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Tuberculosis is a chronic bacterial disease with a complex pathogenesis. An effective immunity against Mycobacterium tubercu-
losis requires both the innate and adaptive immune responses, including proper T helper (Th) type 1 cell function. FURIN is a
proprotein convertase subtilisin/kexin (PCSK) enzyme, which is highly expressed in Th1 type cells. FURIN expression in T cells
is essential for maintaining peripheral immune tolerance, but its role in the innate immunity and infections has remained elu-
sive. Here, we utilized Mycobacterium marinum infection models in zebrafish (Danio rerio) to investigate how furin regulates
host responses against mycobacteria. In steady-state furinA'¥**** fish reduced furinA mRNA levels associated with low granu-
locyte counts and elevated Th cell transcription factor expressions. Silencing furin genes reduced the survival of M. marinum-
infected zebrafish embryos. A mycobacterial infection upregulated furinA in adult zebrafish, and infected furinA**?°**'* mutants
exhibited a proinflammatory phenotype characterized by elevated tumor necrosis factor a (tnfa), lymphotoxin alpha (Ita) and

interleukin 17a/f3 (il17a/f3) expression levels. The enhanced innate immune response in the furin.

A'9204¢/* mutants correlated

with a significantly decreased bacterial burden in a chronic M. marinum infection model. Our data show that upregulated fu-
rinA expression can serve as a marker for mycobacterial disease, since it inhibits early host responses and consequently pro-

motes bacterial growth in a chronic infection.

Tuberculosis (TB) is an epidemic infectious disease caused by
the mycobacterial species Mycobacterium tuberculosis (1, 2).
Circa 13% of the individuals with active TB were simultaneous
carriers of the human immunodeficiency virus (HIV), and almost
one-third of TB-associated deaths occurred among HIV™ pa-
tients, demonstrating the critical role of cluster of differentiation 4
(CD4™) T lymphocyte-mediated immunity in the control of M.
tuberculosis infection (3, 4). More specifically, the adaptive immu-
nity against TB is primarily mediated by T helper (Th) type 1 cells,
asis suggested by the gene expression profile upon infection (5), as
well as the infection-induced mortality of gamma interferon-de-
ficient (6, 7) and interleukin-12 (IL-12)-deficient (8) mice.

The proprotein convertase subtilisin/kexin (PCSK) enzymes
are a family of serine endoproteases with nine members in hu-
mans: PCSK1 and -2, FURIN, PCSK4 to -7, membrane-bound
transcription factor peptidase site 1 (MBTPS1), and PCSK9 (9).
Typically, PCSKs convert precursor proteins (proproteins) into
their biologically active forms by cleaving them at specific target
motifs made up of the basic amino acids lysine and arginine (9,
10). FURIN was the first identified mammalian PCSK and is pres-
ent in vertebrates and many invertebrates (11, 12). A series of in
vitro experiments have suggested a central role for FURIN in host
defense because it proteolytically activates several immunoregula-
tory proproteins, such as membrane-inserted matrix metallopep-
tidase 14 (13) and integrins (9), as well as tumor necrosis factor
(TNF) and transforming growth factor beta (TGFB) family cyto-
kines (e.g., the TNF superfamily, member 13b, and TGFB1) (12).
In addition, infectious agents, including bacterial toxins (anthrax)
and viral proteins (HIV gp160), are processed by FURIN (12).

Previously, we and others have shown that FURIN is predom-
inantly expressed in Th1 cells and that FURIN expression is in-
duced in activated CD4* T lymphocytes and myeloid cells
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(14-17). Our functional analyses using mice with a tissue-specific
deletion of Furin in T cells (CD4cre-fur™") further demonstrated
that FURIN is essential for the adequate maturation of pro-
TGFBI1 and for T regulatory (Treg) cell-mediated immune sup-
pression in vivo (18). The breakage of peripheral immune toler-
ance in CD4cre-fur™™ mice resulted in an age-related progression
of a systemic autoimmune disease characterized by excessive
numbers of overtly activated CD4* and CD8" T cells and an
increase in proinflammatory cytokine production. In line with the
critical role of FURIN in immune suppression, the administration
of exogenous recombinant FURIN can alleviate autoimmunity in
an experimental arthritis model (19). Notably, as a germ line Furin
gene knockout (KO) in mice is lethal during embryonic develop-
ment (20), the systemic role of FURIN in immune regulation and
infections is still poorly understood.

Zebrafish (Danio rerio) is a small nonmammalian vertebrate
model organism, with humoral and cellular components of the
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innate and adaptive immune systems similar to those of humans
(21-24). Mycobacterium marinum, a close relative of M. tubercu-
losis, is a natural zebrafish pathogen and causes a mycobacterial
disease, which shares the main pathological and histological fea-
tures of human TB (25, 26). Consequently, an M. marinum infec-
tion in fish is considered a relevant, cost-effective and ethical tool
for studying the human mycobacterial disease. Both embryo and
adult zebrafish infection models are now well established; while
embryos can be used to specifically investigate innate immune
responses (27, 28), the adult model enables the study of a chronic
progressive mycobacterial infection, as well as spontaneous la-
tency (25, 29).

Genetic variation affects TB susceptibility in humans. To study
mutant phenotypes of selected host genes, a large collection of
mutant zebrafish strains is available (Zebrafish Mutation Project,
Wellcome Trust Sanger Institute, Cambridge, United Kingdom).
Zebrafish has two FURIN orthologs: furinA and furinB. furinA,
like the mammalian FURIN gene, has a critical, nonredundant
role in organism development (30). Here, we have silenced the
expression of furin genes in developing fish and used a
furinA'*?**/* mutant zebrafish strain to study how FurinA regu-
lates the development of adult zebrafish immune cells and the host
response against mycobacteria.

MATERIALS AND METHODS

Zebrafish lines and maintenance. Nine- to 16-month-old zebrafish were
used in the adult experiments. furinA'¥2°* mutation-bearing zebrafish in
an AB genetic background (Zebrafish Information Network [ZFIN] ID:
ZDB-GENO-080606-310) were purchased from the Zebrafish Interna-
tional Resource Center (Oregon). The genotypes of the furinA'4204¢/*
mutant zebrafish and their wild-type (WT) siblings were confirmed by
sequencing (30). The fish were kept in a standardized flowthrough system
(Aquatic Habitats, Florida, USA) with a light/dark cycle of 14 h and 10 h
and fed with SDS 400 food twice a day. Until 7 days postfertilization (dpf),
embryos were grown according to standard protocols in embryo medium
(E3) at 28.5°C. The zebrafish housing, care, and all experiments have been
approved by the National Animal Experiment Board of Finland (permits
LSLH-2007-7254/Ym-23, ESAV1/6407/04.10.03/2012, ESAV1/733/04.10.07/
2013, ESAV1/2267/04.10.03/2012, and ESAVI1/8125/04.10.07/2013).

Flow cytometry. Zebrafish were euthanized in a 0.04% 3-aminoben-
zoic acid ethyl ester anesthetic (pH 7.0; Sigma-Aldrich, Missouri, USA),
and kidneys were isolated and homogenized into a single-cell suspension
of phosphate-buffered saline with 0.5% fetal bovine serum (Gibco/Invit-
rogen, California, USA). Relative amounts of blood cell precursors, eryth-
rocytes, granulocytes, and lymphocytes were determined by flow cytom-
etry in steady-state (uninfected) furinA'¥2°4¢/* mutants and WT controls
by using a FACSCanto II (Becton Dickinson, New Jersey, USA). The data
were analyzed with the FlowJo program (v7.5; Tree Star, Inc., Oregon,
USA). Hematopoietic cell types were identified based on granularity (side
scatter [SSC]) and particle size (forward scatter [FSC]) (31). Granulocytes
and lymphocytes for furinA expression analyses were purified from WT
AB zebrafish kidneys by using flow cytometric sorting with a FACSAria I
apparatus (Becton Dickinson).

Experimental infections in adult zebrafish. M. marinum (ATCC 927
strain) was cultured and the inoculation performed as described previ-
ously (25). In brief, the zebrafish were anesthetized with 0.02% 3-amino-
benzoic acid ethyl ester and various amounts of M. marinum, together
with 0.3 mg/ml phenol red (Sigma-Aldrich), were injected intraperitone-
ally (i.p.) using an Omnican 100 (30-gauge) insulin needle (Braun, Mel-
sungen, Germany). The M. marinum CFU used in the infections were
verified by plating serial dilutions on 7H10 agar plates. Infected fish were
tracked daily, and humane endpoint criteria of the national ethical board
were monitored.
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MO and M. marinum coinjections. Oligonucleotide sequences for
furinA and furinB gene silencing morpholinos (MOs) and the injection
protocol have been previously described (32). The injection volume was
setto 2 nl, and 0.25 pmol of both furinA and furinB MOs or 0.5 pmol of RC
MO was used. M. marinum was simultaneously coinjected into the yolk
sac, and 2% polyvinylpyrrolidone was used as a carrier solution in the
suspension (27, 33). Survival was analyzed daily with a visual inspection
with an Olympus IX71 microscope.

Histology. The presence of M. marinum in infected adult zebrafish
was verified with a histological analysis and Ziehl-Neelsen staining (25,
34). Uninfected controls were included to exclude background mycobac-
terial infection. Sections were visualized with an Olympus BX51 micro-
scope and Olympus ColorView IITu camera using a X 100 magnification
or with a fully automated Objective Imaging Surveyor virtual slide scan-
ner (Objective Imaging, Cambridge, United Kingdom). Digitization of
scanned sample sections was done at a resolution of 0.4 um per pixel using
a 20X Plan Apochromatic microscope objective, and image data were
converted to JPEG2000 format as described previously (35).

qRT-PCR. RNA and/or DNA was isolated from kidneys, lymphocytes,
granulocytes, and the tissue homogenates of organs in the abdominal
cavity using an RNeasy RNA purification kit (Qiagen, Hilden, Germany)
or with an RNA-DNA coextraction method for TRIreagent (Molecular
Research Center, Ohio, USA). The relative mRNA levels of target genes
were quantified from cDNA with quantitative real-time PCR (qRT-PCR).
The reverse transcription was done with an iScript Select cDNA synthesis
kit (Bio-Rad, California, USA). Maxima SYBR green qPCR master mix
(Fermentas, Burlington, Canada) and a CFX96 qPCR machine (Bio-Rad)
were used. Primer sequences and ZFIN identification codes for the qRT-
PCR-analyzed genes are listed in Table S1 in the supplemental material.
The expression of target genes was normalized to the expression of eukary-
otic translation elongation factor 1 alpha 1, like 1 (eeflalll or efla) (36).
Whenever the RNA-DNA coextraction method was used, the total DNA
was isolated simultaneously with the RNA to quantify the M. marinum
load in the fish with qRT-PCR (25). The results were analyzed with the
Bio-Rad CFX Manager software v1.6 (Bio-Rad). No template control
samples (H,0) were included in all experiments to monitor contamina-
tion. Melting curve analyses, followed by 1.5% agarose (Bioline, London,
United Kingdom) gel electrophoresis, were done to validate the qRT-PCR
products of the target genes.

Statistical analysis. Statistical analyses were performed with the Prism
v5.02 program (GraphPad Software, Inc., California, USA). A log-rank
(Mantel-Cox) test was used in the survival experiments and a nonpara-
metric Mann-Whitney analysis in the flow cytometry and qRT-PCR ex-
periments. P values of <0.05 were considered significant.

RESULTS

furinA is upregulated in a mycobacterial infection and it con-
trols granulopoiesis and Th cell transcription factor expression.
In the furinA'¥°* mutant fish, a specific thymidine (T)-to-aden-
osine (A) splice site mutation results in a skipped exon 9 during
the transcription of the furinA gene (see Fig. S1 in the supplemen-
tal material) (30). This leads to a loss-of-function FurinA mutant
protein and enables the design of QRT-PCR primers, which can be
used to specifically quantify native furinA mRNA molecules. In
accordance with the developmental lethality of other homozygous
furinA zebrafish mutants (>98% lethality of furinA's*'*/s*!% mu-
tant) (30), no homozygous furinA'42°4¢/*4204¢ mytant fish could be
obtained in our fish crosses (up to ~450 genotyped fish), suggest-
ing that in homozygous form this allele is also lethal. In contrast,
the heterozygous furinA'"*** mutants were born in normal
Mendelian ratios and did not show signs of developmental defects
or spontaneous autoimmunity. First, to determine the effect of a
heterozygous furinA'¥***¢ mutation on mRNA levels, furinA ex-
pression in uninfected and M. marinum-infected adult fish (4 and
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FIG 1 furinA expression is reduced in furinA*¥2**/* zebrafish and associates with decreased granulocyte counts, as well as altered T helper cell subtype

transcription factor expression. (A) Relative furinA expression was measured in uninfected (n = 10) and M. marinum-infected (at 4 and 9 wpi, low-dose, n = 13
to 21) furinA'¥2°*'* mutant adult zebrafish and WT controls with gqRT-PCR. Samples were run as technical duplicates. (B and C) The relative percentages of
blood cell precursors, erythrocytes, granulocytes, and lymphocytes were determined in the kidneys of steady-state (uninfected) furinA'®>**/* mutants and WT
zebrafish (n = 5 in both groups) with flow cytometry, based on granularity (SSC) and cell size (FSC). Representative flow cytometry plots are shown in panel B.
Gated populations are outlined, and the cell counts inside the gates are given as the percentages of the total viable cell population. The average relative percentages
of different hematopoietic cell populations in mutants and controls are plotted in panel C (error bars indicate the standard deviations). (D) Relative expressions
of different Th cell-associated genes (cd247, tbx21, gata3, foxp3a, and rorca), as well as tgfb1a, were quantified in furinA'?**** mutants and WT controls (n = 10
in both groups) with qRT-PCR. Gene expressions in panels A and D were normalized to eeflalll expression and represented as a scatter dot plot and median. In
panel A, a one-tailed Mann-Whitney test was used in the statistical comparison of differences between furinA'*2**/* zebrafish and WT controls, and a two-tailed

Mann-Whitney test was used in panels C and D, as well as in the comparisons between uninfected and infected experimental groups in panel A.

9 weeks postinfection [wpi], low dose; 34 = 10 CFU) was quanti-
fied with qRT-PCR (Fig. 1A). Previously, in vitro analyses have
shown that FURIN expression is upregulated as a result of CD4™ T
cell activation and in lipopolysaccharide (LPS)-stimulated CD14 ™"
myeloid cells (14, 15). In accordance with this, the M. marinum
infection caused an induction in furinA mRNA expression in both
furinA'¥2%4/* (1.6-fold at 4 wpi, P = 0.02, and 4.9-fold at 9 wpi,
P < 0.001) and WT zebrafish (1.7-fold at 4 wpi, not significant
[NS], P = 0.11; 3.4-fold at 9 wpi, P < 0.001) demonstrating that
immune activation in vivo upregulates this convertase. Further-
more, in the infected groups, furinA'>**** fish had on average
39% (P =0.01) and 43% less (P = 0.003) furinA mRNA compared
to WT controls at 4 and 9 wpi, respectively. A similar trend was
also observed in uninfected zebrafish with a 44% decrease in fu-
rinA expression (NS, P = 0.08). Put together, the data indicate
that furinA is upregulated in response to a mycobacterial infection,
and that the furinA'?***'* zebrafish can be used to explore the func-
tional role of this PCSK in a mycobacterial infection in vivo.

April 2015 Volume 83 Number 4

Infection and Immunity

The development of hematopoietic cells in zebrafish is highly
similar to that in humans (31, 37). To assess the effect of the
reduced furinA expression on hematopoiesis in the furinA'42**/*
fish, we studied their blood cell composition with flow cytometry
(Fig. 1B and C) (31). The flow cytometric analysis revealed no
marked differences in blood cell precursor, erythrocyte or lym-
phocyte populations in furinA'*>***/* zebrafish compared to WT
controls. However, the amount of granulocytes in furinA'2°4/*
fish was significantly decreased, by an average of 15.4% (P =
0.008), compared to controls, indicating a role for FurinA in gran-
ulopoiesis.

Previously, we showed that FURIN is critical for normal mam-
malian Th polarization and CD4" Treg cell function; CD4cre-
fur™ mice have abnormally large effector CD4™ and Treg cell
populations accompanied with an excessive production of Thl
and Th2 cytokines (15, 18). To address whether FurinA regulates
the generation of Th subsets in zebrafish, we assessed the expres-
sion of different T cell markers (CD247 antigen; cd247, T-box 21;
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FIG 2 Expression of zebrafish pcsk genes in furinA*2°*/* mutants and WT controls. (A) Relative furinA expression was measured with qRT-PCR in the tissue
homogenates of organs in the abdominal cavity (n = 10) and kidney (n = 10) as well as in purified granulocytes (n = 5) and lymphocytes (n = 5) isolated from
steady-state WT AB zebrafish. Samples were run as technical duplicates. (B) The relative expressions of zebrafish pcsk genes (pcsk1, pesk2, furinB, pesk5a, pesk5b,
and pcsk7) were quantified in the tissue homogenates of organs in the abdominal cavities of steady-state adult furinA'“****" mutant (n = 10) and WT (n = 8 to
10) zebrafish by using qRT-PCR. Gene expressions were normalized to eeflalll expression and are represented as a scatter dot plot and median. A two-tailed

Mann-Whitney test was used in the statistical comparison of differences.

thx21, gata3, forkhead box P3a; foxp3a, retinoic acid receptor-re-
lated orphan receptor C a; rorca) in furinA'“°** mutants and WT
controls (Fig. 1D). As in T cell-specific FURIN conditional KO
(cKO) mice, the mRNA levels of Th1, Th2, and the Treg cell mark-
ers thx21 (T-bet, P = 0.003), gata3 (P = 0.004), and foxp3a (P <
0.001) were elevated in furinA'2***/* zebrafish. In contrast, there
was no significant difference in the expression of the Th17 cell
marker rorca between furinA'“°** and WT zebrafish, which is in
line with the normal IL-17 production previously observed in
CD4cre-fur™® mice (18).

TGFB1 directly induces Furin expression in rodents, which is a
prerequisite for its functional maturation and anti-inflammatory
function (18, 38). Consequently, the autoimmune phenotype of
CD4cre-fur™ mice can be chiefly attributed to a lack of bioavail-
able, T cell-produced TGFBL1. In our present study, zebrafish Fu-
rinA was found to regulate rgfbla expression in vivo (Fig. 1D),
which could result from an attempt to compensate for the defec-
tive maturation of the Tgfbla cytokine by increasing the efficiency
of tgfbla transcription.

The quantification of the furinA mRNA expression in WT ze-
brafish demonstrated that it is expressed in both innate and adap-
tive immune cells (Fig. 2A), which is in line with the previously
reported ubiquitous expression pattern of FURIN orthologues in
vertebrates (9, 32). In mammals, the first seven PCSK enzymes
have been demonstrated to exhibit a significant functional redun-
dancy and shared substrate molecules, which interferes with the
interpretation of a PCSK specific phenotype (39). Therefore, we
next addressed the expression of the zebrafish pcsk genes (peskl,
pesk2, furinB, pesksa, pesksb, and pesk?) in furinA'2°* mutants
and WT controls (Fig. 2B). The pcsk genes furinB, pcsk5a, pesk5b,
and pcsk7 showed comparable expression levels between
furinA'¥?%4/* and WT zebrafish, whereas pcskl and pesk2 were
significantly upregulated in the furinA'¥**’* fish (P = 0.01 and
P = 0.006, respectively), which theoretically could partially com-
pensate for the effect of reduced furinA expression.

Furin regulates the survival of M. marinum-infected ze-
brafish embryos. Whereas upregulated T cell gene expression in
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furinA'¥2°4/* zebrafish indicates enhanced immune responses,
granulopenia can result in immunodeficiency. To study the net
effect of FurinA on mycobacterial host defense in adult zebrafish,
we infected furinA'¥°** and WT zebrafish with a high-dose of
M. marinum (8,300 *+ 1,800 CFU) and followed their survival for
11 weeks (Fig. 3A). WT fish exhibited ca. 60% mortality during the
first 5 weeks and about one-third of them were alive at the study
endpoint (Fig. 3A). furinA'?**/" mutants showed similar lethal-
ity, and no statistical difference in gross survival between mutant
and WT fish could be detected. In addition, a histopathological
examination revealed that the two fish groups had similarly orga-
nized granulomas at both 3 and 11 wpi, and there were no obvious
differences in the numbers of granulomas (Fig. 3B). Uninfected
WT and furinA'¥°*'* zebrafish controls did not show back-
ground mycobacteriosis in a Ziehl-Neelsen staining (data not
shown).

Morpholino (MO)-based expression silencing in developing
zebrafish embryos can be used to study a gene’s function specifi-
cally in innate immune responses (22, 40). Since furinA regulated
the granulopoiesis, we addressed its role in innate immunity by
inhibiting the expressions of furinA and furinB in the embryonic
M. marinum infection model (27, 32, 33). Infecting either control
(random control MO injected [RC]) or the double furin gene
knockdown embryos with M. marinum (131 = 125 CFU) resulted
in substantial lethality by 7 days postinfection (dpi; 93 and 100%,
respectively, Fig. 3C). The survival of infected furinA+B mor-
phants was, however, significantly reduced compared to controls
(furinA+B versus RC, P < 0.01). Notably, as FurinA is essential
for zebrafish development the increased lethality of M. marinum-
infected furin morphant embryos could result from general devel-
opmental defects.

FurinA inhibits the early expression of proinflammatory cy-
tokine genes in a mycobacterial infection. The containment of a
mycobacterial disease is critically dependent on adaptive Th1 type
responses but also on adequate innate immune responses. The
significance of the innate immunity is perhaps best illustrated by
an increased susceptibility to TB in patients receiving anti-TNF
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FIG 3 Role of furin in zebrafish survival during M. marinum infection. (A)
The survival of adult furinA"'2°*/* (n = 39) and WT (n = 14) zebrafish was
monitored for 11 weeks after an experimental high-dose M. marinum inocu-
late. The data were collected from a single experiment. (B) M. marinum gran-
ulomas in adult WT and furinA'2***'* zebrafish infected with a high-dose
bacterial inoculate were identified with Ziehl-Neelsen staining at 3 wpi
(17,300 £ 6,900 CFU) and 11 wpi (8,300 = 1,800 CFU). Representative im-
ages from 4 to 10 individuals per group are shown. Typical granulomas are
indicated with arrows. (C) Zebrafish embryos were microinjected before the
four-cell stage with RC (n = 71) or both furinA and furinB MOs (n = 82) and
M. marinum (131 = 125 CFU). At 1 dpf, embryos were screened to identify
successfully injected embryos, and survival was monitored up until 7 dpf.
Collated data from two separate experiments with 30 and 41 embryos in the
RCMO groupsand 27 and 55 embryos in the furinA and furinB MO groups are
shown. In panels A and C, a log-rank (Mantel-Cox) test was used for the
statistical comparison of differences.
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neutralizing antibodies and an association of human Toll-like re-
ceptor polymorphisms with an increased disease risk (4, 41, 42).
FURIN can process target molecules that are important in innate
immunity in vitro (e.g., TNF converting enzyme and Toll-like re-
ceptor 7) (43, 44), but whether it also regulates innate immune
responses in infections in vivo has not been addressed. We next
analyzed the early immune response against M. marinum by mea-
suring the cytokine gene expression in furinA'?**'* fish and WT
controls. Both furinA'¥°**'* and WT adult zebrafish were infected
with a high dose of M. marinum (10,300 = 3,300 CFU) and a
qRT-PCR expression analysis of both proinflammatory (tnfa,
il1b, Ita, ifngl-1,il22, and il17a/f3) and anti-inflammatory (i/10
and tgfbla) cytokine genes was performed at 1, 6, and 12 dpi
(Fig. 4).

An analysis of the kinetics of the cytokine gene induction in
WT fish (Fig. 4A) demonstrated that the expression levels of tnfa,
Ita, and ifngI-1 were significantly upregulated upon M. marinum
infection already at 1 dpi (15.1-, 5.5-, and 396.4-fold, respec-
tively), with rising kinetics until 6 dpi (161.4-, 13.1-, and 478.8-
fold, respectively). At 12 dpi, the induction of tnfa had declined to
110.3-fold, whereas Ita and ifngl-1 expressions had returned to
their baseline levels. il17a/f3 was also significantly induced at 1 dpi
(18.0-fold), but its expression decreased during the following days
(6 dpi, 7.7-fold; 12 dpi, baseline expression). In contrast, both il1b
and 1122 showed a delayed expression pattern by peaking at 12 dpi
(il1b, 2.3-fold; i22, 10.8-fold). The induction of the anti-inflam-
matory cytokine genes i/10 and tgfbla was evident already by day 6
postinfection (il10, 2.4-fold; tgfbla, 10.7-fold), and the expression
of both genes was even more pronounced at 12 dpi (4.4- and
19.0-fold, respectively). In conclusion, an M. marinum infection
in zebrafish results in an enhancement in the levels of various
macrophage, natural killer cell, y8 T cell, and lymphoid tissue
inducer cell-associated cytokines already during the first 12 days
after infection, indicating an efficient activation of pro- and anti-
inflammatory processes.

To determine how FurinA contributes to the early cytokine
levels induced by M. marinum, we compared the expression of the
aforementioned cytokine genes in infected furinA'¥**’* and WT
zebrafish (Fig. 4B to I). furinA'****/* mutants showed a signifi-
cantly higher relative expression of the proinflammatory cytokine
genes tnfa (P = 0.007), Ita (P = 0.03), and il17a/f3 (P = 0.002) at
1 dpi compared to WT fish. Interestingly, the inherent relative
upregulation of tgfbla in furinA'***** mutants was completely
abolished by the 12th postinfective day, and this was accompanied
by a relative reduction in il10 gene expression. The low furinA
expression also associated with a sustained upregulation of the
il17a/f3 cytokine gene. Collectively, these results could indicate
that inflammation-accelerating innate cytokine responses domi-
nate in M. marinum-infected furinA'?**** mutant fish. To dem-
onstrate that FURIN attenuates proinflammatory responses spe-
cifically in innate immune cells, we used cultured macrophages
from WT and LysMcre—furﬂ/ fl mice (Fig. 5) (45, 46). In these ex-
periments we saw that in activated macrophages reduced Furin
mRNA levels (77% decrease, P = 0.004) are associated with sig-
nificantly upregulated transcription of the proinflammatory cyto-
kine gene Tnf (P = 0.03).

furinA'¥**/* mutants have decreased bacterial burden and
cd247 expression in a chronic M. marinum infection model. We
have recently established a model for studying a latent mycobac-
terial infection in adult zebrafish (25). A low-dose i.p. M. mari-
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FIG 5 Reduced Furin expression is associated with an upregulated expression of Tnf1in activated mouse macrophages. Bone marrow-derived macrophages were
cultured from Furin KO (LysMcre-fur™?) and WT littermate mice (1 = 4 to 5) as described previously (46). The relative expressions of Furin (Ensembl ID
ENSMUSG00000030530) (A) and Tnf (Ensembl ID ENSMUSG00000024401) (B) were determined in unstimulated and LPS-stimulated (4 h) samples with
qRT-PCR. Gene expressions were normalized to ribosomal protein S18 (Rps18, Ensembl ID ENSMUSG00000008668) expression and are represented as a scatter
dot plot and median. A two-tailed Mann-Whitney test was used in the statistical comparison of differences. The qRT-PCR primers used for the mouse genes were
as follows: Furin, 5'-CAGAAGCATGGCTTCCACAAC-3" and 5'-TGTCACTGCTCTGTGCCAGAA-3'; Tnf, 5'-CTTCTGTCTACTGAACTTCGGG-3" and

5'-CAGGCTTGTCACTCGAATTTTG-3'; and Rps18, 5'-GTGATCCCTGAGAAGTTCCAG-3' and 5'-TCGATGTCTGCTTTCCTCAAC-3'".

num inoculate (~35 CFU) results in static bacterial burdens, a
constant number of granulomas, and low mortality. We thus uti-
lized this model to investigate how FurinA contributes to the
adaptive mycobacterial immunity and the development of myco-
bacterial latency. When furinA'****/* mutant and WT control
fish were infected with small amounts of M. marinum (46 * 8
CFU) and survival was monitored for 9 weeks, statistically signif-
icant difference between the groups could not be observed (Fig.
6A). However, mycobacterial quantification revealed a trend of
smaller bacterial amount in the furinA'?°*'* mutants at 4 wpi
(34 = 10 CFU, NS) (Fig. 6B), but significantly reduced M. mari-
num copy numbers from the internal organ isolates of infected
furinA'¥2%4/* zebrafish compared to WT fish at 9 wpi (1.9-fold
reduction, P = 0.04) (Fig. 6B). On average, bacterial copy number
medians at 9 wpi were 11,000 (13 copies in 100 ng of zebrafish
DNA) in furinA*¥***/* mutants and 21,000 (50 copies in 100 ng of
zebrafish DNA) in WT zebrafish, which suggests that furinA in-
hibits host responses in chronic mycobacterial infection.

The reduced mycobacterial load in latency could be a result of
the upregulation of proinflammatory cytokines upon the M. ma-
rinum infection in furinA'***/* mutant fish (Fig. 4B to G) but
also a consequence of inherently accelerated T cell responses
(Fig. 1D). To evaluate the T cell responses in latency, we quantified

the relative expression of a general T cell marker cd247 (cd3zeta)
and Th cell subtype-associated transcription factors (tbx21, gata3,
foxp3a, and rorca) in furinA"?**’* mutant and control fish at
both 4 and 9 wpi (see Fig. S2 in the supplemental material and Fig.
6C). As expected, an infection-induced upregulation of these
genes was seen in both WT and mutant zebrafish (at 4 wpi, 2.9- to
23.9-fold and 1.5- to 8.1-fold, respectively, and at 9 wpi, 4.2- to
19.0-fold and 2.5- to 8-fold, respectively), suggesting T cell acti-
vation. Interestingly, at 9 wpi, cd247 expression was significantly
lower in infected furinA'?***/" mutants compared to WT controls
(P = 0.03), whereas the expression of the Th subset-associated
transcription factors tbx21, gata3, foxp3a, and rorca did not differ
between infected furinA'2°**’* fish and controls. In addition, the
expression levels of innate immunity cytokine genes (tnfa, illb,
il10, tgfbla, lta, ifngl-1, and il17a/f3) were found to be similar
between furinA'***** and WT fish (see Fig. S2 and S3 in the
supplemental material), indicating that innate immune cell activ-
ity during a chronic M. marinum infection is FurinA independent.

Together, the reduced relative expression of cd247 at 9 wpi and
loss of upregulation of thx21, gata3, and foxp3a in furinA'2%*<*
zebrafish compared to WT controls indicate that FurinA enhances
T cell responses in a mycobacterial infection. However,

. + )
furinA'*?**/* mutants had lower M. marinum copy numbers,

FIG 4 FurinA attenuates the early expression of proinflammatory cytokine genes in an experimental high-dose mycobacterial infection. The relative expression
of proinflammatory cytokine genes (tnfa, il1b, Ita, ifngl-1, 122, and il17a/f3) and anti-inflammatory cytokine genes (il10 and tgfbla) was determined in adult
furinA'¥2%%'* (1 = 7t0 12) and WT (1 = 7 to 15) zebrafish with qRT-PCR after a high dose of an M. marinum inoculate at 1, 6, and 12 dpi. (A) Fold gene
expression induction median shown for all of the aforementioned genes in infected WT zebrafish. The fold induction was normalized to the gene expression
median in uninfected zebrafish. *, P < 0.05; **, P < 0.01. (B to I) Relative gene expression in furinA'****/* and WT zebrafish represented as a scatter dot plot and
median. Note the different scales of the y axes and the divided y axis in panels B and E. Gene expressions were normalized to eeflalll expression. At 1 and 6 dpi,
samples were run as technical duplicates and uninfected, as well as 12-dpi, samples once. A two-tailed Mann-Whitney test was used in the statistical comparison
of differences.
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FIG 6 Downregulation of furinA expression decreases the M. marinum burden and the T cell marker cd247 mRNA level in an experimental low-dose
mycobacterial infection. A latent mycobacterial infection was induced with a low-dose M. marinum inoculate. (A) Survival of adult furinA'¥**¥'* (n = 29) and
WT (n = 22) zebrafish was monitored for 9 weeks. A log-rank (Mantel-Cox) test was used for the statistical comparison of differences. The data were collected
from a single experiment. (B) The M. marinum burden of furinA*>**/* mutants (n = 17 to 20) and WT controls (7 = 13 to 18) was quantified with DNA
qRT-PCRat 4 and 9 wpi. Bacterial load is represented as the median of total bacterial copies (log, ). M. marinum quantifications were run as technical duplicates.
(C) The relative expression of Th cell markers (cd247, thx21, gata3, foxp3a, and rorca) was quantified with QRT-PCR in furinA'¥2**¢* mutants (n = 18 to 21) and
WT controls (n = 18) at 9 wpi. Gene expressions were normalized to eeflalll expression and represented as a scatter dot plot and median. Expression analyses

were run as technical duplicates. In panels B and C, a two-tailed Mann-Whitney test was used in the statistical comparison of differences.

which suggests that FurinA also inhibits antimycobacterial host
responses.

DISCUSSION

Despite intensive studies, our understanding of the pathogenesis
and host immunity of TB is still incomplete. We found that furinA
expression is upregulated upon M. marinum infection and that
inhibiting furin genes in developing zebrafish reduces the survival
of infected embryos. An analysis of furinA'****/* mutant adult
zebrafish demonstrated that FurinA regulates the development of
granulocytes and the expression of Th subset-associated genes in
steady-state fish. When furinA'****/* mutant fish were infected
with a high dose of M. marinum, reduced furinA mRNA levels
were found to correlate with an enhanced expression of the pro-
inflammatory cytokine genes tnfa, lta, and il17a/f3. In contrast,
experiments using a latent mycobacterial infection model showed
that infected furinA'“2°**'" mutants have lowered expression lev-
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els of the T cell marker gene cd247 (cd3zeta) compared to controls.
The net effect of the reduced furinA expression in adult zebrafish
was a significant decrease in M. marinum copy numbers in a low-
dose infection model, suggesting that FurinA attenuates protec-
tive host responses against mycobacteria.

Through catalyzing the endoproteolytic cleavage of target mol-
ecules, PCSK enzymes regulate the maturation of host defense
factors, as well as the activity of invading pathogens (9, 10). In vitro
analyses have demonstrated that PCSK enzymes have significantly
overlapping biochemical functions in substrate processing, and
therefore genetic inactivation of PCSKs is instrumental for decod-
ing their specific biological roles (9, 10, 47). We have previously
characterized the expression of seven pcsk genes in developing
embryos and multiple adult zebrafish tissues (32). Two ortholo-
gous genes of mammalian FURIN, furinA and furinB (30), were
found to be ubiquitously expressed, and biochemical analyses
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showed that FurinA, but not FurinB, is able to proteolytically pro-
cess pro-Tgtbla, suggesting that FurinA is the corresponding bi-
ological equivalent for human FURIN (32). Germ line Furin KO
mice die on day 11 of embryogenesis due to severe developmental
defects in ventral closure, as well as in heart tube fusion and loop-
ing (20). Accordingly, we could not identify any homozygous
adult furinA'4204¢/t420% fish indicating that FurinA has a specific,
nonredundant function also during zebrafish development.
Importantly, however, in its heterozygous form, the adult
furinA'¥2%%¢ allele did not interfere with normal development but
reduced the levels of furinA mRNA. This in turn allowed the use of
adult furinA'?°*’* mutants in the experiments to assess how
furinA expression regulates host responses. Interestingly, furinA
downregulation in furinA'¥**’* mutant zebrafish upregulated
peskl and pesk2 expression, which implies an attempt to compen-
sate for the reduced FurinA activity. In mammals, PCSK1 and
PCSK?2 have restricted gene expression patterns, function chiefly
in neuroendocrine tissues, and are not able to compensate for
FURIN during development (9, 10). However, the lack of PCSK1
was recently found to associate with a proinflammatory pheno-
type and increased lethality in LPS-induced septic shock in mice
(48). Consequently, the elevated pcskl expression in zebrafish
could theoretically also attenuate inflammation in zebrafish and
thus partially mask the specific immunoregulatory function of
FurinA.

It is well established that protective immunity against TB is
mediated by both innate and adaptive immune responses. As in
mammals, the cells of the zebrafish immune system include lym-
phocytes, neutrophils, and macrophages (49), as well as dendritic
cells (50), eosinophils (51, 52), human mast cell-like cells (53),
and natural killer cells (54). Our flow cytometric analyses of
furinA'*?°*/* mutant fish kidneys (the primary site of hematopoi-
esis in fish) showed normal numbers of lymphocytes, blood cell
precursors, and erythrocytes, but low granulocyte counts, indicat-
ing that FurinA promotes granulopoiesis. Granulocyte matura-
tion is regulated through a complex network of protein mediators
(55), some of which are known substrates for PCSKs (12). For
example, granulocyte development is disrupted in mice deficient
in integrin alpha 9 (56). Also, functional NOTCH signaling pro-
motes entry into granulopoiesis (57), whereas conditional inacti-
vation of TNF converting enzyme increases granulopoiesis (58).
Deciphering the detailed molecular mechanisms by which FurinA
regulates granulocyte development, however, would require the
spatiotemporal identification of its specific substrates using pro-
teomics analyses, followed by characterizing the function of the
substrates in zebrafish.

Although the Th1 type cell immune response is crucial in adap-
tive immunity against TB (5-8), other Th lymphocyte subsets,
including Th2, Th17, and Treg cells, also regulate the magnitude
of the host defense and survival (59-62). We have previously
shown that FURIN is dispensable for T cell development in mice
but that it plays a role in CD4™ T cell activation and polarization
(15, 18). When we characterized the expression of Th cell subtype
transcription factors in steady-state zebrafish, we found that de-
creased furinA expression associated with the upregulation of
tbx21 (a Th1 cell marker), gata3 (a Th2 cell marker), and foxp3a (a
Treg cell marker) expression, suggesting an increase in Th1, Th2,
and Treg cell counts in the furinA'****/* mutants. These findings
are in line with the previously reported hyperproduction of both
Th1 and Th2 hallmark cytokines and increased Treg cell numbers
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in FURIN T cell cKO mice (18) but also indicate that reduced
FURIN expression (and not only the lack of it) can accelerate Th1
and Th2 responses. In contrast, aging furinA'>**/* mutants did
not develop overt autoimmunity, which demonstrates that the
residual furinA expression, accompanied with elevated tgfbla
mRNA levels, is sufficient for maintaining adequate peripheral
immune tolerance in steady state.

To assess how granulopenia and altered Th subtype gene ex-
pressions in furinA'?*** mutants might contribute to the host
defense against mycobacteria, adult zebrafish were infected i.p.
with M. marinum inoculates. furinA'?***'" mutants exhibited
similar gross survival, and statistically significant differences could
not be observed. In contrast, inhibiting furin genes during devel-
opment associated with significantly reduced survival of M. mari-
num-infected embryos. Albeit these findings could be indicative of
either immunodeficiency or an unnecessarily strong host re-
sponse in the lack of Furin, they need to be interpreted cautiously.
The expression of furinA is critical for zebrafish development, and
survival differences in furinA+B morphant fish could simply re-
sult from “failure to thrive.” Therefore, we chose to use adult
furinA'¥?%/* fish to address how furinA regulates the innate im-
mune responses in M. marinum infection (30). After a high-dose
mycobacterial infection, lower furinA mRNA expression levels re-
sulted in a proinflammatory phenotype characterized by en-
hanced early expression of tnfa, Ita, and il17a/f3 but declining
expression levels of the anti-inflammatory cytokine genes i/10 and
tgfbla. Previously, TNF and IL-17 have been linked to a protective,
innate immunity against TB (61, 63), and an LTA polymorphism
has been associated with susceptibility to the disease (64). The role
of Tnfa appears, however, complicated; Roca and Ramakrishnan
recently showed that either deficient or excess production of this
cytokine accelerates TB pathogenesis through reduced microbici-
dal activity of macrophages or programmed necrosis of macro-
phages, respectively (65). Since furinA downregulation causes a
proinflammatory phenotype, FurinA deficiency could be benefi-
cial for protection by increasing the early microbicidal activity of
innate cells through upregulated Tnfa levels. In addition, both
furinA'?°*’* mutants and controls showed well-organized gran-
ulomas and no free bacteria in Ziehl-Neelsen staining, which sug-
gests relatively normal macrophage function also in controlling
the high bacterial loads in the chronic phase.

We have previously shown that infecting zebrafish with a low
M. marinum dose (~35 CFU) results in a nonprogressive myco-
bacterial disease that can be reactivated by gamma irradiation
(25). In this model, the host survival and the latent state of infec-
tion both depend on functional adaptive immune responses and
normal lymphocyte numbers. The determination of the mycobac-
terial burden in latency revealed that reduced furinA expression
associated with significantly decreased M. marinum copy num-
bers, and this could not be explained by elevated T cell responses.
Specifically, we noticed that furinA'2°*** mutant fish actually
expressed lower levels of the general T cell marker gene cd247
(cd3zeta) and that the overexpression of Th1/2, as well as Treg
marker genes in steady-state mutants, was completely abolished in
the chronically infected furinA'2°*'* zebrafish. How furinA
downregulation affects these responses is not clear but would re-
quire a careful kinetic analysis of marker gene expression levels. In
summary, we can conclude that a reduction in systemic furinA
expression associates with enhanced host responses to mycobac-
teria in zebrafish.
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A challenge in TB diagnostics is to specifically identify the ac-
tivation of latent infection. The present means, such as the tuber-
culin skin test, the interferon gamma release assay (IGRA), and a
chest X-ray, can only reveal the presence of TB-associated mem-
ory cells and tissue damage, but there are no markers available for
the detection of mycobacterial growth in the host in the clinic. Our
data show that furinA/FURIN expression is upregulated in the
host in response to a mycobacterial infection and the Th1 hall-
mark cytokine IL-12 (15). FURIN is also secreted from macro-
phages in response to LPS activation (14), and it can be measured
from serum (66). Therefore, in the future it will be interesting to
assess whether serum FURIN levels can be used as an infection
biomarker to mirror mycobacterial growth and the activation of
Th1 type immune responses. Furthermore, PCSK inhibitors have
relatively recently been suggested as drugs for cancer and infec-
tious diseases (9, 10, 67). Blocking FURIN also associates with
accelerated immune responses, as shown by the spontaneous de-
velopment of autoimmunity in T cell-specific FURIN ¢KO mice
and by the prevention of experimental arthritis upon recombinant
FURIN administration (18, 19). Our results here demonstrate that
diminished furinA expression reduces mycobacterial loads in a
latent infection model, which suggests that PCSK inhibitors could
potentially be used to harness also TB. Adverse effects, such as
autoimmunity and developmental defects in stem cells, may pose
a significant clinical problem. Investigating the molecular mech-
anisms by which FURIN regulates mycobacterial immunity fur-
ther may help us find specific target molecules for future drug
development.
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