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How fish larvae are protected from infection before the maturation of
adaptive immunity, a process which may take up to several weeks in
most species, has long been a matter of speculation. Using a germ-
free model, we show that colonization by commensals in newly
hatched zebrafish primes neutrophils and induces several genes en-
coding proinflammatory and antiviral mediators, increasing the
resistance of larvae to viral infection. Commensal microbe recognition
was found to be mediated mainly through a TLR/MyD88 signaling
pathway, and professional phagocytes were identified as the source
of these immune mediators. However, the induction of proinflamma-
tory and antiviral genes, but not of antimicrobial effector genes, also
required the covalent modification of histone H3 at gene promoters.
Interestingly, chromatin modifications were not altered by commen-
sal microbes or hatching. Taken together, our results demonstrate
that gene-specific chromatin modifications are associated with the
protection of zebrafish larvae against infectious agents before
adaptive immunity has developed and prevent pathologies associ-
ated with excessive inflammation during development.
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ur understanding of the development of the vertebrate im-
mune system has increased greatly during recent decades.
Findings so far strongly suggest that events that occur in the early
life stages of life have a profound impact on the organism’s later
development (1), structure (2), and function (3). Traditionally,
the study of animal development has focused on understand-
ing how interactions among animal cells trigger developmental
pathways. A frequent assumption is that all the steps involved in
the development of a complex multicellular organism are genet-
ically preordained (4). Only now, however, the field of ecological
developmental biology begun to focus on the idea that some de-
velopmental triggers may come from the environment (5). Par-
ticularly interesting are the events that happen around the time
of birth. In this early developmental stage, all vertebrates are
subjected to an imminent colonization by a diverse microbiota
inhabiting the surrounding environment. Among humans of de-
veloped countries, such microbial influence has tended to be
avoided, or, at least diminished, through high standards of hy-
giene. In contrast, researchers into host-microbe relationships
recently have established that the first contact between the two
entities is essential for the maturation of immunity. This phe-
nomenon has been called “developmental immunologic pro-
gramming” (DIP) (6). DIP is a process whereby an environmental
factor acting during a sensitive or vulnerable developmental pe-
riod exerts effects that impact the structure and function of
organs in ways that, in some cases, persist throughout life (7).
This process is not exclusive to higher vertebrates; indeed, in
lower taxa, such as fish, it has been known as “bacterial priming”
(8). Therefore, DIP seems to be a conserved feature that has
been preserved throughout the evolutionary process.
Immune-competent cells recognize microbial components that
are not present in any of their structures but are conserved
among pathogens. Recognition occurs mainly via receptors that
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are expressed in all cells of a given type (9). Receptors of the innate
immune system, called “pattern-recognition receptors,” form two
well-studied families with huge recognition capacities: the trans-
membrane Toll-like receptors (TLRs) and the intracytoplasmic
Nod-like receptors (10). Their role in sensing is indispensable, and
in mammals it is well recognized that all TLRs discovered to date,
with the exception of TLR3, signal via their associated adaptor
molecule, myeloid differentiation primary response protein 88
(MyD88) (11). Similarly, an almost complete set of TLRs has been
described in the pufferfish Fugu rubripes and in the zebrafish Danio
rerio (12), and, with the exception of TLR4 (13, 14), these TLRs
seem to be functional orthologs of mammalian TLRs. Thus, they
are able to sense the same ligands (15-17), use similar adaptor
molecules for signaling (15), and activate the transcription factor
NF-«B (13, 15, 18). In addition, it has been shown that in zebrafish
MyD88 modulates innate immune responses to microbes (19-22).

Apart from the recognition mechanisms, vertebrates have
developed means to support large societies of microbial partners
during their life cycles. However, one puzzling issue is that the
supported microbial partners have the same conformational,
molecular, or locomotive structures as closely related pathogens,
indicating that microbe-associated molecular patterns (MAMPs)
are not limited to pathogens. Therefore, herein we use the term
“MAMPs” instead of the term “pathogen-associated molecular
patterns” (PAMPs).

This recognition feature is particularly conspicuous in teleost
fish, because, although this phylogenetic group has developed a
completely and fully functional immune system, it lives in one of
the most aggressive habitats, the aquatic ecosystem. In this unique
habitat an impressive number and diversity of microorganisms
coexist (23-26). Therefore, fish might have specific functional
mechanisms for discriminating between the threats of a pathogenic
origin and the signals that come from commensals. The mecha-
nisms controlling this fragile equilibrium are largely unknown but
are thought to be mediated by specialized receptors, such as the
TLRs. Although beneficial, this response could threaten the host
integrity when uncontrolled and directed toward the host. In an
effort to understand how microbial commensals are host-sup-
ported, powerful germ-free (GF) experimental approaches have
been developed. For example, it has been noticed that intestines of
GF mice can initiate but cannot complete their differentiation
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when particular associations between host and microbes are
lacking (4). Using a similar model, Hrncir et al. (27) found that
bacterial LPS, which is present as a contaminant in mouse food, is
needed to develop a healthy phenotype. Unfortunately, available
model species are scarce, and most findings under GF conditions
are derived largely from a few mammalian species, mainly
rodents (28) and swine (29). Only recently, another species, the
zebrafish, has emerged as a key and powerful model organism to
widen basic and biomedical animal research (30-35). To date, the
study of host-microbe interactions in GF conditions in fish has
proven effective for studying developmental processes, including
immunity (36, 37). Growing evidence in GF zebrafish larvae
throws light on the profound impact that bacteria have in the gut
when it first is internally colonized. As in other vertebrate models,
the main changes involved rapid epidermal degeneration and
altered enterocyte morphology and proliferation (36, 38-40). In
addition, a recent study showed that the presence not only of
commensals but also of multiple bacterial secretion factors is
essential for influencing intestinal epithelial cell proliferation,
suggesting that normal gut microbiota exert a direct modulation
of the p-cathenin pathway, independent of inflammation (22). In
the present study, we used zebrafish larvae as a vertebrate model
of innate immunity to test the hypothesis that the contact with
commensal microbiota after hatching is an essential external

environmental triggering factor to shape the development of
immunity and disease resistance.

Results

Zebrafish Innate Immune Development Is Regulated by Microbial
Presence. To characterize the host response of zebrafish em-
bryos after their first exposure to commensal microorganisms in
rearing water, wild-type zebrafish embryos were raised under GF
or conventional (CONR) conditions until 96 h postfertilization
(hpf). Under standard culture conditions, the animals started to
hatch at 48 hpf. Thus, to study the effect of the contact of CONR
animals with commensal microbes after hatching, analyses were
conducted at 48, 72, and 96 hpf. At 48 hpf, animals in both
groups presented similar levels of IL-1p transcripts. Differences
between CONR and GF fish became more evident at 72 hpf,
returning to basal levels at 96 hpf (Fig. 14). To clarify whether
this response increased gradually during the time of continuous
exposure to commensal microbes, a time-series analysis was
performed. Zebrafish embryos were allowed to hatch naturally
from their eggs at 48 hpf, and 30 individual samples from each
group were collected and pooled at 0, 3, 8, and 24 h posthatching
(hph). Datasets revealed a time-dependant response of CONR
hatched embryos compared with the GF embryos (Fig. 1B). The
response of the CONR group was characterized by the gradually

GF

P<0.05

H

8 24

Hours past-hatching

i — CONR
F<0.01 B
A 0.0006 M 0.0003
P<0.05
0.0004 0.0002
2 2
a f=3
3 3
= 00002 =
Y T 0.0001
T T
I L
ol - -
CONR GF |CONR GF |CONR GF o o m
48 hpf 72 hpf 96 hpf
C ooon, Foommmnd Foon S Sy D e

P<0.05
P<0.05

ibipstt

0.0002

ibiaps11

CONR GF ex-CONR ex-GF  mock-CONR .

72 o hpf

BCONR wGF

E 100000

10000

,“Im”“r[”

IJ ”Ll u.u - [lu

S
8

x 109)
]

gene/srps11

3

CONR/GF

b

fta
plgs?
pigs2b
tnfa
iM2a
ccic25ab
8

si2
nos2b
o
c3a
yz
defbit
ifnphit
ifnphi2
ifnphi3
mxh
mxe

Pro- Anti-
Inflammatory

Antimicrobial
Effectors

Anti-viral

E2606 | www.pnas.org/cgi/doi/10.1073/pnas.1209920109

= |
0 - - —
CONR GF CONR

GF CONR GF

‘iI[IIlIIII

UU-LI:AU

ticam?

Fig. 1. Bacterial stimulation in the newly hatched
zebrafish results in the activation of a mild inflam-
matory reaction followed by immunological toler-
ance. (A) gRT-PCR assay (IL-1B) of whole 48-, 72-, and
96-hpf naturally hatched larvae reared CONR or GF.
(B) Starting 3 h after hatching (48 hpf), significantly
higher IL-1B transcripts were found in CONR than in
GF larvae. (C) Animals in both groups were raised
following standard CONR or GF techniques and con-
ventionalized at 48 hpf, 6 h after hatching. A mock
switch (Mock-CONR) with CONR larvae handled
identically but maintained in the same condition was
included also. A switch in IL-1f transcript levels was
observed in 72-hpf ex-CONR and ex-GF larvae. (D)
Proinflammatory activity in zebrafish larvae raised in
CONR or GF conditions revealed a threefold change
between groups starting at 72 hpf. At this time, we
tested the microbial priming effect using 50 larvae of
each group that were incubated with 50 pg/mL vDNA
for 4 h. (E) Commensals up-regulate genes in-
timately associated with innate immunity (identified
in F) to significantly higher levels in CONR than in GF
animals at the time of hatching. (F) Fold increases of
statistical significance (denoted by asterisks) were
recorded in several genes of the CONR group. Data
are representative of two repeated trials in which all
samples were run in triplicate (Student’s t test, P <
0.05). Error bars indicate SD.
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increasing expression of IL-1f gene transcripts, with a maximum
at 72 hpf, i.e., 24 hph. However, no significant changes were
observed in the GF group in the same time period.

Next we investigated whether the observed differences in IL-
1B expression in CONR and GF zebrafish could be attributed
only to the fish sensing of commensal microbes. This hypothesis
was tested through a short reversal experiment in which fish raised
as CONR or GF were switched to the opposite medium at 54 hph
(Fig. 1C). As expected, a significant shift occurred in the IL-1p ex-
pression of ex-CONR and -GF groups as compared with the normal
basal response at 72 hpf. However, IL-1f expression was unaffected
in a mock swap control in which the CONR larvae were handled
identically but maintained in the same condition (Fig. 1C). This
reversal process suggests that the IL-1f induction previously
recorded in CONR and GF conditions was triggered as a response
to a major environmental pressure which could be exerted only by
commensal microbes. Interestingly, these observations also con-
firmed that only a short period of contact with commensal microbes
is needed to start the induction of the proinflammatory IL-1§ gene.
To analyze the innate immune response further, Vibrio anguillarum
DNA (vDNA) was selected as immunogenic MAMP in addition to
commensal microbes in the CONR or as a first signal in GF fish.
The larvae of both groups were treated with a bath of vDNA for 4 h
at 48 and 72 hpf. At 48 hpf, only a slight, nonsignificant increase was
observed in the CONR group, indicating that zebrafish embryos in
both groups respond similarly if they have not been exposed to
microbes for prolonged periods of time. At 72 hpf, two major
changes in the mRNA levels of the IL-1f gene could be distin-
guished. In the groups without vDNA pretreatment, a significant
but moderate increase in the response was recorded in the CONR
group as compared with the GF group (Fig. 1D). Nevertheless, both
groups pretreated with vDNA for 4 h exhibited a strong induction of
IL-1p expression. In the CONR group, particularly, IL-18 gene
expression increased significantly, by more than 12-fold as com-
pared with the treated GF group or more than 30-fold compared
with the CONR group without vDNA pretreatment.

Quantitative real-time RT-PCR (qPCR) analysis of several gene
markers of innate immunity in both CONR and GF zebrafish at 72
hpf revealed several shared features of the host response and
reinforced the hypothesis that the presence of commensal microbes
triggers the overall inflammatory immune response in CONR fish,
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although not all inflammatory genes responded to the microbial
presence (Fig. 1E). The group of induced genes included the pro-
inflammatory effectors IL-1B, prostaglandin-endoperoxidase syn-
thase 1 (PTGS1, formerly COX1), and TNFa; the chemokines C-C
motif chemokine C25ab (CCL-C25ab), IL-8, and IL-8-like 2; and
the antiviral mediator IFN®3. It became particularly evident that
the presence of commensal microbiota failed to trigger a significant
induction of genes encoding antimicrobial effectors, such as lyso-
zyme (LYZ), defensin p-like 1 (DEFBL1), complement component
c3a (C3a), and anti-inflammatory cytokines, such as IL-10 (Fig. 1F).
Intriguingly, a few genes encoding TLRs, such as TLR1 and
TLR4ba, also were induced drastically in the CONR group.

Zebrafish Neutrophil Functions, but Not Myelopoiesis, Are Affected
by the Microbiota. We next investigated the impact of the presence
of commensal microbes on myelopoiesis and neutrophil activity
using Tg(mpx::eGFP''*) zebrafish larvae, whose neutrophils ex-
press eGFP (32). The results showed that the numbers of eGFP-
expressing neutrophils within total cell suspensions from CONR
and GF zebrafish did not differ significantly (Fig. 2 4 and B).
However, a strong difference between the CONR and GF groups
was observed in response to phorbol-myristate 13-acetate (PMA)
(Fig. 2C). Thus, although PMA was able to trigger H,O, pro-
duction in cells from the CONR group, no response was observed
in GF cells. The specificity of the reaction was confirmed using the
NADPH oxidase inhibitor diphenyleneiodonium (DPI), which
inhibited H,O, production almost completely. These observations
suggest that, even if microbial signals do not promote a higher rate
of myelopoiesis, their presence primes professional phagocytes.

Commensal Microbes Modulate Neutrophil Recruitment and
Activation. So far, we have shown that immediately after hatch-
ing CONR embryos recognize the presence of microbes and that
such recognition is translated into microbial priming. Our next
goal was to explore whether this priming affects neutrophil ki-
netics after the wounding of Tg(mpx::eGFP'!%) zebrafish raised
in CONR and GF conditions. Following sterile protocols, the tip
of the tail fin in each larva was transected at 72 hpf. Wounding
induced a faster and more robust recruitment of neutrophils to
the injury site in the CONR group (Fig. 34), although the injury
took longer to resolve than in GF embryos (Fig. 3B). To explore

Germ-Free

10’

WT Tg(mpx::eGFP1™4)

B C ®CONR DOCONR + DPI

ns.

0.08

Neutrophils mpx::.eGFP+ (%)
H,0, producing cells (%)

WT CONR GF

72 hpf PMA (ng/ul)

Galindo-Villegas et al.

1{GF =aGF + DPI

Fig. 2. Microbial presence primes neutrophils but
does not affect myelopoiesis. Single-cell suspen-
sions were prepared from wild-type whole larva
raised in CONR conditions and Tg(mpx:eGFP'''%)
larvae with positive eGFP neutrophils raised in
CONR and GF conditions (n = 200 per group). (A)
Representative dot-plots of FL1 vs. FL2 of the three
groups showing as percentages the relative contri-
bution of the gated compartment. (B) Average of
three independent replicas of mpx::eGFP flow cyto-
metric detection analysis demonstrating that the cell
population labeled eGFP-positive was not signifi-
cantly different in CONR and GF larvae. (C) Microbial
presence primed the respiratory burst of total cell
suspensions of 72-hpf zebrafish larvae (n = 3). To
achieve this response, control cells were incubated
for 1 h with the NADPH oxidase inhibitor DPI to
avoid spontaneous respiratory burst activity. The
respiratory burst was measured as the total DHR-
fluorescence triggered by PMA. Data are presented
as fold increase relative to cells incubated with me-
dium alone. Statistically significant differences be-
tween the CONR and GF groups are shown
(Student’s t test; P < 0.05). Error bars indicate SD.
n.s., nonsignificant.
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Fig. 3. Microbial presence increases neutrophil re-
cruitment in vivo and induces the expression of pro-
inflammatory mediators. Tail fins of Tg(mpx::eGFP'"')
CONR and GF zebrafish were transected at 72 hpf,
and the number of fluorescent neutrophils visible in
the tail was assessed by fluorescence microscopy. (A)
Representative images of positive neutrophils expres-
sing eGFP recruited to wounding site in a CONR and
a GF zebrafish larva. hpw, hours postwounding. (B)
Positive cells in animals from both groups were
quantified visually from high-quality pictures from a
12-h time series. Inflammatory events were signifi-
cantly faster, stronger, and took more time to re-
solve in the CONR group than in GF embryos (*P <
0.05). n = 50 larvae per group and sampling point.
(C-E) At the time points indicated, 80 individual fish
were anesthetized and then a sterile scalpel was
used to incise the body between the anus and the
wounded tail tip. Individual samples of the same
batch were pooled and were immersed immediately
in TRIzol for quantification of IL-1p (C), CCL-C25ab
(D), and PTGS2B (E) mRNA levels by gPCR. (F and G)
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raised as CONR, and the other was derived as GF. IL-
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qPCR, of 72-hpf SPI morphants and their STD mor-

phant siblings, raised CONR or GF. Error bars in-
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the mechanisms related to this response, we collected the last
segment of the fish, from anus to tail tip, and used gPCR to quan-
tify the gene expression of the inflammatory mediators after wound-
ing, namely two proinflammatory genes (IL-1p and PTGS2B) and
the gene encoding chemokine CCL-C25ab. We found that expo-
sure to microbes before and during wounding was sufficient to
cause the rapid induction of both IL-1p (Fig. 3C) and CCL-C25ab
(Fig. 3D) genes, beginning just 1 h after injury. In contrast,
PTGS2b transcript levels increased similarly in both CONR and
GF groups after wounding (Fig. 3E). The impaired induction of
IL-1p and CCL-C25ab after wounding in the GF group may ex-
plain the reduced neutrophil recruitment observed in this group.
In addition, the results also confirm that not all proinflammatory
genes are affected by commensal priming.

These results, together with the recent observation that neu-
trophils and macrophages mediate the proinflammatory effects
of IFN-y in zebrafish larvae (41), led us to hypothesize that these
cells also might be involved in the priming by commensal
microbes in newly hatched larvae. To test this hypothesis, neu-
trophils and macrophages were depleted by silencing the master
myeloid transcription factor SPI1 (also known as “PU.17”) with
a translation-blocking morpholino (42). Strikingly, an impaired
induction of IL-1p gene expression was observed in SPI1-de-
ficient larvae of the CONR group (Fig. 3F), but the expression of
the antimicrobial effector DEFBL1 was unaffected (Fig. 3G).
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dicate the SD of three independent experiments,
each using 30 pooled larvae per treatment. n.s.,
nonsignificant.
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Microbial Priming by Commensal Microbes Is Essential for Protecting
Zebrafish Larvae from Viral Infection. We next evaluated the dis-
ease resistance of CONR and GF zebrafish larvae at 72 hpf using
a spring viremia of carp virus (SVCV) infection model (43) in
which the virus is cleared by the IFN system (43, 44). In-
terestingly, the naturally primed CONR group showed increased
resistance to SVCV as compared with GF larvae (Fig. 44).
Differences in mortality were not statistically significant under
basal conditions. To look for direct evidence of enhanced tran-
scriptional regulation as a result of the microbial priming, we
analyzed the expression profile of several genes encoding
proinflammatory and antiviral effectors in CONR and GF
groups at 0 and 24 h postinfection (hpi) with SVCV. The results
showed that, although the infection resulted in increased mRNA
levels of proinflammatory (Fig. 4B) and antiviral (Fig. 4C) genes
at 24 hpi in both groups, the induction of all genes was more
robust in CONR than in GF larvae. These results strongly sug-
gest that microbial priming at hatching is essential for further
fortifying the innate immune response of fish and that the lack of
such priming is detrimental for the resolution of infection.

Commensal Microbes Are Recognized Through a TLR/MyD88 Signaling
Pathway in Zebrafish Larvae. At this stage, we hypothesized that
commensal microbes could influence the observed inflammatory
response of newly hatched zebrafish embryos through direct
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transmembrane TLR signaling. To test this hypothesis, MyD88
was inhibited genetically using a translation-blocking morpholino
(20). mRNA levels of IL-1p were significantly lower in MyD88-
deficient fish than in their normal siblings (Fig. 54). Strikingly,
these levels correlated with those observed in their wild-type
siblings raised under GF conditions. In sharp contrast, however,
the mRNA levels of the LYZ (Fig. 5B) and DEFBLI (Fig. 5C)
genes in response to commensals was similar in MyD88-deficient
fish and their wild-type siblings.

Histone Modifications Regulate Innate Immune Development. The
induction of IL-1p expression in GF zebrafish after hatching, al-
though at much lower levels than in CONR animals, suggests the
existence of another microbe-independent mechanism that would
activate a transient immune response when the embryos are de-
void of their protective chorion. Furthermore, we previously
observed the poor induction of genes encoding proinflammatory
and antiviral molecules in larvae upon injection of MAMPs (13)
or after viral infection (44), even though NF-xB was strongly
induced. We then asked whether the expression of the immune
genes was regulated at the level of chromatin remodeling via the
covalent modification of histones, as has been observed in murine
macrophages (45). Because acetylation of histone H3 at lysine 9
(H3K9ac) and trimethylation at lysine 4 (H3K4me3) mark tran-
scriptionally active genes (46, 47), we treated zebrafish embryos
microinjected with vDNA at the one-cell stage with trichostatin A
(TSA), a histone deacetylase inhibitor, or pargyline, an inhibitor
of the H3K4 demethylase LSD1 (48), and measured the in-
duction of genes encoding IL-1f, IL-12a, TNFa, IFNgl1, LYZ,

Galindo-Villegas et al.

CONR GF
24

Fig. 4. Commensal priming after hatching poten-
tiates zebrafish disease resistance. (A) Condition-
dependent killing of CONR vs. GF 72-hpf zebrafish
larvae exposed to 108 TCIDso/mL SVCV by immer-
sion. Survival curves differ among groups (log-rank
test, P < 0.05). n = 30 larvae in duplicate experi-
ments. (B and C) The transcript levels of proin-
T flammatory IL-18 and TNFa (B) and antiviral MxB
and MxC (C), measured by qRT-PCR, were signifi-
cantly lower in GF larvae than in CONR at 24 hpi (P <
CONR GF 0.05). Data are representative of two separate trials
24 in which all samples were run in triplicate. Error bars

hpi indicate SD. n.s., nonsignificant.

P<0.05

and DEFBLI1. We confirmed that TSA and pargyline increased
H3KO9 acetylation and H3K4 trimethylation, respectively, at the
IL-1p promoter (Fig. S1). In addition, vDNA injection signifi-
cantly increased the mRNA levels of IL-1f and IFNe1 (Fig. S2),
as expected from its ability to activate NF-xB robustly in zebrafish
embryos (13, 18). More interestingly, both TSA and pargyline
facilitated the vDNA-mediated induction of IL-1p, IL-12a, and
TNFa genes in embryos at 24 hpf but had a weak effect on the
expression of IFN@1, LYZ, and DEFBL1 (Fig. 64). In addition,
at 72 hpf zebrafish showed a marked increase in H3K9 acetyla-
tion (Fig. 6B) and H3K4 trimethylation (Fig. 6C) at the IL-1p and
IFN@1 promoters. Although the trimethylation of H3K4 at the
IL-12a promoter showed a tendency similar to that of IL-1p and
IFNe1 (Fig. 6C), we did not observe H3K9 acetylation at this
promoter, suggesting that other residues of this or other histones,
most probably histone H4 (49), were acetylated. Importantly,
these chromatin modifications were specific for the genes
encoding these proinflammatory and antiviral factors, because the
level of H3K9 acetylation (Fig. 6B) and H3K4 trimethylation (Fig.
6C) at the housekeeping genes p-actin2 and telomerase reverse
transcriptase was similar in embryos (30 hpf) and larvae (72 hpf).
In addition, neither of these histone modifications was observed
at the promoters of LYZ and DEFBLI. Finally, we examined
H3K4me3 at the IL-1p and f-actin2 promoters at a later time
point, when inflammatory gene expression has dropped back
down, to determine whether transient induction of inflammatory
genes is accompanied by stable chromatin remodeling. The results
showed that although H3K4me3 remained stable at the p-actin 2
promoter, it declined significantly at the IL-1p promoter (Fig. S3).

PNAS | Published online September 4, 2012 | E2609

>
o
o
e}
(=}
=
=2
=
£


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209920109/-/DCSupplemental/pnas.201209920SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209920109/-/DCSupplemental/pnas.201209920SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209920109/-/DCSupplemental/pnas.201209920SI.pdf?targetid=nameddest=SF3

L T

/

1\

=y

A 0.0006
P<0.01
0.0004
-
2
A
=
= 0.0002
; | |
Std MyD88 morph Std MyD88 morph
CONR GF
72 hpf
B 0.03
n.s.
0.02
-
w
5
=
0.01 -
0
Std MyD88 morph
CONR
72 hpf
C 0.04
n.s.
:-‘; 0.02
@ .02 4
=
2
4]
o
o
Std MyD88 morph
CONR
72 hpf

Fig. 5. MAMPs signal through a TLR/MyD88 signaling pathway. Zebrafish
eggs were microinjected at the one-cell stage with STD or MyD88 morpho-
linos, 4 ng per egg, and then were divided into two batches. One batch was
raised as CONR, and the other was derived as GF. IL-1f8 (4), LYZ (B), and
DEFBL1 (C) transcript levels, assayed by gPCR, of 72-hpf MyD88 morphant
zebrafish and their STD morphant siblings raised CONR or GF. Error bars
indicate the SD of two independent experiments, each using 30 pooled
larvae per treatment. n.s., nonsignificant.

We next examined whether the level of H3K9ac and H3K4me3
at the promoter of IL-1p was regulated by the presence of microbes
during development. The results pointed to a similar degree of
acetylation and trimethylation of these residues in CONR and GF
larvae (Fig. 7 A and B). However, injection of vDNA was able to
increase H3K9ac and H3K4me3 robustly at the IL-1p promoter
(Fig. S4), suggesting that a stronger inflammatory stimulus may
alter these histone covalent modifications. Furthermore, we also
found that the level of trimethylation of H3K4 was not triggered by
hatching, because it was similar at IL-1f and p-actin2 promoters in
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manually dechorionated and nondechorionated CONR embryos at
32 hpf (Fig. 7 C and D). In sharp contrast, however, 8 h later
manually dechorionated CONR and GF embryos showed higher
IL-1f and IL-12« transcript levels than nondechorionated embryos
(Fig. 7 C and E), suggesting that a third factor, in addition to the
presence of commensal microbes and chromatin modifications,
also orchestrates the induction of immune genes after hatching.

Discussion

In the present study commensal microbes were found to have the
capacity to prime the innate immunity of zebrafish larvae by
inducing a transitory inflammatory response that, together with
constitutively expressed antimicrobial effectors, acts to increase
the resistance of zebrafish larvae to infectious disease soon after
hatching. Commensals immediately surround cells, tissues, and
indeed, the whole organism in vivo, colonizing the external sur-
faces of the vertebrate body and soon assembling into dense gas-
trointestinal communities (50). Vertebrate exposure to indigenous
gut microbiota and their microbial products has been recognized
widely to be a key element for the development and maturation of
the mammalian immune system (4, 36, 51). Recently, Rawls’ team
(40) found that the zebrafish digestive tract is robustly responsive
to microbial colonization because of the impressive number and
diversity of bacteria that assemble in the organ compared with the
amount present in the microenvironment of the larvae. Thus, the
majority of previous host-microbe studies targeted the gastroin-
testinal tract (40). However, our present data in CONR- and GF-
raised zebrafish larvae revealed increased transcripts of major
proinflammatory markers, chemokines, and some antiviral effec-
tors and TLRs as early as 54 hpf, when definitive hematopoiesis
already has begun (52); the levels of these transcripts increased
until 72 hpf, when maximum activity was recorded. These differ-
ences, together with the priming of neutrophils observed in CONR
larvae and the inability of larvae depleted of neutrophils and
macrophages to induce proinflammatory genes after hatching,
demonstrate that the CONR group is able to respond to several
environmental pressures at hatching. Comparison with the GF
group shows that commensal microbes are mainly responsible for
this response. Intriguingly, several studies with zebrafish larvae
have suggested that commensal microbiota colonize the larvae as
soon as they hatch, but all assign great importance to the role
played by gut microbiota in modifying innate immunity, nutrient
metabolism, impaired intestinal differentiation, and function
when microbes invade the internal organs (19, 22, 36-38, 40, 53).
Also, in contrast to our work, it previously was proposed that host
defense mechanisms, such as proinflammatory cytokines, are in-
ducible mostly upon recognition of virulence factors of pathogenic
bacteria (9, 52, 54-56). However, it should be noted that sponta-
neous infection was not recorded in the present study; thus the
“inflammatory state” observed in CONR fish was transient, rapidly
returning to basal levels, marked here by the levels of IL-1p ex-
pression similar to those observed in the GF fish 24 h later (i.e., at
96 hpf). It is possible that the immunological tolerance observed
here could be a direct response to microbial burden on the skin. In
vitro studies in mammals have suggested that apical contact of
commensals with the epithelium attenuates NF-xB activation via
the regulation of PPARS and inhibition of the cellular proteosome
activity required for IkB degradation (57, 58). Further studies are
necessary to clarify these issues. In any case, these results again
indicate that the ability of immune-competent cells is strikingly
reinforced by the mere presence of commensal microbes at
hatching. However, we observed no difference between the two
groups in the number of neutrophils, suggesting that commensal
microbes do not regulate neutrophil differentiation or apoptosis.
In contrast, it has been reported recently that LPS is able to
promote granulopoiesis in zebrafish embryos through the in-
duction of granulocyte-colony stimulating factor (59). These dif-
ferences might be explained by the nature, duration, and potency
of the stimuli provided.

GF animals provide a healthy but susceptible host for experi-
mental colonization with defined microbial populations (60). Here,
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we have established that the transient inflammatory response of
young larvae could be reversed partially in both directions, as seen
at 72 hpf, from the increased or decreased mRNA IL-1f levels in
the respective experimental groups Previous studies in which the
GF zebrafish phenotype was rescued by exposing animals to com-
mensal microbiota 3 or 6 days postfertilization support these find-
ings (36). However, studies with GF mice colonized with human or
mouse fecal microflora observed only a partial protection to oral
tolerance, suggesting that colonization of GF mice after birth is
unlikely to recapitulate fully the colonization of newborn mice (61,
62) and that bacterial subproducts released during the egg stage
may influence the development of the immune system. Indeed, the
development of host immunity is a complex process that requires
a series of coordinated events, including the functional differenti-
ation of immune cells, expansion of immune populations, and the
expression of other immune functions (52). In the present study, the
administration of bacterial CpG motifs in zebrafish larvae at 72 hpf
induced the expression of IL-1p in the CONR group, confirming
that previous exposure to commensals increases immunocompe-
tence in fish, similar to findings in mammals (63).

Consistent with our results, the presence of assembled com-
mensal microbes in newborn mice has been identified as a potent
stimulus for an increase in immune-related genes (61, 62). In
addition, a transcriptomic analysis in zebrafish demonstrated that
some immune genes were expressed specifically in response to
certain microorganisms, indicating that the early colonization of

Galindo-Villegas et al.

m30 hpf @72 hpf

defblt

©30 hp! @72 hpt

[« ave

-___I Fig. 6. Histone modifications are differentially
tert regulated in proinflammatory and antimicrobial
effector genes. (A) Zebrafish eggs microinjected at
the one-cell stage with 5-10 ng vDNA per egg were
dechorionated manually at 20 hpf and were treated
with 3 uM pargyline (Parg) or 100 nM TSA for 5 h. IL-
1B, IL-12a, TNFo, IFN@1, LYZ, and DEFBL1 transcript
levels then were assayed by gPCR. (B and C) CONR
embryos/larvae were analyzed by ChIP (H3K9ac and
H3K4me3, respectively, at the indicated times. The
amplicon used for each promoter is indicated by
a diagram above the bars. Error bars indicate the SD
of two independent experiments, each using 30

pooled larvae per treatment. *P < 0.05 vs. DMSO-

-—I treated embryos. **P < 0.01 vs. DMSO-treated em-

tert bryos. n.s., nonsignificant.

[Sane

the gastrointestinal tract by a particular microorganism may be
responsible for the changed metabolism in the fish larvae (36). In
a functional genomics analysis, the same authors observed in-
duction of the complement factor component 3 (C3) after bac-
terial colonization of the gastrointestinal tract. Notably we
observed that C3, like the other genes encoding antimicrobial
effectors, showed similar expression levels in CONR and GF
animals. This result was not unexpected, because fish surfaces
comprise a large area of delicate epithelium, the major route of
entry for pathogenic microorganisms; thus, healthy fish, as well as
mammals, are capable of limiting infection effectively through the
release of systemically expressed antimicrobial effectors that neu-
tralize a broad range of microbes (64-67). Indeed we speculate that
these mechanisms are shared features among several phyla and
constitute a primitive immune defense mechanism among a wide
range of eukaryotic organisms. Priming could be either an evolu-
tionary selective pressure, in which the functionality of the neonate
immune system is tested and members presenting any immunode-
ficiency are excluded from the group through pathogenic micro-
organisms, or, alternatively, priming simply may be a method of
training the immune system to support the enormous number of
bacteria that the gut will harbor throughout the life of the vertebrate.

Our results also present clear evidence that MAMPs are
sensed via a TLR/MyDS8S signaling pathway, which in turn leads
to the transcriptional up-regulation of proinflammatory and an-
tiviral genes, and suggest that TLRs are responsible for sensing
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MAMPs and the induction of inflammation in CONR animals.
Strikingly, however, the expression of genes encoding antimi-
crobial effectors is independent of MyDS88. Taken together,
these results further suggest the importance of the TLR/MyD88
signaling pathway in the maturation of innate immunity triggered
by commensal microbes and that the expression of gene-encod-
ing antimicrobial effectors is independent of MyDS88 or the
presence of microbes, pathogenic or not. Similarly, it was found
recently that the colonization of GF zebrafish by a commensal
microbiota activated NF-kB via a MyDS8S signaling pathway and
led to the up-regulation of its target genes in intestinal and
extraintestinal tissues of the digestive tract (40).

Our study also demostrates the involvement of chromatin
modification in the gene-specific control of immunity during
development. Although the genes encoding antimicrobial effec-
tors, which are particularly essential for the defense of embryos/
larvae in the absence of adaptive immunity and do not have the
potential to cause tissue damage, are constitutively expressed at
high levels during development, the genes encoding proin-
flammatory and antiviral mediators are activated transiently after
hatching through the extensive methylation and acetylation of
histone H3 at their promoters. Although these chromatin mod-
ifications were observed similarly in CONR and GF animals, our
data cannot rule out an effect of commensals in their regulation
at later developmental stages. In fact, injection of vDNA, which
can induce NF-xB activation strongly (13, 18), robustly increased
H3K9ac and H3K4me3 at the IL-1p promoter but not at the
B-actin2 promoter, suggesting that a stronger inflammatory
stimulus, which may be provided by pathogenic microbes, also
may fine-tune the regulation of chromatin covalent modifications
at proinflammatory gene promoters. In any case, because the
major signaling molecules of TLRs, including NF-xB (68),
MAPK (69), and PI3K (70), are required for the regulation of
important developmental genes, we propose that nucleosome
remodeling through covalent histone modification regulates the
activation of proinflammatory and antiviral genes after hatching
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Fig. 7. Histone modifications are not regulated by commen-
sals or hatching. (A and B) Naturally hatched CONR and GF
zebrafish larvae were analyzed by ChIP (H3K9ac and
H3K4me3) at 72 hpf. (C) Scheme showing the generation of
CONR and GF embryos after manual dechorionation. These
embryos were analyzed by ChIP (H3K4me3) (D) or gene ex-
pression (IL-1p and IL-12a) (E) at 32 hpf. The amplicon used for
each promoter is indicated by a diagram above the bars. Error
bars indicate the SD of two independent experiments, each
i12a using 30 pooled larvae per treatment.

while preventing the pathology associated with excessive in-
flammation during early development. This mechanism is remi-
niscent of the one regulating the expression of proinflammatory
(class T, tolerizeable) and antimicrobial (NT, nontolerizeable)
genes in mouse macrophages (45), so we speculate that this
mechanism is evolutionarily conserved in all vertebrate classes.
In summary, our results demonstrate that sensing of commensal
microbes via both the TLR/MyD88/NF-kB signaling pathway and
gene-specific chromatin modifications is associated with the pro-
tection of zebrafish larvae against infectious agents before adaptive
immunity has developed and at the same time prevents patholo-
gies associated with excessive inflammation during development.

Materials and Methods

Zebrafish Husbandry. All experiments with live animals were performed using
protocols approved by the European Union Council Guidelines (86/609/EU) and
the Bioethical Committee of the University of Murcia (approval no, 333/2008).
Zebrafish gametes were naturally expressed from wild-type (obtained from
the Zebrafish International Resource Center), and the Tg(mpx::gfp)'''* (32) line
held at our facilities following standard husbandry practices. Animals were
constantly subjected to a 12/12-h light/dark cycle and maintained at 28.5 °C.

In each experiment, zebrafish embryos were produced through natural
breeding conditions in clean breeding tanks with autoclaved system egg
water containing 60 pg/mL sea salts in distilled water. As fish spawned,
embryos were collected for 1 h and were transferred immediately to a sterile
Petri dish. To generate and rear GF zebrafish embryos, one half of the total
eggs collected was washed with antiseptics and derived as GF in a Telstar
class 11/B3 biological safety cabinet, following the protocol described in ref.
71 with slight modifications. The modifications were the use of glutaraldehyde
(0.2 pg-mL~") for 2 min to disinfect egg surfaces (72) and the addition of anti-
biotics [penicillin and streptomycin (Sigma-Aldrich) at a final concentration of
10 p- mL7"] to the autoclaved egg water before filtration with a 0.22-ym
membrane filter (gnotobiotic zebrafish medium with antibiotics; AB-GZM).
After derivation, GF animals were kept in sterile, vented tissue-culture flasks at
an average density of 10 individuals per milliliter of autoclaved and filtered egg
water without antibiotics (GZM). On alternate days, GF animals were moni-
tored for sterility using standard microbial culture methods as described else-
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where (71), and 25% (vol/vol) of the total medium contained in each flask was
replaced with fresh GZM. The remaining half of the total collected eggs, which
did not receive any treatment, was raised conventionally (CONR) in culture
vessels at the same densities as the GF group to standardize conditions. In both
groups, dead eggs were removed aseptically twice each day.

Germ-Free Colonization Test. Most larvae in GF experiments started to hatch
48 hpf, and 6 h later all had lost their protective chorions. At this time point
every single larva in each GF or CONR batch was recovered using a soft sieve
and was transferred immediately to a new cell-culture flask. Each flask with
GF larvae was filled with medium collected from tanks housing CONR
zebrafish (71); CONR zebrafish simply were transferred to GF medium.

In Vivo MAMP Tests. Repeats of molecular CpG motifs obtained as phenol-
extracted genomic vDNA (73) were used to stimulate whole zebrafish larvae
by dip immersion at selected time points. Briefly, 50 ug-mL~" vDNA was
added to 25-cm? ventilated cell-culture flasks containing 50 larvae in 15 mL
medium. Depending on the experiment, incubation was carried out for 4
and/or 24 h at 28.5 °C. Once incubation was finished, larvae from each flask
were collected in 1.5-mL Eppendorf tubes containing 500 pL TRIzol reagent
and were frozen immediately at —80 °C for further analysis.

Flow Cytometry Analysis of Zebrafish Neutrophils. Tg(mpx:eGFP)''% zebrafish
were reared under CONR or GF conditions. At 72 hpf larvae from each batch
were killed with an overdose of MS-222 (Sigma). In each experiment,
100 animals per condition were pooled after killing and were dis-
aggregated as described elsewhere (41). Single-cell suspensions were ana-
lyzed by a FACS bench-top cytometer (BD Biosciences). Live cells (10%) were
analyzed by flow-cytometry using the CellQuest software (Becton Dickinson
Immunocytometry Systems).

Gene-Expression Analysis. Total RNA was isolated using TRIzol (Invitrogen)
following the manufacturer’s specifications and treated with amplification
grade DNase | (1 U/ug RNA; Invitrogen). The SuperScript Il RNase H™ reverse
transcriptase (Invitrogen) was used to synthesize the first strand of cDNA
with an oligo(dT) primer from 1 pg of total RNA for 50 min at 50 °C. Real-
time PCR was performed with an ABI PRISM 7500 instrument (Applied Bio-
systems) using SYBR Green PCR core reagents (Applied Biosystems). Reaction
mixtures were incubated for 10 min at 95 °C, followed by 40 cycles of 15 s at
95 °C, 1 min at 60 °C, and finally 15 s at 95 °C, 1 min at 60 °C, and 15 s at
95 °C. For each mRNA, the gene expression was normalized to the ribosomal
protein S11 content in each sample using the Pfaffl method (74). The primers
used are shown in Table S1. In all cases, each PCR was performed with
triplicate samples and was repeated at least twice.

Respiratory Burst Activity Using Dyhydrorodamine 123 (DHR). Total cells sus-
pensions (5 x 108 cellsmL™") of CONVR or GF 72-hpf zebrafish larvae diluted
in RPMI-1640 culture medium (Life Technologies) containing 5% (vol/vol)
fetal bovine serum (LIfe Technologies) were split into several aliquots for
each treatment. Thereafter, one half of the aliquots was incubated with 100
uL of 10 uM DPI (an inhibitor of NADPH oxidase) for 1 h at room tempera-
ture. Then, all aliquots containing inhibited or naive cells were stained for 5
min at room temperature with 100 pL of 10 pM DHR solution in HBSS (75).
The DHR-loaded cells were incubated further for 30 min at room temperature
with 100 pL of PMA (Sigma-Aldrich) at 0, 1, 10, or 100 ng-ml~" to trigger the
respiratory burst. After incubation, samples were analyzed immediately by
flow cytometry for total and mean fluorescence. Results were collected on
the bright green fluorescence as FL1 and were compared with the FL2 signal.

Microinjection of Morpholino Nucleotides or RNA into Zebrafish Embryos.
Morpholino antisense oligomers targeting MyD88 (TAGCAAAACCTCTGT-
TATCCAGCGA) (20), the myeloid transcription factor SPI1 (GATATACTGA-
TACTCCATTGGTGGT) (42), or a standard control (STD) CCTCTTACCTCAGTTA-
CAATTTATA) were obtained from Gene Tools, LLC, solubilized in water to
produce a stock solution (1 mM), and kept at —80 °C in small aliquots until use.

1. Herbst T, et al. (2011) Dysregulation of allergic airway inflammation in the absence of
microbial colonization. Am J Respir Crit Care Med 184:198-205.

2. Jang HR, Gandolfo MT, Ko GJ, Racusen L, Rabb H (2009) The effect of murine anti-
thymocyte globulin on experimental kidney warm ischemia-reperfusion injury in mice.
Transpl Immunol 22:44-54.

3. Tlaskalova-Hogenova H, et al. (2011) The role of gut microbiota (commensal bacteria)
and the mucosal barrier in the pathogenesis of inflammatory and autoimmune
diseases and cancer: Contribution of germ-free and gnotobiotic animal models of
human diseases. Cell Mol Immunol 8:110-120.
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Zebrafish embryos at the one-cell stage were microinjected with a mix of
morpholino (4 ng per egg) in 0.5x Tango buffer and 0.05% phenol red as in-
dicator using sterile egg supports consisting of 2% (wt/vol) low-melting-point
agarose (Sigma-Aldrich) dissolved in sterile embryo medium (76) and a micro-
injector Narishige IM-300 with an attached glass capillary needle. After micro-
injection, eggs were removed aseptically from the agarose matrix and were left
in egg water. CONR eggs were placed in tissue-culture flasks without any as-
tringent solution, and GF eggs were derived immediately. After the derivation
was verified, GF embryos were maintained in GZM until the end of each trial.
Imaging the Tail-Transection Wound. Tg(mpx::eGFP)''% zebrafish were reared
under CONR or GF conditions. At 72 hpf, larvae were anesthetized in tricaine and
then were mounted in 1% (wt/vol) low-melting-point agarose dissolved in em-
bryo medium. Complete transection of the tail was performed with a disposable
sterile scalpel. The success of transection was confirmed immediately through
a fluorescence stereomicroscope MZ16FA (Leica) equipped with green fluores-
cent filters. Each image was imaged at transection, which was established as
time zero. Thereafter, images were captured at the selected times while animals
were kept in their agar matrixes with the added medium at 28.5 °C. All images
were acquired with the integrated camera on the stereomicroscope and were
controlled under the Leica application suite using Windows operational system.

Infection Assays. The SVCV isolate 56/70 was obtained as previously reported
(43). Briefly, the virus stock was propagated in EPC cells and titrated in 96-
well plates. Thirty 72-hpf zebrafish larvae were challenged at 25 °C in dis-
posable Petri dishes by immersion in SVCV [10® 50% tissue culture infective
dose (TCIDsg)]. After challenge, the fish were monitored every 12 h over an
8-d period, and mortality was scored.

ChIP. vDNA (5-10 ng per egg) was microinjected into the yolk sac of embryos at
the one-cell state (13). At the indicated times, embryos were dechorionated
manually and treated with 3 pM pargyline or 100 nM TSA for 5 h and, if required,
were raised under CONR or GF conditions. Embryos/larvae were processed for RNA
extraction as described above or for ChIP using the MAGnify Chromatin Immu-
noprecipitation System (Life Technologies). Briefly, for each immunoprecipitation
200 embryos (30 hpf) or 80 larvae (72 hpf) were cross-linked with 1% formalde-
hyde for 8 min, and the chromatin was sheared by sonication to an average
fragment size of 500-1,000 bp (77). Lysates were cleared by centrifugation and
diluted 1:10 in the dilution buffer of the ChIP kit, and immunoprecipitation was
performed with 2-4 pg of antibody. ChIP and input DNA were amplified by qPCR
using specific primers for the 5’ upstream sequence of the different genes (Table
S2). qChlP values are given as percent input or DNA recovery normalized to total
immunoprecipitated histone H3. ChIP with control mouse and rabbit anti-IlgG
showed no enrichment of any target promoters. ChIPs were performed with at
least two independent chromatin preparations. The antibodies used in this assay
were anti-H3 (ab1791; Abcam), anti-H3K4me3 (ab1012; Abcam), anti-H3K9ac (06—
942; Millipore), and control mouse and rabbit anti-IgG provided by the MAGnify
kit. All these antibodies have been validated in zebrafish previously (77), and the
epitopes that they recognize are identical in zebrafish and mammals.

Statistical Analysis. Statistics were generated with GraphPad Prism 5 software
using Student’s t tests for paired groups and ANOVA and post hoc Tukey's
test for multiple comparisons. The log-rank test was used to calculate the
differences in survival of the different experimental groups. Differences
with P values <0.05 were considered statistically significant.
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