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Abstract

Background & Aims—The nuclear factor k-light-chain enhancer of activated B cells (NF-xB)
transcription factor pathway is activated in response to diverse microbial stimuli to regulate
expression of genes involved in immune responses and tissue homeostasis. However, the temporal
and spatial activation of NF-kB in response to microbial signals have not been determined in
whole living organisms, and the molecular and cellular details of these responses are not well
understood. We used in vivo imaging and molecular approaches to analyze NF-kB activation in
response to the commensal microbiota in transparent gnotobiotic zebrafish.

Methods—We used DNA microarrays, in situ hybridization, and quantitative reverse
transcription PCR analyses to study the effects of the commensal microbiota on gene expression in
gnotobiotic zebrafish. Zebrafish PAC2 and ZFL cells were used to study the NF-«xB signaling
pathway in response to bacterial stimuli. We generated transgenic zebrafish that express enhanced
green fluorescent protein under transcriptional control of NF-xB, and used them to study patterns
of NF-xB activation during development and microbial colonization.

Results—Bacterial stimulation induced canonical activation of the NF-xB pathway in zebrafish
cells. Colonization of germ-free transgenic zebrafish with a commensal microbiota activated NF-
kB and led to up-regulation of its target genes in intestinal and extra-intestinal tissues of the
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digestive tract. Colonization with the bacterium Pseudomonas aeruginosa was sufficient to
activate NF-xB, and this activation required a functional flagellar apparatus.

Conclusions—In zebrafish, transcriptional activity of NF-xB is spatially and temporally
regulated by specific microbial factors. The observed patterns of NF-kB-dependent responses to
microbial colonization indicate that cells in the gastrointestinal tract respond robustly to the
microbial environment.
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EGFP; acute phase protein; axenic; Myd88

INTRODUCTION

The microbiota residing within the adult human gastrointestinal tract consists of ~1000
species of Bacteria as well as members of Archaea, Eukarya, and virus. The collective
genomes of these microbial residents encode >3 million genes, vastly outnumbering the
genes encoded by our own genome 1. The microbiota impacts numerous host biological
processes such as development and edification of the mucosal immune system, metabolism
of dietary nutrients, and intestinal epithelial cell proliferation and differentiation 1-3. An
important concept in host-microbe interaction is the presence of conserved innate sensors
that provide a sophisticated communication network between microorganisms and their
eukaryotic hosts. For example, Toll-like receptors (TLRs) can specifically recognize
components of bacterial cell walls, nucleic acids, or locomotion systems such as flagella 4.
Once engaged by microbial ligands, TLRs and their adapter proteins such as Myd88
propagate their signals to a complex network of intracellular effector systems including
mitogen activated protein kinase (MAPK; p38, Erk, SAPK/JNK), interferon responsive
factor (IRF) 3 and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«xB)
signal transduction > 6.

Among the various effector systems utilized by TLRs, the NF-«B transcriptional regulatory
pathway has attracted much attention for its role in innate and adaptive responses,
inflammation, proliferation, and cellular differentiation. Although TLR functions have been
largely analyzed in the context of pathogenic microbial infections, recent evidence has
revealed that the TLR/NF-«xB signaling axis also promotes protective function in the
intestine /. These protective functions are especially apparent during injury responses to
radiation, ischemia or chemical-induced damage, and are mostly attributed to NF-xB
signaling within intestinal epithelial cells (IECs) 8-15. Transgenic NF -kB reporter mice have
revealed that NF-xB is activated in diverse organs during development and biological
stresses 16-19 However, whether different types of microbial factors elicit a similar or
differential pattern of NF-«xB responses in the whole body is currently unknown. In addition,
the relationship between microbial colonization of the intestine and NF-«xB host responses in
gastrointestinal and non-Gl tissues remains unresolved.

The zebrafish (Danio rerio) has unique features that make it an attractive model organism to
study interactions between microorganisms and whole-body NF-«B response and function.
First, zebrafish are transparent through early adulthood, allowing in vivo time-lapse
microscopy of host and microbial cells. Second, the zebrafish digestive tract is similar to
that of mammals, possessing a liver, gall bladder, pancreas, and intestine. The zebrafish
intestinal epithelium is comprised of cell types present in other vertebrates, including
absorptive enterocytes and secretory goblet cells and enteroendocrine cells 2021, The
development of the zebrafish digestive tract is rapid, reaching a stage that supports feeding
and digestion by 5 days post-fertilization (dpf). Third, methods have been developed for
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producing germ -free (GF) zebrafish and for colonizing them with selected microbes 22,
Finally, the zebrafish is protected by humoral and cell -mediated immune systems that are
highly homologous to those of mammals 23: 24, The zebrafish genome encodes components
of the NF-kB pathway, including homologs of the I-kappa-B kinase (Ikk) complex 22, two
IxBa paralogs, as well as transcription factors RelA, c-Rel, and p100 26, Heterologous cell
culture assays indicate that zebrafish NF-«xB signaling proteins respond to stimulation by
TNFa or lipopolysaccharide (LPS) 26. However, the regulation and function of this signaling
pathway in response to microbial challenges in living zebrafish remain unknown.

In this study, we established and used a novel Tg(NFkB:EGFP) zebrafish model to elucidate
the temporal and spatial pattern of NF-xB activation (EGFP expression) in the whole body
during development and microbial colonization. We identify intestinal and extra-intestinal
tissues that are responsive to microbial colonization and investigate the mechanisms
underlying microbe-induced host responses.

MATERIALS AND METHODS

RESULTS

The Supplementary Materials and Methods present methods used for zebrafish husbandry,
functional genomics, zebrafish cell culture, Western immunoblot analysis,
immunofluorescence assays of zebrafish cells, transfection and luciferase activity assays,
construction of transgenic lines, in vivo imaging, wholemount RNA in situ
hybridization,chromatin immunoprecipitation, quantitative reverse transcription polymerase
chain reaction, immunofluorescence and confocal microscopy of zebrafish tissues,
morpholino injection, flow cytometry analysis, and statistical methods.

Functional genomic comparisons reveal host responses to the microbiota in whole
zebrafish larvae

To define the biological processes regulated by the commensal microbiota in zebrafish
hosts, we conducted a microarray-based functional genomic comparison of gene expression
in whole 6dpf GF zebrafish larvae to age-matched ex-GF zebrafish colonized since 3dpf
with a conventional zebrafish microbiota (conventionalized or CONVD). This comparison
revealed 200 zebrafish transcripts that were differentially expressed in GF compared to
CONVD larvae (Tables S1-2). Many of these transcripts are expressed in the developing
digestive tract of conventionally-raised (CONV-R) zebrafish (Fig. S1) 27 or regulated by the
commensal microbiota in the zebrafish digestive tract 28, suggesting that the zebrafish
digestive tract is robustly responsive to the microbiota (see Supplemental Results and Table
S1). Functional categorization of these 200 microbiota-regulated transcripts revealed
enrichment for genes involved in humoral and cell-mediated innate immunity as well as
metabolism of lipids and other small molecules (Tables S3-4). Based on existing knowledge
of vertebrate genes that are directly regulated by NF-xB, we identified 26 zebrafish
transcripts that are differentially expressed in response to the normal microbiota, and also
are homologous to mammalian genes directly regulated by the NF-xB pathway (Table S5
and Figure S2). These results suggest that NF-xB might serve a central role in mediating
host responses to the microbiota in zebrafish.

The zebrafish NF-kB pathway responds to microbial stimuli in vitro

To determine if the zebrafish NF-xB pathway responds to microbial stimuli, we first
interrogated the pathway in the zebrafish PAC2 fibroblast cell line. The human IkBa protein
and the two zebrafish paralogs IxBaa and IxBab display a high degree of amino acid
sequence conservation, including conservation of the two serine consensus phosphoacceptor
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sites responsible for signal-induced I«B degradation 26, LPS stimulation of zebrafish PAC2
embryonic fibroblast cells resulted in a rapid increase in 1kBa phosphorylation as revealed
by Western blot analysis (Fig. 1A). In addition, immunofluorescence assays revealed strong
RelA nuclear staining in LPS-stimulated PAC2 cells compared to unstimulated controls
(Fig. 1B).

We next sought to test the impact of the zebrafish NF-«xB signaling pathway on expression
of a predicted downstream target gene encoding the IkBaa protein (Table S5). Exposure of
PAC?2 cells to LPS resulted in time-dependent induction of ikbaa mRNA accumulation (Fig.
1C). Bioinformatic analysis revealed three potential NF-kB binding sites in the zebrafish
ikbaa promoter region located at position — 160, —595 and —1893 relative to the
transcription start site (data not shown). Chromatin immunoprecipitation analysis showed
that LPS robustly induced RelA recruitment to the NF-«B site located at position -595 of the
ikbaa promoter (Fig. 1D) but not at the other two positions (data not shown). To further
investigate the relationship between NF-«B signaling and microbe-induced ikbaa gene
expression, we constructed an ikbaa-luciferase reporter plasmid (pikbaa:Luc). Luciferase
activity increased 2.4-fold in pikbaa:Luc-transfected zebrafish ZFL liver cells following LPS
stimulation (Fig. 1E). In accordance, treatment with NF-xB Activation Inhibitor (NAI) 2°
strongly reduced LPS-induced ikbaa mRNA accumulation in PAC2 cells (Fig. 1F). These
findings demonstrate that the bacterial factor LPS induces NF-kxB signaling and expression
of NF-xB target genes in zebrafish cells.

To test whether the zebrafish NF-xB pathway is responsive to complex bacterial stimuli, we
exposed zebrafish cells to bacterial cell lysate. The Gram-negative y-proteobacterium
Pseudomonas aeruginosa has been established as a model for analysis of commensal and
pathogenic host-bacterial interactions in the zebrafish system 30-34_ We found that cell
lysates from wild-type P. aeruginosa strain PAK rapidly (30 min) induced ikbaa mRNA
accumulation in PAC2 cells (Fig. 1C). P. aeruginosa lysate also robustly induced luciferase
activity 7.1-fold in pikbaa:Luc-transfected ZFL cells (Fig. 1E), suggesting that the zebrafish
NF-«xB pathway is highly sensitive to P. aeruginosa products.

Transgenic NFKB:EGFP reporter zebrafish reveal dynamic patterns of NF-kB activity in

Vivo

To elucidate the patterns of NF-xB-dependent gene transcription, we constructed an
expression vector encoding the EGFP under the transcriptional control of NF-«kB recognition
sequences (PNFKB:EGFP) (Fig. 2A). pNFkB:EGFP-transfected PAC2 cells displayed
enhanced EGFP expression following LPS stimulation compared to unstimulated cells,
which was blocked by the NF-«kB inhibitor Bay 11-7085 (Fig. S3). This suggests that EGFP
expression from the pNFkB:EGFP plasmid in zebrafish cells is NF-xB-dependent.

We next generated transgenic zebrafish harboring the pNFkB:EGFP transgene to monitor
the spatial and temporal pattern of NF-xB transcriptional activation in living animals. To
define the spatial pattern of NF-xB activation as a function of host age, we observed EGFP
expression in developing CONV-R Tg(NFkB:EGFP) zebrafish (see Supplemental Results
and Figures S4-6 for details). Briefly, EGFP expression in Tg(NFkB:EGFP) zebrafish at 24
hours post-fertilization (hpf) was limited to a small number of cells in multiple tissues
including retina, muscle, and neural tube (Figs. 2B and S4A). By 50hpf, EGFP expression
was enriched in several specific structures, including the lateral line sensory system, sensory
patches of the ear, dorsal root ganglia (DRG), swim bladder primordium, and pharyngeal
teeth (Figs. 2C,F and S4B,C). In addition to these tissues, Tg(NFkB:EGFP) zebrafish began
expressing EGFP in the intestine by 74hpf, around the time that larvae hatch from their
protective chorions (Fig. 2D). Immunofluorescence assays reveal that EGFP expressing cells
in the intestine include a subset of secretory cells and absorptive enterocytes (Fig. S6).
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These and other cell types express EGFP into juvenile and adult stages in Tg(NFkB:EGFP)
zebrafish (Figs. 2, S4, and S5). Together, these results indicate that the zebrafish NF-xB
pathway is active in a diverse set of cell types from embryogenesis through adult stages,
raising the possibility that NF-xB pathway activation in these cell types may be
differentially regulated by environmental and physiological factors.

Microbial colonization of Tg(NFkB:EGFP) zebrafish stimulates dynamic spatial and
temporal patterns of NF-kB activity

To test the effect of the microbiota on zebrafish NF-xB activation in vivo, we performed
Rel A chromatin immunoprecipitation on whole 6dpf GF and CONVD Tg(NFkB:EGFP)
zebrafish. RelA binding to the NF-xB enhancer in the NFkB:EGFP transgene and to the
promoter of the endogenous ikbaa gene was significantly elevated in CONVD compared to
GF larvae (Fig. 3). This establishes that the NFkB:EGFP transgene is a direct target of the
zebrafish NF-xB pathway, and that the microbiota stimulates NF-«xB activity in whole
zebrafish larvae.

To determine the spatial and temporal distribution of NF-kB response to the microbiota, we
monitored in vivo patterns of EGFP fluorescence in GF and CONVD Tg(NFkB:EGFP)
zebrafish. At 3dpf, GF zebrafish express EGFP in many of the same cells types as CONV-R
zebrafish (Figs. 2 and 4), suggesting that NF-kB activation in those cells is not dependent on
microbial stimuli. Colonization of 3dpf GF Tg(NFkB:EGFP) zebrafish with a microbiota for
24 hours was not sufficient to induce gross alterations in EGFP fluorescence (Fig. 4B,F).
However, CONVD zebrafish displayed a significant 8.5% increase in mean EGFP
fluorescence compared to age-matched GF controls by 5dpf (Fig. 4C, F), and continuing
through 6dpf (16.2% increase; Fig. 4D, F) and 8dpf (16.6% increase; Fig. 4E, F). Because
NF-kB function is essential for zebrafish embryogenesis (see Supplemental Results and Fig.
S7) 2526 e transiently blocked the pathway using NAI to test whether microbial induction
of the EGFP reporter during larval stages was NF-xB-dependent. The ability of the
microbiota to induce EGFP expression in 6dpf CONVD Tg(NFkB:EGFP) animals was
significantly reduced by treatment with NAI from 3-6dpf (Fig. 4F). GF Tg(NFkB:EGFP)
larvae treated with NAI did not show a decrease in EGFP fluorescence compared to
untreated GF animals (Fig. 4F). These data indicate that colonization by the microbiota
induces NF-xB pathway activation in a dynamic temporal pattern.

To identify the anatomic sites of NF-kB activation following microbial colonization, we
quantified EGFP fluorescence in specific tissues of 6dpf GF and CONVD Tg(NFkB:EGFP)
larvae. CONVD larvae displayed significantly elevated EGFP expression in multiple
digestive tract organs compared to GF controls, including liver, swim bladder, and multiple
segments of the intestine (Fig. 5B). However, no significant difference was detected in cells
associated with lateral line neuromasts, DRG, or muscle (Fig. 5B). Comparisons of 6dpf GF
and CONVD zebrafish from a second independent Tg(NFkB:EGFP) line revealed a similar
pattern of microbiota-induced and constitutive EGFP expression (data not shown),
suggesting that these patterns of microbial induction are not due to transgene position effect.
The commensal microbiota therefore stimulates robust NF-«xB activation (EGFP) in intestine
and extra-intestinal organs of the zebrafish digestive tract, without salient activation in other
non-digestive tract tissues.

To determine the cellular origins of the NF-xB responses to the microbiota in the intestinal
epithelium, we utilized Tg(-4.5intestinal fatty acid binding protein [ifabp]:DsRed) zebrafish
that express DsRed specifically in intestinal epithelial cells (IECs) (Fig. S8). We used flow
cytometry to isolate DsRed-expressing IECs from 6dpf double-transgenic
Tg(-4.5ifabp:DsRed)(NFkB:EGFP) zebrafish raised under GF or CONVD conditions. The
percentage of DsRed-positive IECs that also express EGFP was similar in 6dpf CONVD and
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GF Tg(-4.5ifabp:DsRed)(NFkB:EGFP) zebrafish larvae [513/890 (57.6%) DsRed-positive
IECs from 100 GF larvae, and 321/495 (64.8%) DsRed-positive IECs from 67 CONVD
larvae]. In contrast, the mean and median EGFP fluorescence levels among EGFP-positive
IECs were markedly higher in CONVD compared to GF controls (Fig. 5C). This suggests
that microbial colonization results in increased NF-«xB activity (EGFP) in a distinct
population of IECs, without affecting the size of that IEC population. Moreover the
percentage of DsRed-positive IECs in CONVD animals with EGFP levels above the mean
and median EGFP levels in GF DsRed-positive IECs was 38.3% and 69.3% respectively,
indicating that the presence of the microbiota induced the NF-«xB reporter broadly across this
IEC population. To determine which IEC lineages respond to the microbiota, we conducted
immunofluorescence analysis on IECs in Tg(-4.5ifabp:DsRed) zebrafish to reveal that
DsRed expression colocalizes with the brush border marker 4E8 but not the secretory cell
marker 2F11 (Fig. S8) 3°. This indicates that the increased NF-kB reporter activity that
occurs within the intestinal epithelium in response to the micobiota is due at least in part to
NF-«kB activity in absorptive enterocytes. Together our data indicate that microbial
colonization results in elevated NF-«kB activation (EGFP) in multiple tissues and cell types
within the digestive tract.

NF-kB and myd88 mediate a subset of innate immune responses to the microbiota

We used semi-quantitative RNA wholemount in situ hybridization (WISH) to test the
relationship between microbiota-induced NF-xB activation and expression of putative NF-
kB target genes (Table S1). Transcripts encoding complement factor b (cfb) were enriched in
the liver of 6dpf CONVD zebrafish compared to GF controls (Fig. 6A), whereas serum
amyloid a (saa) mMRNA was elevated in liver, swim bladder, and posterior intestine of
CONVD versus GF larvae (Fig. 6B). Intriguingly, microbial induction of cfb and saa
expression occurred in the same digestive tract organs as microbial induction of EGFP in
Tg(NFkB:EGFP) larvae (Fig. 5). Quantitative RT-PCR analysis of whole 6dpf larvae
revealed that microbial induction of cfb and saa expression can be significantly attenuated
by treatment with NAI (Fig. 6D, Tables S6-S7), establishing that microbial induction of cfb
and saa is NF-xB-dependent.

The adapter protein Myd88 is involved in TLR/IL-1/IL-18 receptor signaling and is
upstream of the NF-«B transcriptional system °. Morpholino knockdown of myd88 in GF
and CONVD zebrafish (Fig. S7) showed that microbial induction of saa expression was
significantly reduced in myd88 morphants compared to animals injected with standard
control morpholino (Fig. 6E). In contrast, microbial induction of cfb expression was only
slightly attenuated in myd88 morphants (Fig. 6E). These results establish that microbiota
stimulates NF-kB—dependent expression of innate immune response genes in diverse tissues
in the digestive tract, and indicates that some of these responses are dependent on myd88
function.

To test whether NF-xB and myd88 are required for induction of cell-mediated innate
immune responses, we evaluated myeloperoxidase (mpo, also called myeloid specific
peroxidase or mpx), a marker of the neutrophil lineage 3¢ 37, Semi-quantitative WISH
revealed that mpo mRNA levels in 6dpf GF animals were markedly reduced compared to
age-matched CONVD counterparts (Fig. 6C), indicating that the microbiota is an important
factor in neutrophil development and/or survival. In contrast to saa and cfb, qRT-PCR
assays revealed that microbial induction of mpo was not significantly altered by NAI
treatment or myd88-MO injection (Fig. 6D and E). This suggests that at least a subset of
cell-mediated innate immune responses to the commensal microbiota in zebrafish may not
require NF-xB or myd88 function.
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NF-kB activation in intestinal and extra-intestinal tissues is sensitive to bacterial flagellar

function

To determine whether NF-kB activity level in distinct zebrafish tissues is sensitive to
variations in bacterial genotype, we colonized 3dpf GF Tg(NFkB:EGFP) larvae with a
single bacterial species, P. aeruginosa strain PAK. Mono-association with wild-type PAK
induced NF-kB activity in many of the same tissues as the unfractionated microbiota,
including intestine and liver (Fig. 7A,B,E). In a previous study, we found that P. aeruginosa
flagellar function is required for stimulation of innate immune gene expression 39, but the
role of bacterial flagella in zebrafish NF-xB activation remained unknown. We colonized
GF Tg(NFkB:EGFP) larvae at 3dpf with PAK strains containing deletions of genes
encoding FIiC flagellin (AfliC) or the flagellar stator proteins MotABCD (AmotABCD).
Both AfliC and AmotABCD strains achieved densities in the zebrafish intestine that were
similar to the wild-type parent strain (P=0.07, and P=0.49, respectively), confirming that
flagellar function is dispensable for gut colonization 30. Interestingly, EGFP fluorescence in
Tg(NFkB:EGFP) zebrafish colonized with PAK AfliC or AmotABCD was indistinguishable
from GF controls in several tissues, including the intestine and liver (Fig. 7). These
observations indicate that NF-xB activation in digestive tract tissues is sensitive to bacterial
flagellar function, and demonstrate the utility of Tg(NFkB:EGFP) zebrafish to report the
effect of bacterial genotype on tissue-specific NF-«xB activity in living animals.

DISCUSSION

NF-kB genes are ancient conserved features of metazoan genomes 38: 39 however relatively
little is known about their functions across different metazoan lineages. Our work provides
new insights into the impact of the microbiota on zebrafish NF-«xB activity. We show that
LPS exposure of zebrafish cells results in rapid phosphorylation of endogenous IxBa protein
accompanied by nuclear translocation of RelA, establishing that these aspects of canonical
NF-«xB pathway activation are conserved in zebrafish cells. Moreover, we provide multiple
lines of cell culture and in vivo evidence that zebrafish ikbaa is a bona fide NF-«B target
gene, similar to its mammalian homologs 4°. Although divergent functions for several TLR/
NF-kB pathway members have been described (i.e., ikk1 and tirda/tlrb) 25 41,42 our data
indicate that the canonical NF-kB pathway is conserved in zebrafish and is responsive to
microbial stimulation.

Our validations of Tg(NFkB:EGFP) zebrafish (Figs. 1,3,4,S3) indicate that this reporter
system can serve as a useful tool to monitor the temporal and spatial patterns of NF-xB
activation. We observed relatively little NF-xB activity in zebrafish through 1dpf, similar to
the pattern of NF-«B reporter expression in early mouse embryos 19, Beginning in later
embryonic stages, Tg(NFkB:EGFP) fish displayed strong NF-«xB activity in multiple tissues
including those within the peripheral nervous system and digestive tract. Comparison of our
results to reported patterns of NF-«xB activation in mice indicates that NF-«xB activation may
be a conserved feature in multiple vertebrate tissues (see Supplemental Results and Figs. 2
and Tables S4-S6).

Comparisons of GF and CONVD larvae disclose that zebrafish host responses to the
microbiota are concentrated in the digestive tract. First, our functional genomic comparison
of GF and CONVD larvae revealed that many of the transcripts that were increased in
response to microbial colonization are also enriched in the digestive tract of developing
CONV-R zebrafish (Figure S1 and Table S1) 27. This indicates that the zebrafish digestive
tract is robustly responsive to microbial colonization, and supports the model that the
microbiota promotes maturation of the zebrafish digestive tract. Second, Tg(NFkB:EGFP)
zebrafish revealed that NF-«xB response to the microbiota was most significant in the organs
of the digestive tract. Using flow cytometry analysis of IECs from Tg(-4.5ifabp:DsRed)
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(NFkB:EGFP) zebrafish, we revealed that microbiota stimulates increased NF-«xB activation
(EGFP fluorescence) in a subpopulation of DsRed-positive IECs without affecting the size
of that DsRed/EGFP-positive IEC subpopulation (Fig. 5C). Our immunofluorescence
analysis indicates that these responsive IECs are absorptive enterocytes. The effect of the
microbiota on NF-«kB activity in intestinal cell lineages remains to be elucidated, however
analysis of the secretory cell marker 2F11 3 in the intestines of GF and CONVD
Tg(NFkB:EGFP) zebrafish revealed no significant differences in the percentage of 2F11-
positive secretory cells that express the EGFP reporter in intestinal segment 1 (Fig. S9).
Colonization of GF NF-«B reporter mice with a normal mouse microbiota also induced
reporter activity in IECs 16, indicating that NF-kB activation in IECs is a conserved feature
of the intestinal response to commensal microbes. As in the mouse, NF-«xB reporter activity
was relatively low in the zebrafish liver under homeostatic conditions 1°. However, the
zebrafish liver displayed significantly elevated NF-xB activity upon colonization with a
normal microbiota, consistent with the role of the liver in production of acute phase products
in fish as well as mammals 43. In contrast, NF-xB-derived responses in non-digestive tract
tissues were relatively minor. Taken together, our data provide the unexpected insight that
the digestive tract is the dominant site of host response to the microbiota, despite the
exposure of all external surfaces of the animal to the surrounding microbial environment.
This may occur because digestive tract organs are inherently more sensitive to microbial
stimuli than other tissues. This may also be due, at least in part to the fact that the microbial
community that assembles in the zebrafish intestinal lumen reaches higher densities
(approximately 10%-10 cfu/mL in each 6dpf CONVD larvae, based on an estimated 10 nL
total luminal volume) than that of the surrounding water (104 cfu/mL in 6dpf CONVD
larvae housing water; data not shown).

Interestingly, colonization of GF Tg(NFkB:EGFP) zebrafish larvae with a normal zebrafish
microbiota resulted in elevated NF-kB activation in digestive tract tissues exposed to the
external environment (i.e., intestine and swim bladder) as well as internal tissues (i.e., liver).
The mechanisms by which commensal microbes stimulate responses in extra-intestinal
tissues such as liver remain unclear. It is possible that responses at extra-intestinal sites may
be evoked by microbial metabolites 44 or products such as LPS 4% 46 which could be
absorbed across the intestinal barrier and released into circulation. Alternatively, microbes
may stimulate responses locally in the intestine, resulting in mucosal production of host
cytokines and other effector molecules that enter circulation to evoke responses at extra-
intestinal sites 8. The function of extra-intestinal NF-kB responses to the microbiota remains
unclear, but could represent an important communication axis alerting extra-intestinal
tissues to potentially stressful events (i.e., microbial colonization).

Our results in Tg(NFkB:EGFP) zebrafish are consistent with previous studies in mammals
indicating that the NF-«B activity can exist in ‘inducible’ as well as ‘constitutive’ states.
Constitutive activation of NF-xB observed using multiple mammalian reporter systems (e.g.,
EGFP, luciferase, and B-galactosidase) is not inhibited by pharmacological or molecular
approaches, which are able to block induction by microbial stimuli 16: 18 47-51 gimilarly,
we find constitutive NF-«xB activity (EGFP expression) in multiple tissues of both GF and
CONVD Tg(NFkB:EGFP) zebrafish, with microbial colonization inducing EGFP levels in
only a subset of those tissues. This inducible EGFP expression was inhibited by exposure to
NF-xB inhibitor NAI, whereas EGFP expression levels in GF Tg(NFkB:EGFP) zebrafish
were not saliently affected (Fig. 4). It is estimated that the NF-xB pathway can be activated
by > 150 different stimuli, only some of which are of microbial origin 52. Constitutive NF-
kB activation in GF animals could result from stimulation by non-microbial factors, or
shuttling and/or posttranslational regulation of various NF-kB transcriptional subunits
already present in the nucleus 3. %4,
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Transgenic zebrafish lines such as Tg(NFkB:EGFP), which report the activity of specific
signal transduction pathways provide new opportunities to identify genes and molecules that
control the activity of that pathway in specific tissues and developmental stages. In proof-of-
concept experiments, we used P. aeruginosa as a model gut bacterium to test whether
Tg(NFkB:EGFP) reporter activity in different tissues is sensitive to variations in bacterial
genotype. Whereas colonization of GF zebrafish with this single bacterial species was
sufficient to induce NF-xB reporter activity in intestinal as well as extra-intestinal tissues,
mono-association with mutants defective for flagellar filament biogenesis (AfliC) or rotation
(AmotABCD) resulted in attenuated NF-xB induction in multiple tissues (Fig. 7). Zebrafish
NF-«kB activity in intestinal as well as extra-intestinal tissues is therefore sensitive to
bacterial flagellar function, however additional investigation will be required to determine
which specific aspects of flagellar function are required to induce NF-kB activity in distinct
tissues. These results establish that the Tg(NFkB:EGFP) zebrafish is sufficiently sensitive to
distinguish between bacterial genotypes, and could be used to screen for bacterial mutants or
products that modulate specific temporal or spatial patterns of NF-«xB activation in zebrafish.

Our results indicate that zebrafish innate immune responses to the microbiota are mediated
by at least two distinct signaling mechanisms. We show that microbial induction of humoral
immune response genes saa and cfb is mediated by a NF-xB-dependent mechanism.
Morpholino knockdown experiments revealed that microbial induction of saa also requires
myd88, implicating TLRs or receptors for IL-1 or IL-18 in this signaling pathway. The
partial attenuation of cfb induction in myd88 morphants could be due to incomplete efficacy
of morpholino knockdown (Fig. S7), or regulatory input from an alternate pathway.
Surprisingly, microbial induction of the neutrophil marker mpo was independent of NF-«xB
and myd88 function, indicating that different signaling mechanisms mediate this cellular
response. Further investigation will be required to identify the specific receptors mediating
NF-kB- and myd88-dependent responses, as well as the additional mechanisms underlying
neutrophil responses to the commensal microbiota.

In conclusion, we report the generation and validation of Tg(NFkB:EGFP) zebrafish, and
demonstrate that microbial colonization induces NF-xB activation and target gene
expression in intestinal as well as extra-intestinal tissues in the digestive tract.
Tg(NFkB:EGFP) zebrafish represents a valuable system to interrogate the relationship
between microorganisms and the function of NF-«xB signaling in multiple anatomical sites.
We anticipate that this reporter approach will be broadly applicable to other signaling and
transcriptional regulatory mechanisms in the zebrafish model, facilitating combinatorial in
vivo real-time analysis of transcriptional responses in diverse cell types and microbial
environments.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

cfb complement factor b
CONVD conventionalized
CONV-R conventionally-raised
dpf days post-fertilization
EGFP enhanced green fluoresent protein
Gl gastrointestinal
GF germ-free
ifabp intestinal fatty acid binding protein
LPS lipopolysaccharide
MAMP microbe-associated molecular pattern
mpo myeloperoxidase
NF-xB nuclear factor kappa-light-chain-enhancer of activated B cells
NAI NF-xB Activation Inhibitor
PRR pattern recognition receptor
saa serum amyloid a
TLR Toll-like receptor
WISH wholemount RNA in situ hybridization
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Fig. 1. Bacterial stimulation of zebrafish cell lines results in activation of the canonical NF-kB
pathway and induces expression of NF-kB target genes

(A) Western blot of zebrafish PAC2 cells shows rapid phosphorylation of IkBa proteins
following LPS (10 pg/ml) stimulation. (B) Immunofluorescence of PAC2 cells using anti-
RelA antibody reveals rapid nuclear localization following LPS stimulation. Original
magnification set at 400x. (C) gRT-PCR using primers for ikbaa, a predicted NF-«xB target
gene, demonstrating time-dependent accumulation upon stimulation with LPS (10 pg/ml) or
P. aeruginosa PAK lysate (43.5 pg/ml; normalized to 18S rRNA). (D) Chromatin
immunoprecipitation of LPS-stimulated PAC2 cells reveals increased binding of RelA to the
zebrafish ikbaa promoter. (E) Zebrafish ZFL cells transfected with ikbaa-luciferase gene
reporter (pikbaa:Luc) show increased luciferase activity upon stimulation with LPS (10 pg/
ml) or P. aeruginosa PAK lysates (43.5 ug/ml). (F) gRT-PCR of ikbaa shows that induction
upon LPS stimulation of PAC2 cells is attenuated after treatment with NAI (200 nM;
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normalized to 18S rRNA). Data in panels C—F are expressed as mean + SD. See also Figure
S3.
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Fig. 2. T9(NFkB:EGFP) zebrafish express EGFP in diverse tissues during development

(A) Schematic depiction of pNFkB:EGFP transgene. Brightfield and EGFP fluorescence
images of CONV-R Tg(NFkB:EGFP) zebrafish at 24hpf (B), 50hpf (C), 74hpf (D), and 6dpf
(E). (F) Higher magnification images at 50hpf and 6dpf illustrate diverse tissues expressing
EGFP including neuromasts (nm), dorsal root ganglia (drg), pharyngeal teeth (pt), cloaca
(cl), liver (Iv), and intestine (in). Scale Bars: 500um. See also Figures S4, S5, and S6.
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Fig. 3. Colonization of GF Tg(NFkB:EGFP) zebrafish with a microbiota stimulates binding of
RelA to reporter transgene and ikbaa promoter

Measurement of RelA binding in whole 6dpf GF and CONVD zebrafish (10 fish/condition)
was performed using anti-RelA antibody and primers targeting the synthetic NF-«xB binding
site in the NFkB:EGFP transgene (A) and the promoter of predicted NF-«xB target gene
ikbaa (B). Results are normalized to internal input controls and expressed as mean fold-
difference + SD.

Gastroenterology. Author manuscript; available in PMC 2012 July 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Kanther et al.

Page 17

GF Tg(NFKB:EGFP)

Relative fluorescence

low high

3o W C —

3 dpf

CONVD Tg(NFKB:EGFP)

10 P=078 1004 P00 100y P<00001  pegooq 100 P<0.001
,‘g 90 90 90 _P<0.01_ 90
o> 80 80 80 80
2o
£e 70 70 70 70
&’g 60 60 i 60 = 60 i
s so{== X so| == 50 501 g
= a0l y a0l — y 40 Y Y a0l = .
GF CONVD GF CONVD GF CONVD GE  CONVD GF CONVD
+ +

Fig. 4. Conventionalization of GF Tg(NFkB:EGFP) zebrafish stimulates EGFP expression in
diverse cell types

Brightfield (A) and EGFP fluorescence images shown as heatmaps (A-E) of GF 3dpf (A)
and GF and CONVD 4dpf (B), 5dpf (C), 6dpf (D), and 8dpf Tg(NFkB:EGFP) zebrafish (E).
(F) Quantification of relative EGFP fluorescence reveals a significant increase in CONVD
compared to GF controls by 5dpf which continues through 8dpf. Treatment with 200nM
NAI from 3-6dpf results in a significant decrease in relative EGFP fluorescence of 6dpf
CONVD zebrafish compared to vehicle-treated CONVD controls (6-10 fish/condition).
Scale bars: 200um.
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Fig. 5. Microbiota activates NF-kB in specific tissues in gnotobiotic zebrafish

Quantification of relative EGFP fluorescence in specific tissues of 6dpf GF and CONVD
Tg(NFkB:EGFP) zebrafish. (A) Areas quantified (outlined in green) include intestinal
segment 1 (seg 1), segment 2 (seg 2), segment 3 including cloaca (seg 3), liver (Iv), swim
bladder (sb), neuromasts (nm), dorsal root ganglia (drg), and muscle (m). (B) Quantification
of EGFP fluorescence shows significant induction in intestine and other digestive tract
tissues of CONVD zebrafish compared to GF controls (10 fish/condition). (C) FACS
histogram showing Log EGFP fluorescence in DsRed-positive intestinal epithelial cells
(IECs) from 6dpf Tg(-4.5ifabp:DsRed)(NFKB:EGFP) GF and CONVD zebrafish. Data is
representative of two biological replicates. (D) Wholemount confocal microscopy of EGFP
fluorescence in swim bladder and liver in 6dpf GF and CONVD Tg(NFkB:EGFP) zebrafish.
Scale bars: 10um.
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Fig. 6. Conventionalization of GF zebrafish stimulates NF-kB dependent immune responses in
diverse cell types

(A-C) Semi-quantitative wholemount in situ hybridization of 6dpf GF and CONVD
zebrafish using RNA probes for complement factor b (cfb), serum amyloid a (saa), and
myeloperoxidase (mpo). (A) CONVD zebrafish show increased cfb expression in the liver
(black arrowhead) compared to GF controls. (B) CONVD zebrafish also display increased
saa expression in liver (black arrowhead), swim bladder (white asterisk) and segment 3 of
the intestine (black arrow) compared to GF controls. (C) CONVD larvae robustly express
mpo in neutrophils in the caudal hematopoietic tissue (black arrowhead) and other locations
(black arrow) compared to GF zebrafish. (D) gRT-PCR assays of whole 6dpf GF and
CONVD zebrafish treated with DMSO vehicle from 3-6dpf shows that cfb, saa, and mpo
are all significantly induced by the microbiota, and that treatment with 200nM NAI from 3—
6dpf attenuates microbial induction of cfb and saa, but not mpo. (E) gRT-PCR assays of
whole 6dpf GF and CONVD larvae injected at the 1-cell stage with either standard control
morpholino (Std Ctrl MO) or a morpholino targeting myd88 (myd88 MO). gRT-PCR data in
panels D-G are from biological duplicate pools (5-20 fish/pool) normalized to 18S rRNA
levels and expressed as mean mRNA fold-difference £ SEM. Scale bars: 200pum (A-C).
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Fig. 7. P. aeruginosa flagellar function is required for NF-kB activation in gnotobiotic
Tg(NFkB:EGFP) zebrafish

Representative EGFP fluorescence heatmap images of 6dpf Tg(NFkB:EGFP) larvae raised
GF (A), or mono-associated since 3dpf with wild type P. aeruginosa strain PAK (B) or
deletion mutants PAK AfliC (C) and AmotABCD (D). (E) Densitometric quantification of
relative EGFP fluorescence for whole animal, liver, swim bladder, intestinal segments 1, 2,
and 3, neuromasts, dorsal root ganglia (DRG), and muscle (10 fish/condition). One-way
ANOVA P-values are shown in each panel, with significant differences (Tukey’s post-test
P<0.05) compared to GF (a) and PAK WT (b) indicated. Scale bars: 500um (A-D).
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