against the general 
leukocyte marker L-plastin (red signal) in combination with a 
neutrophil-specific Mpx TSA staining (green signal). White ar-
rows indicate accumulation of leukocytes at the local inflamma-
tion sites at the neuromasts. n.s. = Not significant; mo1 = mor-
pholino 1.
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cells in this assay was capable of attracting both macro-
phages and neutrophils in  mpeg1  morphants similarly to 
the control group ( fig. 6 b). In summary, Mpeg1 does not 
affect the basal response of macrophages to infection, 
such as phagocytosis of  M. marinum,  or the migration of 
leukocytes towards local inflammation sites. 

  We next sought to identify whether  mpeg1  morphants 
have a differently regulated immune response to  M. mari-
num.  To this end, we subjected pools of approximately 30 
infected and uninfected  mpeg1  morphants to RNA se-
quencing analysis at 4 dpi and compared the infection 
response with that of embryos treated with control mor-
pholinos. We focused this comparison on a preselected 
set of 33 genes that showed robust and reproducible up-

regulation by  M. marinum  infection at 4 dpi in 4 indepen-
dent experiments (online suppl. table 2). Approximately 
one third of the genes in this set, including pro-inflam-
matory markers such as  il1b, mmp9  and  mmp13a,  showed 
a level of  M. marinum- induced upregulation in  mpeg1  
morphants similar to that observed in control embryos 
( fig.  7 a). Other genes showed an approximately 2- to 
3-fold higher upregulation in the  mpeg1  morphant group, 
including  hamp2, hpx, steap4  and genes for a non-coding 
RNA ( si:dkey-97i18.5 ) or uncharacterized proteins 
 (cabz01040055.1 ct027762.4).  Additionally, there was a 
group of genes with a notably lower expression in infect-
ed  mpeg1  morphants (less than 28% of the expression lev-
el in infected control embryos), which included  cyp24a1, 

Fig. 7. Effect of  mpeg1  knockdown on the innate immune response 
during  M. marinum  infection in comparison with known effects 
of  ptpn6  and  myd88  deficiencies. Graphs show the effects of  mpeg1  
mo1 knockdown ( a ),    ptpn6  morpholino knockdown (           b ) and-
         myd88  mutation (     c ) on a set of genes that showed reproducible 
induction by                        M. marinum  infection in control embryos. The ex-
pression level of these genes under conditions of  mpeg1 ,  ptpn6  or 

 myd88  deficiency is expressed as the percentage of the expression 
level in the corresponding control. Results are based on RNAseq 
analysis of pools of 30 infected and 30 uninfected embryos for each 
group. Embryos were injected with  M. marinum  Mma20 (300 cfu) 
or mock injected with 2% PVP, and RNAseq analysis was per-
formed at 4 dpi.
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hmox1, igfbp1a, slc25a38a  and another non-coding RNA 
gene  (si:ch211–243g18.3).  The effect of  mpeg1  knock-
down on the  M. marinum- induced gene expression pro-
file was markedly different from the effects of 2 other 
genes that we analysed for comparison:  ptpn6  and  myd88.  
Knockdown of  ptpn6,  previously shown to function as a 
negative regulator of the innate immune response  [23] , 
led to a hyper-induction of approximately two thirds of 
the genes in the same gene set, including the inflamma-
tory  markers il1b, mmp9,  and  mmp13a  ( fig. 7 b). In con-
trast, these inflammatory markers and the majority of the 
other genes in the gene set showed a strongly reduced 
expression in  M. marinum- infected  myd88  mutants 
( fig. 7 c), consistent with the function of the MyD88 pro-
tein as an adaptor in Toll-like and interleukin receptor 
signalling  [20] . We have previously shown that both the 
hyper-induced immune response in  ptpn6  morphants 
and the immunodeficiency of  myd88  mutants are associ-
ated with increased susceptibility to  M. marinum   [20, 23] . 
Since the  mpeg1  knockdown effect on the  M. marinum -
dependent gene set is clearly different from both pheno-
types, there is no indication that a general hyper-induc-
tion of the immune response or a general immunodefi-
ciency could be the underlying cause of the increased 
bacterial burden under  mpeg1  knockdown conditions.

  Mpeg1 and Mpeg1.2 both Function in Controlling 
S. typhimurium Infection 
 As described above, the more acute phenotype of 

 S.  typhimurium  infection led to the rapid upregulation of 
 mpeg1.2  gene expression, while  mpeg1  was simultaneously 
downregulated ( fig. 4 a, b). To determine whether Mpeg1 
and Mpeg1.2 play an anti-bacterial role during this acute 
infection, we injected  S. typhimurium  in  mpeg1  and 
 mpeg1.2  morphants at 28 hpf and assessed the bacterial 
burden based on cfu counts. Plating embryos for cfu counts 

showed that at 1 hpi all groups started with equal levels of 
 S. typhimurium  and at 16 hpi morphants of  mpeg1  and 
 mpeg1.2  both had approximately 6-fold higher cfu counts 
than the control group ( fig. 8 a). Increased cfu counts were 
also observed with a second set of morpholinos for  mpeg1  
and  mpeg1.2  ( fig. 8 b). This striking difference in cfu counts 
indicates that both genes play a role in controlling  S. ty-
phimurium  infection in zebrafish embryos. 

  Next, we aimed to determine whether the higher cfu 
numbers in the morphants was associated with a de-
creased survival rate. Morphants of  mpeg1  and  mpeg1.2  
and control embryos were injected with  S. typhimurium,  
screened for equal levels of infection under a stereo fluo-
rescence microscope directly after injection, and moni-
tored for heart beat from 14 hpi onwards.  mpeg1.2  defi-
ciency caused a similar or decreased survival time com-
pared to the control group ( fig. 8 c, d) and, unexpectedly, 
the  mpeg1  morphants survived significantly longer than 
the control embryos ( fig. 8 c, d) despite the fact that these 
morphants showed increased cfu counts similarly to 
 mpeg1.2  morphants. This opposing effect on survival 
could not be attributed to a difference in the intracellular 
or extracellular location of  S. typhimurium  between the 
two morphants because both  mpeg1  and  mpeg1.2  mor-
phants showed a significantly higher number of extracel-
lular  S. typhimurium  compared to the control embryos at 
8 hpi ( fig. 8 e; online suppl. fig. 4). Furthermore, the op-
posing survival effect could also not be attributed to a dif-
ference in expression of the major  S. typhimurium  re-
sponsive pro-inflammatory genes  il1b  ( fig. 8 f) and  mmp9  
(online suppl. fig.  5), which showed clear induction in 
 mpeg1  and  mpeg1.2  morphants. While the increased sur-
vival rate of  mpeg1  morphants remains unexplained, our 
results suggest that upregulation of  mpeg1.2  with a con-
comitant downregulation of  mpeg1  aids the host in com-
batting  S. typhimurium  infection ( fig. 8 g).

  Fig. 8.   mpeg1  and  mpeg1.2  knockdown increase the bacterial bur-
den and pro-inflammatory gene expression but have opposite ef-
fects on host survival during  S. typhimurium  infection.      a ,  b  Quan-
tification of the bacterial burden.  mpeg1  and  mpeg1.2  morphants 
[morpholino 1 (         a ) and morpholino 2 ( b )] and control embryos 
were injected with Ds-Red-expressing        S. typhimurium  SL1027 
bacteria (200 cfu) and PBS as a mock control. Embryos were ho-
mogenized and plated at 1 and 16 hpi to determine  S. typhimurium  
cfu counts (n = 5 per group, 2 biological replicates, log 2  scale).    c ,  d  
Survival rates. The percentage of survival of infected                      mpeg1  mor-
phants,  mpeg1.2  morphants [morpholino 1 (             c ) and morpholinos 2 
( d )] and control embryos was determined over a time course of 32 
hpi. DsRed-expressing  S. typhimurium  SL1027 bacteria were in-
jected into the blood circulation (150 cfu). Survival curves of 

 mpeg1  morphants,  mpeg1.2  morphants and control embryos are 
shown (1 representative experiment of 3 individual experiments). 
       e  Quantification of intracellular and extracellular  S. typhimurium  
over the duct of Cuvier in control embryos,  mpeg1  morphants and 
 mpeg1.2  morphants at 4 and 8 hpi (representative confocal images 
are shown in online suppl. fig. 4). Statistical significance is indi-
cated for intracellular  S. typhimurium  (red asterisks) and extracel-
lular  S. typhimurium  (blue asterisks) (calculated from confocal im-
ages of n = 6–8 embryos per group).  f  Pro-inflammatory gene ex-
pression of  il1b  under the same experimental conditions as in  a  
and  b  was analysed by qPCR at 16 hpi (n  =  15 per group, pooled 
per replicate, 3 biological replicates, log2 scale).  g  Schematic rep-
resentation of  mpeg1  and  mpeg1.2  regulation and their function. 
n.s. = Not significant; mo1 = morpholino 1; mo2 = morpholino 2.   

(For figure see next page.)
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  Discussion 

 The perforins of cytotoxic T cells and natural killer 
cells and the membrane attack complex proteins of the 
complement system share the ability to form pores in 
membranes  [1, 2] . While the roles of these proteins in 
host defence are well understood, the function of the 
structurally related MPEG1/perforin-2 family in macro-
phages remains to be fully elucidated  [3, 9] . In zebrafish, 
an  mpeg1 -expressing population of macrophages devel-
ops during the first day of embryogenesis  [13] . The avail-
ability of well-established infection models for zebrafish 
embryos enabled us to study the function of  mpeg1  in 
innate host defence. We showed that  mpeg1  is downreg-
ulated during infection in a Myd88-independent man-
ner, while a close homolog, i.e.  mpeg1.2 , is upregulated 
partially by an Myd88-NFκB-dependent mechanism. 
This opposite regulation pattern notwithstanding, we 
found that both  mpeg1  and  mpeg1.2  are important for 
controlling infections with intracellular bacterial patho-
gens.

  The close chromosomal location of the different  mpeg1  
genes in zebrafish suggests that these are the result of re-
cent gene duplication events, after which  mpeg1  and 
 mpeg1.2  appear to have developed specialized functions 
and  mpeg1.3  may have become a pseudogene. A similar 
situation is found in mice and other rodents, where a gene 
named pore-forming protein-like  (Pfpl)  is most likely 
paralogous to  Mpeg1  since it is located in close vicinity 
and encodes a protein with 66% amino acid identity. 
Whereas  Mpeg1  is inducible by infection both in macro-
phages and other cell types  [11, 12] , the expression pat-
tern of  Pfpl  in trophoblasts indicates a developmental 
function of this gene  [35] , and EST profiles in the NCBI 
database provide no indication of a significant expression 
of  Pfpl  in cells or organs related to the immune system. 
The EST profiles of the single  MPEG1  gene in humans 
support its possible function in the immune system but, 
to the best of our knowledge, functional studies of the hu-
man gene have not yet been reported. Studies of murine 
 Mpeg1  in cultured fibroblasts, macrophages and HeLa 
cells led to the hypothesis that, upon bacterial infection, 
Mpeg1/Perforin-2 vesicles traffic to and fuse with bacte-
ria-containing compartments, where attack and pore for-
mation on the bacterial surface are subsequently initiat-
ed   [3, 11, 12] . To further investigate the correlation of 
 MPEG1  with infectious diseases, we inspected curated 
microarray data sets in the NextBio database (http://
www.nextbio.com/b/nextbioCorp.nb). This analysis 
showed that  MPEG1  is frequently regulated during infec-

tion, both in studies using cultured macrophages and in 
studies using mouse infection models. For example, 
 MPEG1  shows significant downregulation in human 
macrophages exposed to  S. aureus   [36]  and in human 
monocytes infected with  Francisella tularensis   [37] . In 
contrast, upregulation has been observed in, for example, 
the lungs of mice infected with these pathogens  [38, 39] . 
Thus, in humans and mice different infection conditions 
are associated either with up- or downregulation of 
 MPEG1,  while in zebrafish  mpeg1  and  mpeg1.2  are regu-
lated in opposite directions under the same infection con-
ditions. 

  Using the zebrafish- M. marinum  infection model, we 
found that knockdown of  mpeg1  results in an increased 
bacterial burden, consistent with the proposed bacteri-
cidal function of Mpeg1 as a pore-forming molecule 
 [11] . However, there might be a broader effect as we ob-
served an altered immune response expression signa-
ture in infected  mpeg1  morphants that might also have 
an impact on the ability to control infection. The func-
tion of  mpeg1.2 , which has an extremely low basal ex-
pression level, could only be assessed using an  S. ty-
phimurium  infection model, where this gene is rapidly 
upregulated. In this model, knockdown of  mpeg1  atten-
uated the upregulation of  mpeg1.2,  indicating a broader 
effect of  mpeg1  on the innate immune response, consis-
tent with the results of  M. marinum  infection. Knock-
down of either  mpeg1  or the inducible  mpeg1 .2 gene led 
to an increased bacterial burden of  S. typhimurium  in-
fection, providing in vivo support for the anti-bacterial 
function of both genes. Due to the toxicity effects of 
combining the morpholinos, we were unable to investi-
gate a possible synergism between the anti-bacterial 
functions of  mpeg1  and  mpeg1.2.  However, a remarkable 
difference between the separate knockdown of  mpeg1  
and  mpeg1.2  was observed in that the survival time of 
 mpeg1  morphants was prolonged despite the increase in 
cfu numbers. This suggests that the survival advantage 
of  mpeg1  morphants could be due to an altered immune 
response and that, during the normal course of  S. ty-
phimurium  infection, embryos might die from the host-
damaging effects of the immune response rather than as 
a direct effect of the bacterial load. That  S. typhimuri-
um- infected zebrafish embryos die primarily from a 
host-damaging immune response is supported by our 
previous study of the regulatory phosphatase Ptpn6. A 
deficiency of Ptpn6 leads to a decreased survival rate 
during  S. typhimurium  infection, which correlates with 
a hyper-induced expression of many pro-inflammatory 
genes  [23] . Two of the main pro-inflammatory marker 
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genes, i.e.  il1b  and  mmp9,  were highly upregulated in 
both  mpeg1  and  mpeg1.2  morphants, similarly to infect-
ed control embryos. A difference in the expression of 
these marker genes therefore does not explain the sur-
vival advantage of  mpeg1  morphants, and the underly-
ing cause of this effect currently remains unknown. To-
gether, this first study of the MPEG1/perforin-2 family 
in   a whole organism model enables us to present a 
scheme that summarizes the regulatory mechanisms of 
both  mpeg1  and  mpeg1.2  and links this to the biological 
effects of the two genes ( fig. 8 g). The specialized func-
tion of the two  mpeg1  paralogues in zebrafish indicated 
by our morpholino knockdown study can be seen as 
motivation to develop zebrafish or mouse knockout 
models for further investigation of the mechanisms via 
which Mpeg1/perforin-2 proteins exert their immuno-
logical function.
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