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“Science is not about building a body of known ‘facts’. It is a method for asking
awkward questions and subjecting them to a reality-check, thus avoiding the

human tendency to believe whatever makes us feel good.”

-Terry Pratchett
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ABSTRACT

Due to our shared evolution, humans share parts of their genetics with related
animals. We share most of our genes with the chimpanzee (Pan troglodytes) and with
mouse (Mus musculus), but perhaps surprisingly also with zebrafish (Danio reriv).
Despite its aquatic lifestyle and fishy looks, zebrafish shares most of its genes and
several parts of its physiology and micropathology with human. These biological
similarities of related species are invaluable for medicine, as they allow us to study
our own biology through evolutionary homology in even species which are
considered very primitive in phylogenetic terms. The selection of a model species
should be based on ethics as well as the question at hand. In some cases, we can use
a very distant species, provided that we can show the conservation of the gene or
pathway biology between us and the model organism. In this thesis we have used
zebrafish as a model for human genetics in four projects with focus on
developmental and disease genetics.

In each project, we employed gene silencing or mutagenesis to study zebrafish
genes. In our first project, we set out to study the differences observed in the
efficiency of the CRISPR-Cas9 (clustered regularly interspaces short palindromic
repeats, CRISPR associated 9) mutagenesis system. We observed differences
between zn vitro and in vive efficiencies of mutagenesis between genes in larval
zebrafish. This led us to consider if the efficiency of mutagenesis was determined by
DNA packaging 7z vivo. Our results did not reveal strong correlation between
epigenetic factors and CRISRP-Cas9 efficiency. However, our results indicate
mutagenesis functions differently between genes independent of 7z vitro functionality,
suggesting an influence from DNA packaging.

In the second project, we generated a zebrafish model for a newly identified
human genetic disease, FINCA (fibrosis, neurodegeneration and cerebral
angiomatosis). FINCA manifests in early childhood and leads to death of affected
children before the age of two and is a result of a mutation in a gene NHLLRC2.
Mutations in mouse NA/re2 lead to early lethality, which significantly hampers its
applicability in studying FINCA. Silencing of #A/rc2 in zebrafish lead to alterations in
integrity of brain cells in zebrafish larvae based on the analysis of TEM images in
comparison to controls, suggesting it replicates some parts of the phenotype of the
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patients. Our results support notion that the loss of NHLRC2 is the cause of the
FINCA disease.

With the same gene silencing technology, we analysed the effect of zntelectin 1 gene
on intelectin 3 mutated zebrafish. Intelectins are a family of proteins involved in
recognition of bacteria in cells. Primarily, intelectin 3 was found to be upregulated in
mycobacterial infection in our microarray data of adult zebrafish. We failed to see a
phenotype in zntelectin 3 mutated zebrafish, which lead us to consider if zntelectin 1,
due to similar expression kinetics, could be compensating for its loss, masking the
phenotype of the mutants. However, simultaneous silencing and knockout of
intelectin 1 and zntelectin 3, respectively, did not result in a phenotype in larval zebrafish
in mycobacterial infection.

In the last project we set out to determine the role of the gene pycard in
mycobacterial infection. pycard codes an adaptor protein of the inflaimmasome
complex, which has also been indicated to play a role in adaptive immune response.
Results showed that CRISPR-Cas9 generated pycard knockout zebrafish present
decreased survival in mycobacterial infection. In addition, they present alteration in
bacterial burden and granuloma size. RNA-sequencing analysis of the kidney
transcriptome of the fish suggest multiple changes in transcription, which makes the
knockout fish susceptible to mycobacterial infection. Our model suggests
inflammasome signalling has a central role in orchestrating host’s defence and
neutrophil function during mycobacterial infection.

In these projects we explored the versatile applications of zebrafish in modelling
human diseases. With the study of intelectins and #h/re2, gene silencing led to near
total elimination of the transcript, even though with intelectins this did not cause
detectable changes in the phenotype. With mutagenesis of inflammasome adaptor
gene pycard, we were able to generate a model suitable for generating a detailed
understanding on its function in mycobacterial infection. Our results demonstrate
the utility of the zebrafish in modelling human genetics.
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TIVISTELMA

Yhteisen evoluutiohistoriamme vuoksi osa ihmisen geeneistdi voidaan tunnistaa
meille ldheisisti sukua olevissa eldimissd. Jaamme suuren osan perimistimme
simpanssin (Pan troglodytes) ja hiiren (Mus musculus), mutta kenties yllittden myos
seeprakalan (Danio rerio) kanssa. Huolimatta sen vedenalaiseen elimiin sopivista
piirteistd, osa seeprakalan geeneisti, fysiologiasta ja mikropatologiasta muistuttavat
thmisen vastaavia ominaisuuksia. Sukulaislajien biologinen vastaavuus mahdollistaa
oman biologiamme mallintamisen jopa hyvin alkukantaisina pidetyissi lajeissa, ja on
olennainen osa ladketieteellistd tutkimusta. Joissain tapauksissa voimme niet
hyodyntia jopa hyvin kaukaista sukulaislajia, kunhan voimme osoittaa tutkimamme
geenin tai signalointireitin vastaavuuden lajien valilld. Tdssd viitostutkimuksessa
olemme kiyttineet seeprakalaa mallina thmisen geneettisessi tutkimuksessa neljassa
projektissa, jotka keskittyvit kehitysbiologiseen genetiikkaan ja tautigenetiikkaan.

Niissd projekteissa olemme hyddyntineet geenihiljennysti ja mutageneesid
seeprakalan geenien tutkimisessa. Ensimmaiisessa tutkimuksessa pyrimme
selvittimddn CRISPR-Cas9 (clustered regularly interspaces short palindromic
repeats, CRISPR associated 9) mutageneesin tehokkuudessa havaitsemiemme erojen
perimmiistd syytd. Havaitsimme tutkimuksessamme eroja mutageneesin 7z vzvo- ja in
vitro -tehokkuudessa geenien vililli seeprakalan poikasessa. Piittelimme, ettd timad
saattaisi johtua DNA:n erilaisesta pakkausmekanismeista zz vzvo. Emme kuitenkaan
havainneet merkittdvdd korrelaatiota epigeneettisten tekijoiden ja CRISPR-Cas9
mutageneesin  tehokkuuden vililli. Tuloksemme kuitenkin osoittivat, ettd
mutageneesin tehokkuudessa 2z vivo ja in vitro havaitut erot ovat geenikohtaisia, joten
havaitut erot voivat osin johtua DNA:n pakkausmekanismeista.

Toisessa projektissa mallinsimme seeprakalassa thmisessd hiljattain tunnistettua
geneettisti FINCA-sairautta (engl. fibrosis, neurodegeneration and cerebral
angiomatosis). FINCA ilmenee varhaislapsuudessa ja johtaa potilaan kuolemaan
ennen kahden vuoden ikdd. Sairauden syyksi on tunnistettu mutaatio geenissd
nimelta NHIRC2. Hiiressi mutaatiot vastaavassa geenissi  johtavat
elinkyvyttémyyteen varhaisissa kehitysvaiheissa, minkd vuoksi hiiri ei sovellu
sairauden mallintamiseen. Vastaavan h/r2 geenin hiljennys seeprakalassa johti

kalanpoikasissa muutoksiin  keskiaivojen  solukossa. Tuloksen perusteella
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seeprakalamallissa havaitut muutokset vastaavat osin potilaissa havaittuja muutoksia.
Tuloksemme osaltaan vahvistavat, ettd mutaatiot NHLRC2 geenissd aiheuttavat
FINCA-sairauden.

Samaa hiljennysmenetelmai kiyttien tutkimme myos zntelectin 1-geenin merkitystad
kaloissa, joiden zntelectin 3-geeni oli mutatoitu toimimattomaksi. Intelektiinit ovat
proteiineja, jotka osallistuvat bakteerien tunnistukseen elimistéssd. Havaitsimme
matalalla annoksella infektoiduissa kaloissa znzelectin3-geenin ilmentymistason olevan
merkittivdsti koholla. Emme kuitenkaan havainneet muutoksia infelectin3
poistogeenisissi seeprakaloissa. Piattelimme, ettd samanlaisen
ilmentymiskinetiikkansa vuoksi zntelectin1 voisi kompensoida zntelectin3 puuttumista
mutatoiduissa kaloissa ja ndin estdd mutaation aiheuttamien muutoksen
havaitsemisen. zntelectini-geenin hiljentiminen mutatoiduissa kaloissa ei kuitenkaan
johtanut havaittaviin muutoksiin seeprakalan poikasissa tehdyssi infektiokokeessa.

Viimeisessd projektissa tutkimme pycard-geenin merkitysti mykobakteeri-
infektiossa. pycard koodaa proteiinia, joka toimii osana inflaimmasomikompleksia,
minkid on havaittu osallistuvan hankinnaisen immuunivasteen siitelyyn. CRISPR-
Cas9 -menetelmilld tuotetuissa poistogeenisissi kaloissa havaittiin heikennyt vaste
selvidmiskokeissa. Tamin lisiksi poistogeenisilli kaloilla havaittiin suurempi
bakteerimidri elimistssd ja niissd ilmenneet granuloomat olivat suurempia. RNA-
sekvensoinnin avulla osoitimme kalan puolustussolujen geenien ilmentymisessa
useita muutoksia, joiden perusteella kaloilla on muuttunut vaste mykobakteeri-
infektiolle.

Projekteissa hyédynsimme monipuolisesti seeprakalaa ihmisen
tautimallinnuksessa. Intelektiinien ja #h/re2-geenin tutkimuksessa geenihiljennykselld
saatiin aikaan transkriptin lihes tiydellinen eliminointi, vaikka intelektiinien kohdalla
timi ei johtanutkaan fenotyypissd havaittaviin muutoksiin. Inflammasomin pycard-
geenin mutatoinnilla saatiin aikaan malli, jonka avulla voimme hahmottaa yhi
tarkemmin  geenin  merkitystdi mykobakteerin  atheuttamassa  infektiossa.
Tuloksemme ovat osoitus seeprakalan soveltuvuudesta ihmisen genetitkan

tutkimuksessa.
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17 INTRODUCTION

Due to our shared evolution, humans share much of their physiology and genetics
with related animals. We share over 99% of our genes with the chimpanzee (Pdibo
2001) and around 98% with mouse (Mural et al. 2002). Animals which replicate
human genetics and physiology, perhaps surprisingly, also include zebrafish (Danzo
rerio). Zebrafish shares 70% of its genes and many levels of physiology and
micropathology with human (Howe et al. 2013; Patton, Zon, and Langenau 2021).
The similarities shared between related species are invaluable for medicine as they
allow us to probe our similar structures in experimental settings, which would not
be possible with humans. Thus, at the moment, studying human genetics still relies
heavily on animal models. Despite that novel technologies including organ-on-chip
and body-on-chip offer novel 3D tissue culture solutions for more human-specific
research, their use is still limited by the complexity of tissue organization and
interplay (Wu, 2020; Al-lamki 2017). This is because artificial biology systems such
as organ on a chip are only as complex as we make them and fail to include
parameters which still remain unknown to us. Therefore, research often turns back
to its roots, in studying animals.

Zebrafish (Danio rerio) has been used for modelling human genetics since the
1980s (Streisinger et al. 1981). The first experiments took advantage of the
transparency of the larval zebrafish in finding phenotypic changes in large scale
forward genetic mutagenesis screens (Nisslein-Volhard 2012). Due to the
transparency of the zebrafish in the early days of development, fluorescently labelled
cells, chemical compounds, and bacteria can be observed in real time in a non-
invasive manner. This has led to the emergence of a number of zebrafish strains
carrying fluorescent markers specific for a cell type. Today, zebrafish is applied in
research where mouse is less applicable, in large scale drug screens, in studies of early
development and in researching host-pathogen interactions in mycobacterial
infection to model human tuberculosis. In addition, due to its small size and well
documented development, zebrafish larvae have been used for single cell

transcriptomic experiments, which can decipher developmental trajectories of cells
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from eatly developmental stages (Carmona et al. 2017; Farnsworth, Saunders, and
Miller 2020; Wagner et al. 2018).

Besides its role in developmental biology, the larval zebrafish model has been
used for studying biomedicine and genetics. In immunology, it has helped reveal
many novel genes essential in immunity against tuberculosis (Cronan and Tobin
2014). Furthermore, the adult zebrafish has proved to be useful in modelling
reactivation of latent tuberculosis infection, and screening for novel vaccine antigens
(Myllymiki et al. 2018; Parikka et al. 2012). With the emergence of sequence specific
genome modifying tools, including CRISPR-Cas9, generating mutant zebrafish has
become straightforward (Hwang et al. 2013). Reverse genetic studies can help
determine the function of individual genes in host resistance against mycobacterial
infection. Despite its simplicity, recent research has revealed genetic modification
actually results in transcriptome level changes which can compensate for gene loss
(El-Brolosy et al. 2019; Rosst et al. 2015).

Our research investigates the applicability of the zebrafish in modelling human
genetic and infectious diseases through gene silencing and gene knockout
technologies. The review of literature will highlight the similarities and differences
of human and zebrafish to evaluate the suitability of zebrafish as a genetic model for
human diseases. It will also explore the use of gene silencing and gene modification

technologies in relation to modelling human genetic diseases.
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2 REVIEW OF THE LITERATURE

2.1 Studying genetics using model organisms

Animal models remain essential for deciphering the basic biology of organisms as
well as for modelling human diseases. When trying to determine the function of a
single gene, it is often too narrow an approach to look into a single tissue, or a single
cell line, or use organ-on-a-chip models. Instead, gaining a broader understanding of
biological and physiological phenomena requires studies on the level of the whole
organism. This is important especially when examining phenomena which involve
the migrating cells of the immune system or totipotent stem cells, which differentiate
to ultimately give all the structures of a mature organism. Many animals have been
used as models for human biology, and each of them has their own advantages and
drawbacks for this purpose, as each species is specialised to live in its own preferred
niche and thus has developed specialised means to succeed. In research, ethics often
dictate the selection of the organism, and the selection must be based on the
importance of the question at hand — are you studying a gene that has the potential
to aid in overcoming a pandemic, or a gene which is essential in the response to an
agent used in cosmetics? Can the organism even answer the question at hand, that
is, if I want to study a disease transmitted by aerosols, does this organism have a set
of lungs? Is the model relevant — can testing this novel drug in mice (Mus musculus)
get us any closer to the drug’s function in humans? If a patient’s life is at risk, how
fast can we find a cure?

Primates are the closest living relatives to humans, but their use in research
presents ethical problems and thus they are not the preferred choice in initial studies
on novel drugs and treatments. Human physiology, genetics and developmental
biology resemble those of the mouse, which is much smaller than primates and thus
easier — and cheaper - to use. The mouse is also the most studied model to date, and
therefore transgenic and mutant lines and tools are readily available, lessening the
need to develop completely new methodological solutions. However, even more
primitive organisms can be used for modelling basic genetics. Primitive, in phylogeny,
simply describes the occurrence of traits earlier in evolution — thus, primitive species

are more like their ancestors than species which have emerged later. Primitive model
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species include the fruit fly (Drosophila melanogaster) and the nematode (Caenorbabditis
elegans), which present genetic similarity, but more divergence in the physiology and
organization of their organs and tissues to mammals. Chickens (Gallus gallus) and
trogs (Xenopus laevis) are physiologically similar to humans, but due to their limited
use in applied biological research, they lack the genetic tools that have been
developed for mouse. When looking into tissue biology and genetic programs
controlling development and tissue regeneration, even more distant relatives can be
studied. Ascidians, including the tunicate Ciona intestinalis are thought to present the
simplest shared body plan of all chordates (Liu et al. 2006). Echinoderms, including
sea urchins can regenerate most of their organs and even reproduce asexually by
shedding limbs (Dupont and Thorndyke 2007), but regeneration can even be
modelled in the lophotrochozoan flat worm (Mouton et al. 2018). However, when
looking into more distant relatives, most physiological relevance is lost. A
phylogenetic relationship of commonly used model organisms is presented in Figure
1.

Human, primates, and mice are all vertebrate tetrapod mammals and share
similarities at the level of tissues and organs. The fruit fly and the nematode are both
invertebrates, but still share their core cell biology and genetics with all metazoan —
multicellular animal - organisms. However, due to the differences in the physiological
organization of tissues the fly and the worm offer a limited amount of information
on the development of vertebrate organisms.

The zebrafish emerged as a vertebrate model for human biology in 1980s. It is
genetically similar to humans, with a shared microanatomy and physiology and
several advantageous genetic tools are available for manipulating zebrafish,
compared to invertebrates. The zebrafish is not a mammal, amniote or tetrapod, but
shares many conserved aspects of developmental biology, physiology and
immunology with other vertebrates. However, as no organism presents a spectrum
of genetic and physiological disease identical to that of humans, one must be cautious
when interpreting the applicability of the results to humans. When considering the
suitability of a model organism for an application, it is the researcher’s responsibility
to consider the advantages and the limitations of the model, to justify the
experimental setup and to evaluate the impact of the results accordingly.
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Figure 1. The morphology based phylogenetic relationship of selected model organisms in relation
to humans. In coloured boxes, the group of animals is indicated followed by an exemplar
representative. According to morphology based phylogenetic division, bilateria — animals
with bilateral axis symmetry- are divided as follows: Deuterostomes develop their body
plan with an anus forming before a mouth. Chordates include all deuterostomes which
have a notochord at any point during development. Vertebrates have a backbone.
Tetrapods include all four-legged vertebrates. Amniotes includes animals which develop
inside protective extra embryonic membranes, such as an amnion, chorion or allantois.
Mammals includes amniotes which feed their young from mammary glands of the mother.
Protostomes develop a mouth first, but the developmental order is actually more varied
than this. Ecdysozoa have either an insect-like or worm-like body plan. Lophotrochozoans
present a spiral cleavage pattern and trochophora larvae with a distinct feeding tube.
Compiled from Campbell and Reece (2005).
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2.2 Zebrafish biology

2.2.1  Zebrafish as a model organism

Zebrafish are freshwater fish and belong to the cypriniform teleost, and the minnow
(Cyprinidae) family. A zebrafish reaches adulthood in 3 months and measures
approximately 3 cm in length. An adult female can lay several hundred eggs at a time,
which are fertilized and develop ex #zero — the two main reasons why the zebrafish
has become an important model organism for studying vertebrate development and
genetics (Driever et al. 1996; Haffter et al. 1996). In addition to an external
fertilization and high fecundity, zebrafish larvae are optically translucent, which
makes them attractive for studies on developmental biology. Moreover, housing the
fish is relatively simple and inexpensive. In addition to basic genetic research,
toxicological and pharmacokinetic drug screens have shown that biomedical
compounds often display similar pharmacokinetics in zebrafish as in the human and
mouse (Cassar et al. 2020; MacRae and Peterson 2015; Patton et al. 2021).
Biotechnological tools for the fish are many, and the development of novel methods,
such as CRISPR-Cas9 (clustered regulatly interspaced short palindromic repeats —
CRISPR associated 9) have made the genetic manipulation of model organisms,
including zebrafish, easier (Hruscha et al. 2013). While the larval zebrafish is useful
in developmental genetics, the adult zebrafish has applications for example in
immunology, regenerative biology, haematology and behavioural genetics
(Gonzalez-Rosa, Burns, and Burns 2017; Harjula et al. 2020; Norton and Bally-Cuif
2010; Traver et al. 2003). Zebrafish offers a tool for limiting the number of
mammalian model organisms required for research by serving as an intermediate
model species between invertebrates and mouse. Its suitability for this purpose will

be reviewed in the upcoming chapters.

2.2.2  Ethics of animal experiments

In an ideal world, research would utilize human tissues and organ systems for
modelling human genetics and diseases. However, we are still unable to model many
phenomena in cell cultures and in organ-on-a-chip models. In order to provide an
accurate understanding of the complex molecular, cellular and tissue level events,

animal experiments are still sometimes required despite ethical conflicts. Model

26



organisms overcome the variation caused by diet, lifestyle and the environment, and
thus allow the straightforward follow-up of genetic alterations on the phenotype and
genotype.

In order to minimise animal suffering, researchers should follow the three Rs of
animal experiments: Replace, Reduce, Refine. Accordingly, animal experiments
should be replaced with 7z vitro assays whenever possible (replace). Replacing is not
always possible, especially in the field of immunology, disease biology, and
developmental biology, where interactions between multiple cell types, tissue types
and organs, make it difficult to study the phenomena 7z vitro. Therefore, ethical
conduct also dictates that the least developed model should be used, whenever
possible. In toxicological studies, zebrafish could be used to replace experiments in
rodents, provided the genes, tissues and organs relevant for the experimental
question, are present in fish (Cassar et al. 2020). The size of the experiment should
be limited to a minimal number of animals required for reaching reliable conclusions
(reduce). Still, the number of animals required for an experiment should be
determined using appropriate power calculations. Using zebrafish as a primary
platform for experiments could reduce the number of mammals needed in preclinical
testing (Cassar et al. 2020). For refinement, researchers should ensure minimal stress
and suffering to the animals both during regular housing and maintenance as well as
during experiments; this includes the appropriate use of analgesics and anaesthetics
whenever possible to minimize the stress and suffering caused to the animals. In
addition, the possibility to analyse drug action zz vive using the transparent zebrafish
larvae provides new possibilities for improving preclinical trials by non-invasive
experiments (Cassar et al. 2020; Geisler et al. 2017).

The three Rs also apply in zebrafish research. As with other non-primate model
organisms, the debate on whether zebrafish larvae and adults are able to feel pain is
ongoing, but the fish are at least known to respond to an unpleasant stimulus and
thus they require analgesia and anaesthesia similarly to other animals (Ohnesorge,
Heinl, and Lewejohann 2021; Strahle et al. 2012). Zebrafish embryos younger than
5 days post fertilization (dpf) are often exempted from animal experiments, as they
are not able to feed themselves. Embryos which are old enough to hunt for their
food (=5 dpf) are considered to have a nervous system capable of orchestrating
complex behaviour and perception of external stimuli, and thus to be developed
enough to be classified as experimental animals (Geisler et al. 2017). However, from
the point of view of research ethics and the three Rs, the principal aim is to replace
all animals whenever possible (Hubrecht and Carter 2019).
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2.2.3  Zebrafish biology

Zebrafish are fertilized ex utero and remain unpigmented for the first day of
development. The embryos are large enough to examine with a basic stereo
microscopy equipment, and the first cell division of the fertilized ovum takes place
about 45 minutes after fertilization (Kimmel et al. 1995). The development of the
zebrafish is well characterized and many aspects of organogenesis are conserved
across vertebrate species (Irie and Kuratani 2011). A heartbeat can first be detected
at around 24 hours post fertilization (hpf), and the blood flow begins at 25 hpf
(Herbomel, Thisse, and Thisse 1999). The primary organ systems are formed, and
the larvae begin to hatch from the chorion at 48 hpf (Kimmel et al. 1995). Larval
zebrafish start to produce pigmentation at 24 hpf (Kimmel et al. 1995), but with 1-
phenyl 2-thiourea, the pigmentation can be delayed in order to preserve full
translucency, however with potential adverse effects on several biochemical
processes (Bohnsack, Gallina, and Kahana 2011; X.-K. Chen et al. 2021; Elsalini and
Rohr 2003). In experiments with zebrafish larvae, the larvae are typically followed
until the self-feeding stage, 5 to 7 dpf depending on local animal ethics regulations.
Zebrafish reach adulthood and reproductive age at approximately 10 - 12 weeks,
when they also present a fully developed adaptive immune system (Lam et al. 2004;
Westerfield 2000). Experiments requiring a fully developed immune system are
typically conducted after 3 - 4 months of age, when the fish have achieved a roughly
uniform size. However, zebrafish present a number of variations in body size
measurements, and a single measurement offers limited information on
developmental stage (Parichy et al. 2009). In future, including a more specific criteria
could thus be used to improve experiments.

2.24  Zebrafish physiology

Zebrafish organs resemble the organs of mammals at both the functional and
histological level but are often simpler in their structural organization (Lieschke and
Currie 2007). The main differences between mammals and zebrafish are seen in the
development and reproduction, sex determination, breathing (gills vs. lungs),
external barriers (mucosal tissues, scales and skin) and the digestive system. In
comparison with humans, the zebrafish intestine is structurally simpler. The
zebrafish digestive system consists of a single tube without sphincters, and the fish
do not have a stomach with gastric glands or an acidic pH (Wang et al. 2010). Instead,
fish have an enlarged section called the intestinal bulb which functions as a stomach
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or a storage for food prior to digestion. At the tissue level, the gastrointestinal tract
is formed of a villous epithelium with enterocytes, goblet cells and endocrine cells
like in humans, but does not have intestinal crypts, Peyer's patches, Paneth cells or a
submucosal layer which connects muscle to mucosa (Cassar et al. 2020; Wallace et
al. 2005). When segmented according to gene expression profiles, a small and a large
intestine can be distinguished from the intestine (Wang et al. 2010). With relation to
intestinal function, studies have interrogated the zebrafish gut microbiota and its
colonization and detailed the conserved microbial colonization and its
immunological significance (Murdoch and Rawls 2019). The pancreas functions
similarly in zebrafish and in humans, secreting digestive enzymes to the gut from the
exocrine pancreas and blood sugar maintaining hormones from the endocrine
pancreas, however these functions are separated in ventral and dorsal buds (Tehrani
& Lin, 2011). Similarly to pancreatic function, the endocrine system is conserved
despite several structural differences (absence of a hypothalamic-pituitary portal
system in fish) and has been reviewed in detail by others (Lohr and Hammerschmidt
2011).

The zebrafish liver is functionally similar to the human liver except that it is not
structurally organized in bilayer plates or lobules but tubules — still, all functional cell
types are present (Cassar et al. 2020; Katoch and Patial 2021). The cellular
organization of the liver is simpler, and the tissue can regenerate (Katoch and Patial
2021). Many of the genes responsible for liver development and disease are
conserved in human and zebrafish but differences in tissue organization place
constraints on how far the physiology is conserved and applicable to humans
(Wilkins and Pack 2013).

The zebrafish kidney functions similarly to the mammalian kidney, except that it
is less complex and also acts as the main haematopoietic organ. The larval zebrafish
pronephros is a very basic kidney, which develops into the mesonephros in
adulthood and despite lesser complexity, is similar to the mammalian kidney based
on its cellular composition and function (Outtandy et al. 2019; Swanhart et al. 2011).
The zebrafish kidney functions to maintain osmoregulation, but processes such as
glomerular filtration and renal tubular clearance are conserved between fish and
mammals (Outtandy et al. 2019).

The zebrafish heart has one atrium and one ventricle with a conserved histology
and structure, and like the other organs, it is simpler compared to its mammalian
counterpart (Beffagna 2019). Like the other organs, the zebrafish heart can fully
regenerate, even after a 20% amputation (Beffagna 2019).
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The zebrafish recapitulates the main functions and the organization of the human
central nervous system, including brain subdivisions and key neurotransmitters
(dopamine, GABA, glutamate, noradrenaline, serotonin, histamine and
acetylcholine) (Cassar et al. 2020; Kalueff, Stewart, and Gerlai 2014). The anatomy
of the zebrafish eyes and ears also resemble those in humans, except for the absence
of fovea, a higher rod to cone ratio and the ability to detect UV light, and in the case
of the ear, the absence of a cochlea (Richardson et al. 2017; Whitfield 2002).

In relation to behaviour, responses to stimuli, social interactions, learning,
memory and hunting are also displayed by fish (Cassar et al. 2020; Kalueff et al.
2014). Finally, a circadian clock function is conserved in fish, and the diurnal
circadian rhythm is more similar to humans than nocturnal rodents (Vatine et al.
2011).

In conclusion, many zebrafish and human tissues are fundamentally similar. This
has enabled the use of zebrafish for studies on congenital heart diseases and
cardiomyopathies (Bakkers 2011), kidney and glomerular diseases (Outtandy et al.
2019), liver (Katoch and Patial 2021; Pham, Zhang, and Yin 2017), and
haematopoietic diseases (Gore et al. 2018) and primary immunodeficiencies (e.g.
Iwanami 2014; Rissone and Burgess 2018). The greatest difference between
zebrafish and humans is perhaps that the zebrafish tissues can regenerate in both
larvae and adult zebrafish. Natural regeneration is largely absent in humans, but
inducing it is a major area of interest for threating many human diseases (Beffagna

2019).

2.2.5  Zebrafish genetics

Zebrafish originate from South-Fast Asia and domesticated lineages have been bred
in laboratories since the 1980s. The typically used wild type (WT) zebrafish lineages
include AB and Tipfel long fin (TL). AB is the original laboratory line crossed from
two shop bought fish lines A and B in the Streisinger lab in Albany, Oregon (Crim
and Lawrence 2021). TL are homozygous for the /4o and /f*?alleles, which cause
spotted skin and long fins, respectively. In the wild, there are many different species
of the Danio genus, and they are able to form hybrids, indicating recent speciation
event (Postlethwait et al. 2000). In comparison with mice, there is a lack of genetic
congruency between laboratory zebrafish (Crim and Lawrence 2021). Zebrafish
maintained in laboratories are known to harbour a level of genetic diversity similar
to populations in the wild (Balik-Meisner et al. 2018). The diversity stems from
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standard husbandry practices with zebrafish; in contrast to many other model
organisms, zebrafish are regularly outcrossed to maintain a high level of population
diversity as continuously incrossed zebrafish lose their fecundity and viability (Balik-
Meisner et al. 2018). As a result, zebrafish populations are estimated to present a
higher number of variation, measured in single nucleotide polymorphism per
kilobase (kb) of unique sequence, than human populations (Butler et al. 2015). This
genetic diversity has its pros and cons; especially in toxicological studies, genetic
diversity comparable to that in human is essential for discerning the actual effects of
toxic exposure (Balik-Meisner et al. 2018). However, compared to isogenic mouse
lines with a recognized genetic background, zebrafish publications rarely state the
detailed background of the wild type strains, which can lead to an inability to replicate
results in different laboratories (Crim and Lawrence 2021; Suurvili et al. 2020).
Therefore, it is important to note that zebrafish strains are not inbred strains as is
the case with mice; the standard practice with mice requires that the mice are inbred
for 20 generations. This divergence in the standard practice should be considered
when comparing results obtained from mice and zebrafish (Nasiadka and Clark
2012).

2.2.5.1  Zebrafish genome

When the zebrafish genome was published in 2013, it became the largest
vertebrate genome sequenced so far. The zebrafish genome contains more than
26 000 protein coding genes in over 1.412 Gb of DNA (Howe et al. 2013). Zebrafish
have 25 chromosomes (Howe et al. 2013) with no apparent sex determining
chromosomes. Humans have 23 pairs of chromosomes with 22 pairs of autosomes,
with the whole genome covering approximately 20 000 protein coding genes
(Glasauer and Neuhauss 2014). The genome of a zebrafish has one or more
orthologs for about 70% of the human genes, and vice versa (Howe et al. 2013). For
disease associated genes, this number is slightly greater (82%). The result of the
teleost specific genome duplication is that many human genes have multiple
homologues, and only 47% have a single homologue. The abundance of the genes
in the zebrafish compared to other vertebrates is a result of a whole genome
duplication event.

31



2.25.2  Zebrafish and the teleost specific genome duplication

Zebrafish belong to the order of cypriniforms, infraclass of teleost fishes under ray-
finned fishes (Actinopterygii). A characteristic of the Teleostei is a common, teleost
specific whole genome duplication (TSWGD) event, which occurred early at its
emergence 350 to 320 million years ago (Glasauer and Neuhauss 2014). As
duplication events generate a vast amount of raw material for genetic diversification,
they have likely contributed to the incredible species diversity of the teleost fish,
which account for approximately half of the 64 000 vertebrate species (Glasauer and
Neuhauss 2014). The TSWGD creates challenges for using the zebrafish as a model
for human diseases, as it generated a number of ohnologues, which are paralogues
resulting from a genome duplication (according to the first person to suggest it
(Ohno, 1970)). Ohnologues are subject to a different kind of selective pressure than
paralogs, and have undergone either non-functionalization (inactivation), sub-
functionalisation (specialization) or neofunctionalization (acquire novel functions).
Non-functionalization is the most likely outcome as mutations are more likely to be
deleterious, generating negative selection pressure, since there is no need to have
more than one functional gene copy (Glasauer and Neuhauss 2014). Still, it has been
estimated that for an unknown reason the zebrafish retained more than 20% of the
duplicated genes resulting from TSWGD (Postlethwait et al. 2000). The retainment
of the gene copies most likely resulted from a requirement to adapt to new
surroundings, and the TSWGD facilitated adaptation by generating a number of
gene copies able to take up new functions and create divergence. Unfortunately, the
TSWGD generated complexity for genome analyses, as ohnologues and paralogues
generate similar but different variants which complicate deducing homology
between species. Differentiating between the two is important for assigning correct
nomenclature and in assigning homology (Gasanov et al. 2021).

Finding homologous genes in two organisms requires thorough analysis.
Similarities in proteins or amino acids offer a robust way to determine similarity, but
sequence similarity does not always confer homology. In the case of zebrafish, many
studies have aimed at showing how similar it is with other organisms. Research,
however, cannot neglect the limitations of the model and simply assume similarity
based on limited evidence. Differentiating paralogs from ohnologues, and
differentiating homologs from diverged copies requires complex analyses, and can
often be done only with the help of detailed transcriptomic and synteny analyses
(Parey et al. 2020). The emergence of single cell level transcriptomic studies has
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facilitated this greatly, which partly overcomes the difficulties in discerning genes at
the protein level.

One drawback of zebrafish as a model is the limited availability of specific
antibodies, which is a direct result of the frequency of gene duplications generated
by the TSWGD as well as the lack of commercial incentive. Antibodies from mouse
often cross-react and can be used for genes where only a single copy is present. In
case of two very similar proteins, it is often impossible to tell them apart using
polyclonal antibodies. Detailed expression specific information can be used to
analyse if both (or all) copies of the protein are actually expressed — and thus next
generation sequencing tools are substituting, in part, the need for antibodies in
zebrafish studies. Transcriptomic analysis will be further covered later in this review
of literature.

Synteny conservation refers to the arrangement of genetic loci in clusters with
shared genes and gene organization and a shared transcriptional orientation within
the cluster. Recently diverged organisms often share a common organization of
genes in sets of chromosomes, which enables position-based discovery of
orthologous genes despite divergence in sequence homology (Gasanov et al. 2021).
A strong syntenic relationship between genetic loci can indicate positive selection of
allelic combinations or shared regulatory regions of genes. For example,
identification of the pattern recognition receptors like NLRPs (NOD like receptor
protein) NLRP3 and NLRP1 proved challenging in zebrafish, and were thought to
be absent (Laing et al. 2008). Recently, perhaps due to updates in reference genomes,
Lietal (2019) published articles on both genes, where they present (among structural
and functional evidence) positional synteny based identification of the zebrafish
Nlrp3 (J.-Y. Li et al. 2018, 2019). In a similar study, 20 of the solute carrier 22 family
proteins were analysed by synteny and gene expression profiles, which helped in
assigning and orthologous relationship with their human counterparts (Mihaljevic et

al. 2016).

2.3  Immune system

The immune system protects us from a myriad of pathogens. The immune system is
considered to have evolved early and all invertebrates and vertebrates share relatively
similar core immune functions composed of cells capable of surveillance, detection,
migration, phagocytosis, and elimination. In addition to this, vertebrates possess an

adaptive immunity capable of eliciting an immunological memory. The classical view

33



of the immune system supported a dichotomous division into innate and adaptive
immunities — the first presenting in /ower invertebrate organisms and the second only
appearing in vertebrate species. This was supported by an evolutionary view of the
presence of memory possessing, antigen specific T- and B-cells only in vertebrates.
In turn, invertebrate species, such as the fruit fly, were thought to present an
unspecific recognition system sensing a number of common epitopes by a fixed
number of receptors. The emergence of NKT-cells (Natural Killer T-cells) and yT-
cells has blurred the border between the two arms of immunity, as they have
characteristics of the adaptive immunity as well as essential innate immune functions
(Figure 2). Regarding immune memory, it is currently recognized that the innate
immunity has a memory, which is unspecific but results in an enhanced response
resulting from previous infectious stimulus (Boraschi and Italiani 2018).
Interestingly, this enhanced response can be passed on to future generations, unlike
adaptive immune response (Boraschi and Italiani 2018).

The innate immune system is the first responder to a pathogen. It recognizes
common pathogenic structures such as foreign DNA and bacterial cell wall
structures and is present in all animalia. Recognition is achieved through receptors
present on the cell surface and in the cytoplasm. Due to this, innate immune
response is also fast acting. Cells of the innate immune system include mast cells,
macrophages, neutrophils, dendritic cells, basophils, eosinophils, and natural killer
cells (NK-cells). Macrophages, neutrophils and dendritic cells are the main
phagocytes. Neutrophils, mast cells, basophils and eosinophils are granulocytes
which are triggered to release cytotoxic granules which kill infected target cells. NK-
cells recognize pathological cells by the low levels or the lack of major
histocompatibility complex I (MHC-I) expression on their surface and trigger
cytolytic activity in target cells by releasing cytotoxic granules from their cytoplasm.

Regarded to reside in the midst of innate and adaptive responses are Y T-cells
and NKT-Cells. y6T-cells are lymphocytes, which do not require antigen processing
and MHC-presentation of peptide epitopes on their surface for activation, but
recognize lipid antigens. NKT-cells recognize CD-1, which is similarly associated
with the binding of bacterial lipids and glycolipids.
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Figure 2. The main cell types of innate and adaptive immunities in vertebrates. Of the mentioned
components, basophils have not been described in zebrafish. Adapted from Dranoff
(2004).

The adaptive immunity is based on tolerance — the recognition of self and the ability
to distinguish self from foreign components - and the generation of an incredible
number of antigen-recognizing receptors. The generation of diversity is based on the
recombination activating gene (RAG) transposable element which facilitates the
variable-diversity-joining (V(D)J)-recombination. V(D)] recombination leads to a
vast number of T-cell receptors and immense antibody diversity, mediated by T- and
B-cells. The mammalian adaptive immune system consists of lymphocytic antigen
receptors diversified by somatic rearrangements of variable elements. This adaptive
immune system originated in jawed fish around 500 million years ago, and is found
in all vertebrates, except for jawless fish, which possess different, variable
lymphocyte receptors based on leucine-rich repeat structures (Flajnik and Kasahara
2010). The emergence of the adaptive immune system is a result of two evolutionary
events: the appearance of the RAG-transposon which is essential for V(D)J-
recombination, as well as the following genome duplication events which generated
a vast amount of receptor diversity (Flajnik and Kasahara 2010). These events lead
to the development of the B-cell receptor, the T-cell receptor and the MHC which

are the essential components of the vertebrate adaptive immune system (Flajnik and
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Kasahara 2010). Zebrafish and human have both innate and adaptive immune
systems, however with several notable differences, which will next be explored. Since
the cellular and molecular mechanisms have been conserved in evolution, zebrafish

can be used to explore vertebrate haematopoiesis and immunogenetics.

2.3.1  Innate immunity in zebrafish

Innate immune cells are the first to emerge during the development of a zebrafish,
with the first macrophages appearing around 1 dpf and the first neutrophils at 2 dpf
(Meijer and Spaink 2011). The first emerging macrophages are functional and
capable of eradicating an infection (Herbomel et al. 1999). Furthermore, the
transcriptomes of neutrophils and macrophages have been characterized, and both
M1 and M2 macrophages have been detected based on their transcriptomic signature
(Kenyon et al. 2017; Rougeot et al. 2019). Neutrophils in both humans and zebrafish
are the first responders to a damage or infection, as they are the most abundant
leukocyte in the circulatory system (Harvie and Huttenlocher 2015). The role of
eosinophils in immunity is not established as well as for other granulocytes. A
population of granulocytic leukocytes resembling the eosinophils of mammals is
found in zebrafish, and they express transcripts known to be characteristic of
eosinophils (Balla et al. 2010). It is not known if basophils are present in zebrafish,
but other innate immune cell types are, and their respective marker genes and sorting

parameters are listed in Table 1.

2.3.1.1  Pattern recognition receptors

As zebrafish are fully aquatic organisms, they need a vastly different defence in
the tissues exposed to their surroundings than land-dwelling mammalian species like
humans and mice. Therefore, receptors associated with sensing invading pathogens
at mucosal surfaces of skin and gills have evolved to fight fish specific pathogens,
and the TSWGD has added to their diversity. Despite its divergence, the innate
immune system of zebrafish contains the key pattern recognition receptors, such as
Toll Like Receptors (H. Chen et al. 2021; Palti 2011), NLRs, C-type lectin like
receptors, Retinoic acid inducible gene I (RIG-I-like) receptors and Cyclic GMP-
AMP Synthase — Stimulator Of Interferon Response cGAMP Interactor 1 (cGAS-
STING) (Ge et al. 2015; Li et al. 2017; Liu et al. 2020).
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Table 1. Zebrafish blood cells, their fluorescence activated cell sorting (FACS) identification parameters
and marker genes.

Cell/Process FACS Marker gene Reference
Definitive - runx1 (Kalev-Zylinska et al. 2002)
haematopoiesis
Erythrocyte FSClow SSChigh gatat (Brownlie et al. 2003; Detrich et al. 1995; Moore et
al. 2016)
Thrombocyte ESClow SSClow cd41 (Jagadeeswaran et al. 1999; Lin et al. 2005)
Innate immunity
Macrophage ESChigh SSChigh mpeg1, (Ellett et al. 2011; Herbomel et al. 1999; Nguyen-
mfap4 Chi et al. 2015; Walton et al. 2015)
Dendritic cell FSChigh SSChigh 12, iclp1 (Lugo-Villarino et al. 2010; Shao et al. 2015)
(MHCII),
csfr1, mpx
Neutrophil FSChigh SSChigh mpx, lyz (Hall et al. 2007; Henry et al. 2013; Lieschke et al.
2001; Renshaw et al. 2006)
Eosinophil FSChigh SSChigh gata2 (Balla et al. 2010; Lieschke et al. 2001)
Mast cell - cpad (Dobson et al. 2008)
NK-cell FSClow SSClow Ick, rag1(-/-) (Carmona et al. 2017; Moore et al. 2016; Tang et
al. 2017)
ILCs FSClow SSClow multiple (Hernandez et al. 2018)
(qut) markers
Adaptive immunity
T-Cell FSClow SSClow Ick (Moore et al. 2016; Willett et al. 2001; Willett,
Cherry, and Steiner 1997)
B-cell FSClow SSClow rag2, IgM (Danilova and Steiner 2002; Moore et al. 2016;

Page et al. 2013)

HSC=Haematopoietic stem cells, NK-cell=natural killer cell, ILC=Innate lymphoid like cell

In addition to the abovementioned pattern recognition receptors, the zebrafish
complement system has been described in detail. The complement system of the
zebrafish contains the components of the classical, alternate and lectin pathway
(Boshra, Li, and Sunyer 2006; Zhang and Cui 2014). However, zebrafish like other
fish species have many copies of the ¢3 complement component, whereas humans
have only a single copy, perhaps indicating an increased complement reactivity or
functional divergence in zebrafish compared to humans (Najafpour et al. 2020;
Zhang and Cui 2014). The zebrafish complement is especially important in maternal
immunity, as many of the complement components are transferred to the zebrafish
larvae by the mother fish in the form of mRNA or protein (Yang et al. 2014). The
presence of maternal protection arsenal, including complement components,
indicates an improved humoral protection of the embryo, which is perhaps necessary
for the development outside of the mother’s body (Yang et al. 2014). One of the
mRNAs transferred to the embryos is i#/n3 (Harvey et al. 2013). Intelectins are a
scarcely known family of proteins, whose function will be reviewed in a later chapter.
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NLR-receptor proteins are one of the most ancient pattern recognition domains,
and have been suggested to have first originated already in archaea as nucleotide
binding and leucine rich repeat domains (Meunier and Broz 2017). In multicellular
organisms, the domains have fused and form the NLR-receptor protein family, the
most diverse family of pattern recognition receptors known (Meunier and Broz
2017). Mammals have four subfamilies of NLRs, including acidic transactivation
domain containing NLRAs, baculoviral inhibitor of apoptosis repeat containing
NLRBs, caspase activation and recruitment domain (CARD) containing NLLRCs and
pyrin domain (PYD) containing NLRPs. PYDs and CARDs interact homotypically
through their death domain fold (Meunier and Broz 2017). The functionality of the
NLRs is conserved in zebrafish, which has over 200 NLRs, which include a unique
Fisna-domain. Some NLRs activate inflammasomes, which are essential for bacterial
clearance and amplification of the immune response. Inflammasome activation, has
also been characterized in zebrafish (Forn-Cuni, Meijer, and Varela 2019; Kuri et al.
2017; Y. Li et al. 2018). In addition, the inflammasome activation associated NLLRP1
and NLRP3 have recently been described in zebrafish, increasing the
complementarity of the inflaimmasome activation between mammals and zebrafish
(Forn-Cuni et al. 2019; J.-Y. Li et al. 2018, 2019).

2.3.2  Adaptive immunity in zebrafish

The adaptive immunity in zebrafish has been characterized for its main cell types, T-
and B-cells, and it has been shown that they possess an adaptive immune memory
like human (Lugo-Villarino et al. 2010). Zebrafish larvae do not have an adaptive
immunity as functional T-cells are detected only at 4 - 6 weeks post fertilization
whereas B-cells are detected at 20 dpf (Lam et al. 2004; Page et al. 2013). The
diversity of adaptive immune recognition is mediated by RAG recombination in the
zebrafish (Willett et al. 1997). As for now, it is not known where antigen presentation
takes place, as zebrafish lack lymph nodes, which in mammals are the main tissue
for antigen presentation and lymphocyte maturation (Renshaw and Trede 2012). On
the other hand, the development of the thymus, where T-cells home to mature and
undergo thymic selection to maintain tolerance is conserved between zebrafish and
humans (Bajoghli et al. 2019).

B-cells are essential for the humoral adaptive immune response and immune
memory. Zebrafish have been shown to express CD79a and CD79b, the B-cell
receptor subunits, in the adult zebrafish kidney and spleen (Liu 2017). In zebrafish,
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immunoglobulin diversity is generated through somatic rearrangements, somatic
mutations and gene conversion (Page et al. 2013). However, B-cells do not undergo
somatic hypermutations to the same extent as the mouse and human (Marianes and
Zimmerman 2011). Zebrafish have only three immunoglobulin (Ig) classes, IgM,
IgD and IgZ, the last of which is specific only to some teleosts. Zebrafish lack IgG,
IgA and IgE class Igs (Fillatreau et al. 2013). Zebrafish B-cells were shown to mature
without the pre-B-cell (RaghCD79*IgH-u*) stage which has been described in
humans and mice (Liu et al. 2017).

The zebrafish T-cell specific transcription factors (#bet, stat6 and foxp3) have all
been identified in fish (Mitra et al. 2010). T-cells have also been shown to be activated
by dendritic cells in an antigen specific manner (Lugo-Villarino et al. 2010). Their
gene expression has been characterized on the single cell level (Moore et al. 2010),
confirming the presence of ¢4 (T-helper) and ¢d8 (killer T cell) expressing sub-
populations among others. ¢4 T-cells present a typical cytokine and transcription
factor profile upon antigen stimulation (Yoon et al. 2015). The transgenic (Tg)
Tg(cd4-1:mCherry) zebrafish have been shown to harbour tissue resident Th2 and
Treg-like T-cell sub-populations (Dee et al. 2016). Zebrafish T-regs promote
immunological tolerance and present a typical T-reg cytokine profile, including foxp3
(Kikuchi 2020; Quintana et al. 2010). When transfected into mice, the zebrafish foxp3
is able to suppress cell proliferation and cytokine expression upon immune activation
(Quintana et al. 2010). Zebrafish y0T-cells present typical gene expression profiles,
are capable of phagocytosis and antigen presentation and are critical for the antigen
specific IgZ antibody production in the intestinal mucosa (Wan et al. 2017).
Moreover, the zebrafish has also been successfully used for modelling T-cell derived
diseases such as T-cell acute lymphoblastic leukaemia and severe combined
immunodeficiency (Baeten and de Jong 2018; Punwani et al. 2016). However,
functional studies on T- and B-cells in zebrafish are still few in numbers.

2.3.3  Zebrafish model for pathogen infections

Infection is a battle between the invading pathogen and its host. Many pathogens
have been infecting their hosts for thousands of years and so the pathogen and the
host immune system have co-evolved. Thus, model organisms, which harbour the
same immune system as humans can be used to study the same or related pathogens
that infect humans. Evolution of pathogens leads into them developing new ways to

evade the immune system, and the evolution of the host immune system, in turn,
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finds new ways to eliminate the pathogen. In case of contagious diseases, a lethal
pathogen kills the host, which often complicates the spread of the pathogen to a new
host. Therefore, not all pathogens evolve into more lethal forms, but rather seek to
take advantage of their host for as long as possible, as is the case with mycobacterial
species which cause tuberculosis, as will be explained in the upcoming chapters.

Due to its similarity to human, the zebrafish offers a valuable model to study the
human immune defence against pathogens. The zebrafish has been used as a model
for many bacterial infections due to the convenience of the transparent larvae, and
the availability of fluorescent markers. When combined, these features enable non-
invasive high-resolution time-lapse experiments to probe the interaction of the
bacteria and its host (Tobin, May, and Wheeler 2012). In comparison with zebrafish,
both zr vitro models for phagocytes and mice models have several drawbacks which
can be overcome with zebrafish. With the zz vitro models, the phagocytes need to be
extracted from their natural surroundings, which prevents dissemination studies
(Tobin et al. 2012). In witro growth media does not often mimic the 7z vivo
communication between cells through contact induced activation by other cells,
through cytokines and chemo-attractants or through contacts with the extracellular
matrix (Tobin et al. 2012). With the mouse simultaneous analysis of the whole animal
is not possible, and without invasive methods, imaging is limited to the skin (Tobin
et al. 2012).

Zebrafish has been successfully used to study many pathogens, including
Mycobacterium marinum, Mycobacterium leprae, Listeria monocytogenes, Staphylococcus anrens,
Burkholderia enocepacia, S almonella typhimurinm, Shigella flexcneri and Streptococeus pneunioniae
species — these have been reviewed e.g. in Yoshida et al. (2017) and Meijer and Spaink
(2011). In addition to bacteria, zebrafish can also be infected by fungal species (e.g.
Aspergillus fumigatus and Candida albicans) and viruses (e.g. spring viremia carp virus,
rhabdovirus and viral haemorrhagic septicemia virus) as reviewed by Rosowski et al.
(2018) and Varela et al. (2017). A limitation to the use of zebrafish is the rearing
temperature, which limits the utility of the model at temperatures close to 28°C (22-
33°C) (Tobin et al. 2012). However, some pathogens have aquatic relatives which
have molecular biology similar to their cousins, as is the case with mycobacteria.
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24 Tuberculosis and the zebrafish M. marinum infection model

24.1  Tuberculosis

Tuberculosis is a bacterial infection caused by an acid-fast bacterium, Mycobacterium
tuberculosis. Tuberculosis causes roughly 1.5 million deaths yearly and was the leading
cause of death from a single infectious agent prior to Severe acute respiratory
syndrome corona virus 2019 (SARS-CoV-19) (World Health Organization 2020). It
is especially prevalent in areas with a high HIV (human immunodeficiency virus)
incidence. Over 10 million new cases are diagnosed yeatrly, and an increasing number
of strains are multi drug resistant (World Health Organization 2020). The only
available tuberculosis vaccine, the bacillus Calmette-Guérin (BCG) does not provide
a lasting protection besides against the most severe forms of the disease in children
(Andersen and Doherty 2005). The treatment of tuberculosis requires a prolonged
regimen of several antibiotics, which has led to the development of multiple drug
resistant strains of tuberculosis (Wotld Health Organization 2020). The eradication
of tuberculosis is further complicated by the fact that the disease most commonly
develops into a latent form, without symptoms, and can lay dormant for decades
with about a 10% risk of reactivation for each infected person (World Health
Organization 2020).

The hallmark symptom of tuberculosis is the presence of bacteria-harbouring
granulomas in the infected tissue — most commonly in the pulmonary area. As the
bacteria are contracted through the airways, alveolar macrophages engulf the bacteria
and travel deeper into the tissue for antigen presentation. Mycobacteria are able to
survive inside the phagosome of the macrophages by manipulating host immune
pathways (Chai et al. 2020). Infected macrophages become shielded by other innate
and adaptive immune cells, with epithelioid macrophages surrounding the core of
this granuloma structure, which contains the live bacteria (Pagan and Ramakrishnan
2015). The bacteria can reside inside the granuloma without causing symptoms,
waiting for the opportune moment, until the host’s immune system is compromised

and the bacteria are able to thrive.

2.4.2  Animal models for tuberculosis

Developing novel vaccines and treatments for tuberculosis necessitates the use

of animal models. As the immune system involves multiple cell types residing and
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circulating between multiple tissues, organ model systems are not yet sufficient for
modelling interaction with pathogens. Suitable animal models can recapitulate the
full spectrum of the disease, however with obvious ethical problems. Although non-
human primates recapitulate most features of human tuberculosis, their use is limited
by ethics as well as cost (Myllymiki et al. 2015; Saralahti et al. 2020). Mice do not
recapitulate the spontaneous latency of the disease, but offer many advantages such
as available genetic and biomedical analysis tools as well as well characterized strains
(Myllymiki et al. 2015; Saralahti et al. 2020). As explained in previous chapters, the
zebrafish offers many advantages for preclinical immunological research. In
addition, the zebrafish is naturally susceptible for mycobacterial infection by M.
marinum, which is a close relative of the human tuberculosis causing bacterium, M.
tuberculosis. 'The two bacteria share common infection mechanisms, including the
ESX-1 system which is essential for virulence (Tobin and Ramakrishnan 2008). M.
marinum grows at a lower temperature (M. tuberculosis +37°C and M. marinum +25 -
35°C) and therefore infects mainly ectotherms like fish, even though it can also infect
humans (Ramakrishnan 2012).

24.21 Larval zebrafish model

The transparency of zebrafish larvae allows 7z vivo visualization of fluorescently
labelled immune cells and bacteria, and it has been used for the charactetization of
early granuloma formation (Davis et al. 2002). Rather than being solely a passive host
protective structure, the current understanding emphasizes the role of the granuloma
in shielding the bacteria from eradication by the host immunity (Ramakrishnan
2012). Studies on zebrafish have revealed the dual role of macrophages in both
limiting the infection by M. marinum as well as transporting the phagocytosed bacteria
into host tissues (Clay et al. 2007). Observations on supet-infected zebrafish
provided the first indication on the dynamic nature of the granuloma by exposing
the migration of superinfecting mycobacteria into already established granulomas
(Cosma, Humbert, and Ramakrishnan 2004). Later studies have investigated the role
of mycobacterial lipids in mediating the formation of vasculature into the granuloma
(Walton et al. 2018). Studies in zebrafish have also strengthened the understanding
of the function of cytokines and chemokines in a tuberculosis infection (Meijer
2016). Other important findings in zebrafish include e.g. the role of eicosanoid
production in the host defence (Tobin et al. 2010), the role of the ESX-1/RD1
virulence locus in recruiting uninfected macrophages to facilitate mycobacterial
spread from the granulomas (Davis and Ramakrishnan 2009), the role of host
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macrophages in the development of drug tolerance (Adams et al. 2011), and the role
of matrix metalloproteinase 9 in granuloma formation (Volkman et al. 2010). In
addition, multiple studies have explored genes essential for the early mycobacterial
infection in larval zebrafish (Meijer 2016; Renshaw and Trede 2012). The zebrafish
model has been expertly reviewed on many occasions (Cronan and Tobin 2014;
Meijer 2016; Meijer and Spaink 2011; Myllymiki et al. 2015).

When conducting infection experiments, the zebrafish larvae are typically
infected intravenously to cause a systemic infection. Intravenous injection can be
conducted at 1-2 dpf, as primary macrophages are present in the tissue and are able
to interact with the bacteria, but other strategies can also be adopted depending on
the desired outcome (Benard et al. 2012). In a study by Carvalho et al. (2011), a high
throughput screen for yolk sack infected zebrafish was used for assessing disease
progression and the effect of anti-tuberculosis compounds on fish survival and
bacterial growth. They first showed that a low dose (20 - 40 colony forming units
(CFU)) yolk sac infection of <1024 cell stage embryos using polyvinylpyrrolidone as
a carrier offers a consistent infection dose, easy validation of a successful infection
as well as limits the physical injury caused by the caudal vein injection (Carvalho et
al. 2011). Primary granulomas were observed throughout the larvae and no adverse
effects due to the injection were observed, indicating that the setup can be used for
the high throughput screening of anti-tuberculosis drugs in an 7z wivo setting
(Carvalho etal. 2011). A similar semi-high throughput screen based on image analysis
was published soon after by others, but using a manual infection method (Takaki et
al. 2012).

2.4.2.2 Adult zebrafish model

The adult zebrafish presents many advantages for modelling tuberculosis, as it
has an adaptive immune system and fully developed physiology. Due to the
developed immune system of an adult, it can present with both the latent and the
chronic forms of the disease depending on the infection dose (Parikka et al. 2012).
Moreover, the latent disease can be reactivated with irradiation or chemical treatment
(Myllymaki et al. 2018; Parikka et al. 2012). Adult zebrafish infected with M. marinum
present capsulated, caseating, necrotic and hypoxic granulomas as seen in humans
(Myllymaki et al. 2018; Ochlers et al. 2015; Parikka et al. 2012; Swaim et al. 2007).
The granulomas of zebrafish have fewer lymphocytes, but these lymphocytes are
nevertheless essential, as the lymphocyte deficit r2¢7”/- mutants are hypersusceptible
to the infection (Swaim et al. 2007). An important application of the adult zebrafish
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is modelling vaccine responses. Adult zebrafish have been used for studying the use
of mycobacterial antigens as DNA-vaccines (Myllymaki et al. 2018; Oksanen et al.
2013, 2016). A review by us on zebrafish as a vaccine model was recently published,
so the model will not be further reviewed here (Saralahti et al. 2020).

24.3 Intelectins in tuberculosis

Intelectins are a family of carbohydrate binding lectins which are found in a number
of vertebrate species as well as cephalochordates, urochordates and placozoan
species (Chen, Li, and Yang 2020). The bacterial cell wall contains carbohydrate
bearing proteins, which distinguishes them from mammalian cells. Many of these
surface proteins are recognized by pattern recognition receptors or lectins such as
intelectins. Binding of bacterial sugar moieties marks the bacteria for opsonization,
which in turn activates cells capable of phagocytosis. Humans have two intelectins,
intelectin 1 (ITL.N7) and 2 (ITI.NZ2). While human ITI.N7 is expressed in multiple
tissues (heart, thymus, ovaries, testis, small intestine and colon) ITI.N2 has been
shown to be expressed in the intestine (Lee et al. 2001).

Intelectins have been studied in multiple species regarding bacterial binding and
their effect on infection. ITI.N7 has been shown to be able to bind BCG, which
originates from Mycobacterium bovis (Tsuji et al. 2009). However, the over-expression
of intelectins in mouse lungs did not protect the mice against a M. tuberculosis
infection (Voehringer et al. 2007). Despite the lack of evidence on its effect against
tuberculosis, human ITI.N7 has been indicated as a biomarker in cancer, and a
polymorphism in its sequence has been linked to several diseases, including Chron’s
disease (Chen et al. 2020; Nonnecke et al. 2021). ITI.N7 has been shown to bind
beta-D-galactofuranose present on the surface of bacteria (Tsuji et al. 2009; Wesener
et al. 2015). In mouse, both intelectins were found to be upregulated early after a
Trichinella spiralis infection (Chen et al. 2020; Pemberton et al. 2004). In the same
study, ITLN2 was shown to be deleted in the genome of a mouse strain susceptible
tor T spiralis.

Species specific duplication events (such as TSWGD) may have led to
diversification in trelation to the function of intelectins, as evidence of bacterial
recognition and elimination has been obtained in fish. Upregulation during infection
has been observed in both rainbow trout and grass carp intelectin genes (Chen et al.
2020). While agglutination was not observed with recombinant intelectin 1, two
species of catfish were found to present agglutination in relation to intelectin binding
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(Chen et al. 2020). Evidence of bactericidal activity has been observed in blunt snout
bream where intelectin has been shown to increase the macrophage mediated killing
of Aeromonas hydrophila (Ding et al. 2019). Yan et al. showed with a mutagenesis study
in Chinese Amphioxus that intelectin can bind lipopolysaccharide through its non-
canonical carbohydrate recognition domain, and furthermore, that this domain is
conserved in Itlnl in zebrafish (J. Yan et al. 2018). As in humans, zebrafish z/n1 is
expressed in a number of different tissues, with the highest levels of expression
found in the intestine, spleen and kidney, whereas /#/n2 is expressed mainly in the
intestine (L. Chen et al. 2016; Chen et al. 2018). Both z#/#1 and 7t/n2 expression is also
upregulated after a bacterial challenge with Escherichia coli or S. aurens. In addition,
Zebrafish 7t/n1 and 7tln2 were able to agglutinate Gram* and Gram- bacteria (L. Chen
et al. 20106).

244  Inflammasomes in tuberculosis

Inflammasomes are multimeric protein complexes assembled in response to cellular
damage or pathogens (Martinon, Burns, and Rg Tschopp 2002). Inflammasome
signalling leads to the release of the proinflammatory cytokines interleukin 1f (IL-
1B) and IL-18 in their mature form from infected macrophages. IL-1p is an essential
proinflammatory cytokine which activates the T-cell mediated adaptive immune
response, and essential for survival in a mycobacterial infection in mouse (Mayer-
Barber et al. 2010). Inflammasomes contain a receptor protein which is able to detect
Pathogen Associated Molecular Patterns (PAMPs) or endogenous cell Damage
Associated Molecular Patterns (DAMPs). In the case of the activation of either
NLRPs or AIM2 receptor, inflammasome pathway is induced. The receptor protein
becomes linked to an interleukin activating caspase by an adaptor protein PYCARD
(PYD and CARD domain containing, also known as ASC, Apoptosis Speck-like
protein containing a CARD-domain) (Martinon et al. 2002). The adaptor protein is
not essential for all inflammasomes, at least not for NLPR1 and NLRCA4.
Incorporation of the receptor, PYCARD and the caspase into the inflaimmasome
leads to cleavage of the pro-interleukin protein into its active form. In addition,
inflammasome activation can also activate pore formation by the Gasdermin D
protein, which causes the release of the cellular contents of the infected cell into the
extracellular space (Beckwith et al. 2020). Pore mediated cell death is referred to as
pyroptosis, as it is mediated by infection (from lat. pyros, fire). Besides releasing

cellular components, pyroptosis has been suggested to trap intracellular bacteria into

45



the cell debris in pore-induced intracellular traps, analogous to neutrophil
extracellular traps (Jorgensen et al. 2016). In addition, inflammasome signalling also
activates the STING/cGAS pathway which induces the interferon response (Liu et
al. 2016).

The best characterized inflaimmasomes are the NLRP3 and AIM2
inflammasomes, both of which are known to be activated upon a M. tuberculosis
infection (Koo et al. 2008; Saiga et al. 2012). Upon infection with M. tuberculosis, the
inflammasome has been described to be activated in macrophages and dendritic cells
in human and mouse (Ma et al. 2021) (Figure 3). Similarly, other mycobacteria,
including M. marinum have been shown to activate the NLRP3 inflaimmasome, this,
however is not true for M. bovis BCG (Dorhoi et al. 2012). Upon infection with
mycobacteria, Toll-like receptors activate NF-kB signalling, which leads to the
production of pro-IL-1, which becomes activated by the inflaimmasome (Ma et al.
2021). A mycobacterial infection thus leads to activation of the NLRP3
inflaimmasome through NLRP3, Toll-like receptors and NF-kB, but it also leads to
activation of the AIM2 inflammasome through an ESX-mediated pathway (Carlsson
et al. 2010; Subbarao et al. 2020). The importance of the AIM2 inflaimmasome is
highlighted by the finding that the loss of AIM2 leads to impaired IFN-y (Interferon
Y) signalling in response to BCG as well as an increase in the bacterial burden (Liu
et al. 2016). In addition to NLRP3 and AIM2, polymorphism in NLRC4 associates
with a high risk of lung damage in tuberculosis patients with human
immunodeficiency virus (HIV) infection, though the direct mechanism is not known
(Ravimohan et al. 2020).

Pro-IL-1f activation independent of inflaimmasomes is possible through serine
proteases (Netea et al. 2015), and consequently deletion of the NLRP3 receptor
protein has been shown to be dispensable in a mycobacterial infection in mice
(McElvania Tekippe et al. 2010). Only the adaptor protein PYCARD has been
shown to be essential for survival from late phase M. tuberculosis infection
independent of inflammasome activation (McElvania Tekippe et al. 2010), though
there is some debate about the results (Mayer-Barber et al. 2010). In contrast to the
results by McElvania TeKippe et al. (2010), Mayer-Barber et al. (2010) found that
the survival of Casp-1 deficient mice was impaired, suggesting a less important role
for Pycard. Research has indicated that Pycard could also present inflammasome
independent immunological functions including intrinsic mediation of CD4+ T-cell
homeostasis (Javanmard Khameneh et al. 2019) and cytotoxic lymphocytes
independent of inflammasome activation (Cheong et al. 2020), which could explain

the dispensable role of the other inflammasome components. Other evidence has
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pointed to inflammasome independent DUSP10, MAPK and cytokine activation
through PYCARD (Taxman et al. 2011). In immortalised mouse bone marrow
derived macrophages, Pycard was found to be essential for IL-1B and pro- IL-13
production independent of inflaimmasome activation (Subbarao et al. 2020).
Activated PYCARD regulates IFN-B signalling, which suppresses the host
protective IFN-y signalling, potentially by interacting with STING, which prevents
downstream signalling to TANK binding kinase 1 (TBK1) (S. Yan et al. 2018). In
addition, samples from tuberculosis patients displayed a negative correlation
between IFN- and PYCARD mRNA levels. (S. Yan et al. 2018). As PYCARD is
conserved in evolution (Meunier and Broz 2017), it is not surprising that it has so
many inflammasome independent roles.

Many bacterial species are known to inhibit or suppress inflammasome activation
(Lamkanfi and Dixit 2011; Shin and Brodsky 2015). It has also been suggested that
M. tuberculosis is able to inhibit the AIM2-inflammasome activation in the host cell in
an ESX-I mediated manner, and NLRP3 via its serine/threonine kinase PknF
(Rastogi et al. 2021; Shah et al. 2013). Deletion of either the ESX-I or PknF leads to
increased inflaimmasome activity, which can also be detrimental to the host.
Inflammasome inhibition has been suggested as a host-directed therapy, which in
combination with pathogen directed therapies could limit the damage to the host
resulting from the infection and immune response (Ma, 2021). An advantage of the
host-directed therapy is that pathogens are less likely to develop resistance to it,
unlike to antibiotics, which target the pathogen.
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Figure 3. Schematic presentation of inflammasome signalling in a human macrophage upon a
Mycobacterium tuberculosis (Mtb) infection. Once Mtb is phagocytosed by a macrophage,
it activates the NLRP3, which recruits PYCARD to form an inflammasome. Inflammasome
activation leads to cleavage of pro-caspase (pro-casp) into an active caspase (casp).
Caspase cleaves pro-IL-1p into active IL-1f, which is released. The degrading Mtb releases
its DNA, which can activate the AIM2 inflammasome (PYCARD is not required). Also, Mtb
DNA can activate cGAS, which triggers cGAMP (Cyclic guanosine monophosphate—
adenosine monophosphate). cGAMP activates STING at the endoplasmic reticulum (ER).
STING/cGAMP migrates to the Golgi, where it is phosphorylated by TBK1. Activation of
STING leads to activation of transcription factors IRF3 or p50/RelA. Transcription factors
translocate to the nucleus to drive the expression of type | interferon responsive genes.

PYCARD has been suggested to block the TBK1 mediated cGAS-STING signalling.
Adapted from Wassermann et al. (2015).
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2.5  Modelling developmental genetics and diseases in zebrafish

2.5.1  Zebrafish model for development

All deuterostomes share many genetic features of development, and the
developmental processes in all vertebrates have further shared features. As described
in previous chapters, zebrafish share a high number of their genes with humans
(Howe et al. 2013). In addition to the >80% of disease associated genes, many
developmentally important genes are also shared between fish and man. With regard
to developmental diseases, deleterious alleles of genes important in development can
cause diseases which manifest during childhood. Based on the paediatric disease
annotation database, 75% of genes associated with human paediatric diseases have a
clear homolog in zebrafish (Varga et al. 2018). Recently, transcriptional profiles of
human and zebrafish oocytes showed that highly expressed genes are orthologous
between the two species, suggesting that the zebrafish could also serve as a valid
model for human oocyte studies (Can et al. 2020). Recent single cell studies facilitate
the probing of genes and assessing their significance during vertebrate development
and disease (Farnsworth et al. 2020; Farrell et al. 2018; Raj et al. 2018; Tambalo,
Mitter, and Wilkinson 2020; Wagner et al. 2018; Xue et al. 2019) (Table 2).

2.5.2  Zebrafish model for rare diseases

Rare genetic diseases have an occurrence of less than 1:2000 people. Of these,
80% have a genetic aetiology, and 75% of them manifest in childhood (Adamson,
Sheridan, and Grierson 2018; Wangler et al. 2017). Especially for genes whose
deletion leads to an embryonic lethal phenotype in the mouse, the zebrafish could
be used to study their significance due to ex uzero fertilization and development (van
Rooijen et al. 2009; Uusimaa et al. 2018). Of course, like limitations caused by the
absence of a placenta, studies on diseases of tissues with known differences or
absences, such as lungs, can’t be studied in zebrafish. Similarly, studies using
zebrafish are often limited to diseases caused by loss of function mutations, as gene
regulatory elements have evolved and differentiated to the extent that diseases
caused by aberrant gene expression patterns can’t always be recapitulated.

Besides enabling the discovery of gene functions by reverse genetics, the
zebrafish is also suitable for large scale drug screens. Screening for the molecular

function of a disease gene and generating personalized zebrafish models can also

49



help in screening for effective drugs to treat a rare disease phenotype (Cully 2019).
Large scale chemical screening using zebrafish embryos is fast and cost effective
(Cassar et al. 2020). Several clinical trials based on zebrafish drug screens are ongoing
and listed in Patton et al. 2021 (Patton et al. 2021). The zebrafish has been used for
studying rare diseases as well as screening for drugs in several occasions.

Dravet syndrome is a rare condition (incidence 1:15700 in the Unites States (Wu
et al. 2015)), which includes a severe form of epilepsy and intellectual disability, and
can be caused, among other reasons, by a mutation in the gene SCN1A, which
encodes a voltage gated sodium channel protein. By using a mutant zebrafish
replicating the mutation observed in patients, Baraban, Dinday, and Hortopan (2013)
found that a compound called clemizole inhibited seizures and convulsive behaviour.
By September 2021, the drug had reached phase 1I clinical trials (ClinicalTrials.gov
Identifier: NCT04462770).

In a similar case, Diamond Blackfan anaemia (incidence 5-7:1000000, National
Organization for Rare Disorders, rarediseases.org/, Accessed: 01.10.2021), which
causes red cell aplasia and craniofacial abnormalities was replicated in a zebrafish
model. A zebrafish mutant for the rps29 protein recapitulated the disease phenotype
and was used for a chemical compound screen (Taylor et al. 2012). The screen
revealed that a calmodulin inhibitor trifluoperazine, was able to rescue the phenotype
in zebrafish (Taylor et al. 2012). This compound is also in an ongoing phase I clinical
trial (ClinicalTrials.gov Identifier: NCT03966053).

More recently, zebrafish were used for screening treatments for a patient
suffering from a lymphatic anomaly resulting from an unknown genetic cause. A
whole exome screen identified a gain of function mutation in the gene ARAF which
is conserved between human and zebrafish (D. Li et al. 2019). A zebrafish
overexpression model for the disease was generated using a transgene with a
promoter for lymphatic expression, and this model was used for testing potential
treatments (D. Li et al. 2019). Finally, an existing MEK inhibitor was found to be
able to rescue the zebrafish model phenotype, and was administered to the patient
as a compassionate treatment, which saved the patient’s life (D. Li et al. 2019).

In addition to the diseases mentioned here, the zebrafish has been used for
studying for example the disease pathology of von Hippel-Lindau disease (van
Rooijen et al. 2009), the disease genetics of Hirschsprung disease (Gui et al. 2017)
and osteoporosis causing ATP6V1H deficiency (L. Li et al. 2018).
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2.5.3  Personalised medicine

Personalized medicine aims at generating patient-specific treatments for diseases.
Next generation sequencing data directly from the patient helps in understanding the
tissue level pathology of the tumour microenvironment, instead of selecting
treatments based on trial and error. Especially when treating multigenic malignancies
of complex origin, such as cancer, or studying monogenic diseases affecting multiple
tissues, such as in immunology, personalized medicine will help stratify patients
based on genomic data. To facilitate personalised drug selection, zebrafish avatars
carrying injected human cancer tissue cells have been created (Costa et al. 2020). This
is similar to developing a humanised zebrafish or generating mutated zebrafish with
patient specific genetic alterations. The cancer-avatars can then be tested for
phenotypic responses to drugs. As zebrafish produce hundreds of offspring within
one spawning, semi-large scale (96/384 well plate) screens for drugs are feasible.
Zebrafish embryos develop all essential organs within a few days from spawning,
and drugs can be administered directly into the water. However, a few pitfalls remain,
including non-mammalian physiology, differences in drug absorption, distribution,
metabolism, and excretion (ADME) in relation to toxicology, as well as requirement
for a higher than normal rearing temperature as per required by the transplant (Costa
et al. 2020). Nevertheless, zebrafish have been successfully used for pharmacological
studies which will be covered next.

2.5.4  Pharmacological studies with zebrafish

The pharmacological assessment of new drugs requires rigorous evaluation, as the
safety of human patients is the priority. Drugs and chemicals are assessed for their
safety and toxicity with well validated tests zz vitro and zn vive using mammalian
models. However, it has been suggested that improving preclinical testing could aid
in minimizing unpredicted risks later on (Cassar et al. 2020). In addition, the later the
unpredicted hazards are identified, the more costly the testing becomes, so
information on drug toxicity before selecting candidates for preclinical testing could
spare expenses. The zebrafish embryo has been suggested as a middle man between
in vitro and mammalian tests, in order to assist in developing the lead compound for
a candidate for mammalian studies in drug development (Cassar et al. 2020). In
comparison with mammalian assays, pharmacological testing with zebrafish larvae is
faster, and offers an inexpensive technology for safety testing before selecting a drug

candidate for time consuming and costly mammalian 7z 2o studies (Barros et al.
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2008). The parameters which can be analysed from zebrafish include changes in heart
rate and atrial-ventricular dissociation, changes in the activity of the nervous system
(controlled movement, convulsant and proconvulsant activity, cognitive impairment,
drug dependence potential, changes in vision and hearing), renal function,
gastrointestinal function and bone density (Barros et al. 2008; Cassar et al. 2020).
However, zebrafish toxicity assays have not been validated for testing human drug
toxicity so far. In turn, the European commission has accepted the zebrafish embryo
model as a validated alternative (not default) assay to assess acute toxicity in fish
(Organisation for Economic Cooperation and Development, OECD, No. 2306)
(Cassar 2020). For testing drugs aimed for human use, the simplicity of immersing
the larva into a droplet containing the substance of interest is both the advantage
and the pitfall of the model. The drugs are readily absorbed through the skin and
gills making administration easy for soluble drugs, but makes the evaluation of the
ADME untranslatable to mammalian organisms and finally the human patient
(Cassar et al. 2020). An option to overcome the limitations presented and to increase
zebrafish applicability would be to develop organ specific assays and micro delivery
systems for drugs. One hindrance is that zebrafish are not as inbred as mice, and
thus present more variation in results. Therefore, ideally, zebrafish strains should be
harmonized and inbred to achieve congruent results. However, this is actually
paradoxical as patients are also not expected to be a homogeneous population with
a standardised lifestyle, diet and age.

2.6 Genetic and transcriptomic tools for zebrafish

2.6.1  Transgenic zebrafish

Much of the popularity of the zebrafish model derives from the transparency of the
larvae, which allows non-invasive observations of internal structures and fluorescent
compounds. This has led to the development of a number of transgenic zebrafish
lines carrying fluorescent markers, generated using insertional mutagenesis. These
transgene carrying zebrafish have permitted the non-invasive analysis of cell and
protein functions zz vive in the fields of oncology, development, and immunology,
which has partly overcome the disadvantage of having only a few monoclonal
antibodies available for studying the changes in the protein levels. Fluorescently
labelled blood cells have been used for studying zebrafish haematology, immunology
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and host pathogen interactions (Carradice and Lieschke 2008; Cronan and Tobin
2014; Rounioja et al. 2012). Especially useful in the field of immunology, this system
has enabled combined analyses with fluorescently labelled bacteria, and has shed
light on previously unexplored interactions between the host and its pathogen
(Gomes and Mostowy 2020; Meijer and Spaink 2011; Phelps and Neely 2005).
Similar to larval zebrafish, transgenic adult zebrafish carrying fluorescent markers
can be used for studying individual cell types. Although the adult zebrafish are not
by default transparent, mutant strains such as Casper (roy”/snacre’/-) are faitly
unpigmented and allow the detection of fluorescent labelling 7z vivo (White et al.
2008). This is especially useful in studies involving transplants and oncology (Costa
et al. 2020; White et al. 2008). Along with the emergence of next generation
sequencing technologies, this has enabled the straightforward separation of
fluorescently labelled cells using fluorescence activated cell sorting (FACS) and their
subsequent omies (i.e., genomic, transcriptomic, proteomic, epigenomic, etc.)

analyses.

2.6.2  Transcriptomic profiling

Transcriptomic assays — first based on microarrays, now RNA sequencing (RNA-
seq) — and single cell RNA-sequencing (scRNA-seq) have become a standard for
profiling changes in gene expression. RNA-seq experiments can cover
transcriptional events during embryogenesis and early development, but also
uncover changes in gene expression caused by different treatments, effects of
mutations or gene silencing. With the development of single cell transcriptome
analyses (Tang et al. 2009) the emergence of droplet based barcoding, the scRNA-
seq analysis has plunged forward (Klein et al. 2015; Macosko et al. 2015). SCRNA-
seq covers the transcriptome of thousands of individual cells simultaneously, and
with the help of marker genes, data can be grouped for a comprehensive analysis
across tissues. Especially with zebrafish embryos, scRNA-seq has provided unique
glimpses into developmental dynamics, lineage trancing of individual cells during
development and the formation of the brain (Farrell et al. 2018; McKenna et al. 2016;
Raj et al. 2018; Satija et al. 2015; Wagner et al. 2018). Clustering of the profiled cells
from zebrafish larvae by tissue specific marker genes across multiple time points can
aid in deducing the effect of a single gene in, for example, organogenesis. In adult
zebrafish, transcriptome profiling has largely concentrated on haematopoietic
analyses of kidney marrow (Tang et al. 2009) and spleen (Hernandez et al. 2018). In
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turn, analyses of infected larval and adult zebrafish have shed light on the genetic
response to pathogen invasion (Benard et al. 2012; Harjula et al. 2020; Hernandez et
al. 2018).

Traditionally, the separation of immune cell types for analysis has relied on the
existence of antibodies, and this has hindered the research on zebrafish immune
cells. Cell sorting based on size (Forward Scatter, FSC) and granularity (Side Scatter,
SSC) can be used in separating the blood cells of zebrafish to erythrocytes,
lymphocytes, granulocytes and precursor cells, and Wright Giemsa-staining
combined with a gene expression analysis has been used for confirming blood cell
identity (Langenau et al. 2004; Traver et al. 2003). New methods, such as scRNA-
seq analysis partly circumvent the lack of reliable antibodies as they allow the
grouping and analysis of cells expressing cell type specific marker genes. Many single
cell studies have recently explored haematopoietic lineages in zebrafish to further
characterize the cell types (Athanasiadis et al. 2017; Carmona et al. 2017; Hernandez
et al. 2018; Moorte et al. 2016; Tang et al. 2017).

Mining of open access data can provide researchers with essential cues on the
selection of a gene, tissue and timepoint for an experiment. However, several
problems can arise when determining, for example, the transcriptional response to a
pathogen. An infection can develop differently between individuals due to genetic
as well as environmental factors, which are altered as the infection progresses. Some
of this is well understood, as are the role of eatly and late response genes in an
infection, but some are less well understood. Selecting only a single timepoint during
a course of an infection can thus give limited information of the progression of the
infection in a flock of zebrafish. Furthermore, a large enough group size is required
to overcome the variation caused by environmental factors, which often presents
problems with novel, more expensive technologies. Ultimately, the sensitivity of the
assay caused by variation between cells and the possibility to only sample around
several thousand cells can lead to the desired signal becoming lost in the noise in the
data. This is also a problem at the level of data analysis (Lihnemann et al. 2020)
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Table 2. Zebrafish single cell experiments available for data visualization

Topic Treatment Age Tissue Ref

Visualization of Adult Zebrafish

Whole Kidney Marrow Untreated Adult Kidney marrow 1.

Transplantation of
fluorescently labelled cells Adult Kidney marrow 2.
into rag2 mutants

Transcriptional states and fate
decisions in haematopoiesis

Lymphocytes and ILC-like cells in Kidney marrow,

sebrafish Untreated, infected Adult  thymus, ;ipl)llseen, gut, 3.
Profiling of lineages and cell types  ~piapp parcode labelling 2325 dpf Brain 4
in the vertebrate brain
Reconstruction of developmental 33.12
trajectories during zebrafish Untreated .h f Whole embryo 5.
embryogenesis P
Gene expression landscapes and
lineage in the zebrafish embryo Untreated 4 - 24 hpf Whole embryo 6.

- Morpholino silencing, Caudal
A 3D Altas of Hematopoletic Stem oo’k overexpression  55hpf  haematopoietic 7.
and Progenitor Cell Expansion s )

of transcription factors tissue

Transcriptome atlas for zebrafish
development Untreated 1-5dpf Whole embryo 8.
Transcriptome atlas of the Heat shock activation of 16 - 44 Hindbrain 9
developing zebrafish hindbrain transgene hpf '

Reference, data availability:

1. (Tang et al. 2017) https://molpath.shinyapps.io/zebrafishblood/

Athanasiadis et al. 2017) https://www.sanger.ac.uk/tool/basicz/

Hernédndez et al. 2018) https://www.sanger.ac.uk/science/tools/lymphocytes/lymphocytes/

Raj et al. 2018) https://krishna.gs.washington.edu/content/members/aaron/fate_map/harvard_temp_trees/
Farrell et al. 2018) https://singlecell.broadinstitute.org/single_cell/study/SCP162

Wagner et al. 2018) www.tinyurl.com/scZfish2018

Xue et al. 2019) https://www.picb.ac.cn/hanlab/ichtatias/Home/

Farnsworth et al. 2020) http://cells.ucsc.edu/?ds=zebrafish-dev

2.
3.
4.
5.
6.
7.
8.
9. (Tambalo et al. 2020) https://singlecell.broadinstitute.org/single_cell/study/SCP667

P
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2.6.3  Genetic engineering to study gene function

Prior to target specific mutagenesis, the technologies for whole genome sequencing
and the establishment of reference genomes, studies on gene function had to rely on
phenotype-specific analyses of random mutagenesis events. For the detailed analysis
of developmental pathways, researchers relied on the use of model organisms, which
allow the visual inspection of development, rather than mammalian species, which
develop 7 utero. The first screens on the fruit fly and C. elegans shed light on many
important genes essential for the first stages of development (Brenner 1974;
Nsslein-Volhard and Wieschaus 1980). As zebrafish is a vertebrate and thus a closer
relative to humans than fruit fly or C. elegans, it quickly gained popularity among
developmental scientists.

Prior to targeted genome modifying technologies, morpholino silencing was the
standard for analysing the functions of embryonic genes in zebrafish. Still,
morpholinos are essential for gene silencing especially in cases where knockout of
the gene is lethal to the host, as the effects of morpholinos can be titrated. Since the
early 2010s, the development of targeted mutagenesis technologies has flooded the
field. In comparison with forward genetics, which determines the genetic basis
responsible for a phenotype, reverse genetics mutates a gene to observe its effect on
a phenotype. In combination with the availability of the complete genome sequence
of the organism and the explosion in the omics studies across species, targeted
mutagenesis has enabled genotype-based discoveries. After the emergence of three
methods, Zinc Finger Nucleases (ZFN), Transcription-Activator Like Effector
Nucleases (TALEN) and CRISPR-Cas9, the beginning of 2020s has cleatly
underscored CRISPR-Cas9 as the method of choice for targeted mutagenesis (Figure
4). However, each technology has its advantages, limitations, and pitfalls.

2.64  Forward genetic screens

Zebrafish has been used for developmental forward genetic screens since the 1990s
mainly due to the very first onerous screens completed in the labs of Christiane
Nisslein-Volhard and George Streisinger (Niisslein-Volhard 2012). Zebrafish, once
again, offers a simple vertebrate platform to genetically manipulate and to detect
morphological changes in embryos based on its ex #tero development. Prior to
chemical mutagenesis, genetic interference was accomplished with X-ray irradiation
(Chakrabarti et al. 1983). The first genome wide ENU-mutagenic (N-ethyl-N-

nitrosourea) screen in zebrafish was done solely based on phenotype (Haffter et al.
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1996b). As random mutagenesis generates heterozygous alterations into the DNA,
the mutated progeny is screened for marker positive founders to generate future
genetically altered lines. The selected founders are then crossed to obtain
homozygous offspring. Farly studies relied on generating haploid organisms by
producing impotent sperm that trigger egg division which leads to the development
of haploid homozygous individuals (Streisinger et al. 1981).

Frequency ofkey word in PubMed search
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Zinc finger nuclease + Zebrafsh
200 TALEN + Zebrafish

CRISPR-Cas9 + Zebrafish
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Number of publicatons
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Figure 4. The number of search results for a keyword in PubMed per year. The searched words are
indicated in the legend.

The disadvantage of random mutagenesis is the generation of a number of mutations
simultaneously across the genome (Lawson and Wolfe 2011). Furthermore,
irradiation can cause chromosomal rearrangements as well as large deletions, which
impair the selection of the phenotype causing mutations (Lawson and Wolfe 2011).
ENU in turn causes mainly point mutations, however with the ensuing difficulty of
identifying the correct, phenotype causing lesion, as mutations can also be linked and
co-selected (Lawson and Wolfe 2011). Lastly, mutations on the coding regions can
cause dysregulation of a number of genes simultaneously, and data of gene regulatory
regions in zebrafish has only recently started to emerge (Yang et al. 2020).

Later screens have applied a number of insertional techniques, including
retrovirus- and transposon-based methods (Lawson and Wolfe 2011). The resulting
mutations can be identified with an inverse polymerase chain reaction (PCR) or next
generation sequencing based methods. Insertional mutagenesis lessens the burden
of screening for successful mutagenesis with the aid of fluorescent tags (termed
protein traps) carried within the insert. However, similarly to other random
mutagenesis methods, identification of the genes involved in the phenotype can be

challenging when the insertion is located outside protein coding regions of the
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genome, or when multiple insertions are found. In addition, mutagenesis is less
efficient than with ENU, so larger screens are required for the identification of the
same number of phenotypes (Lawson and Wolfe 2011).

Along with decrease in costs, emergence of targeted mutagenesis technologies
and reference sequences made it possible to effectively conduct reverse genetics.
This has decreased the requirement to conduct laborious random genetic screens.
However, forward genetics still serves a purpose of identification of genes with

unknown functions.

2.6.5  Gene knockdown with Morpholinos

At their simplest, reverse genetic experiments aim to knock down or knock out the
expression of a gene to observe its function by preventing its translation into a
functional protein. While transient silencing is achieved with the use of RNA
interfering compounds, a gene knockout can be generated with mutagenesis. Early
studies in zebrafish utilising double stranded RNA for gene silencing lead to
unspecific effects, later interpreted as antiviral effects, which lead to the adoption of
the newly introduced morpholino technology instead of RNAi in zebrafish (Blum et
al. 2015; Oates, Bruce, and Ho 2000). Zebrafish gene silencing experiments most
commonly utilise morpholino mediated gene silencing due to its simplicity and well-
established protocols. The efficacy and ease of morpholinos explain their popularity
and give a clear indication as to why other RN A-interfering technologies (e.g., short
interfering RNAs) have not become popular in zebrafish research.

Morpholinos are nucleotide analogues formed by DNA base pairing attached to
methylenemorpholine rings, linked together by phosphorodiamidate bonds
(Summerton and Weller 1997). Due to their structure, morpholinos are stable and
resistant to enzymatic degradation, as well as unlikely to bind to unspecific target
sites due to the lack of charge on the backbone of the structure (Fisen and Smith
2008; Summerton and Weller 1997). Morpholinos are usually designed over a 25-
basepair complementary target site to bind to the mRNA molecule prior to mRNA
processing and translation (Eisen and Smith 2008). A 40-60% GC-content (guanine
and cytosine content) on the target sequence is optimal, as is avoiding four or more
continuous guanines (Eisen and Smith 2008). Morpholinos can be designed to bind
to or close to the translation start site of the mRNA to prevent attachment of the
translation machinery, or to bind to a splice site, which will either result in exon

skipping or intron inclusion. This will ultimately alter the mature mRNA-sequence,
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leading to either mRNA degradation or the production of a non-functional protein
product (Eisen and Smith 2008). In the case of non-coding RNAs, morpholinos can
also be designed to prevent the formation of the RNA secondary structure
(Kloosterman et al. 2007). Lastly, photoactivated morpholinos can be targeted to a
limited number of cells and tissues (Tallafuss et al. 2012). Morpholinos are typically
injected into the fertilized zebrafish egg, and their effect starts to wane after the first
four days of development, which is also why they are almost exclusively used in larval
zebrafish. The functionality of morpholinos can be assayed by western blot or by
quantification of the altered mRNA with a quantitative polymerase chain reaction
(qPCR).

Since the initial success with morpholinos in the early 2000s, it became evident
that some morpholinos display off-target effects and fail to recapitulate the
phenotype of the knockouts of the target gene (Kok et al. 2015; Robu et al. 2007).
Since the publication of their paper proposing the abandonment of morpholino
technology, Kok et al. have faced criticism for their conclusions, and especially for
their methods which did not replicate the protocols of the primary studies they
criticised, e.g. in the case of the morphant for the megamind gene (Blum et al. 2015;
Morcos, Vincent, and Moulton 2015). Moreover, it has been largely accepted that
off-targeting is a recognized down side of all antisense (and mutagenesis)
technologies and the off-target effects need to be taken into account when
interpreting the results of the experiments (Eisen and Smith 2008). However,
criticism is still essential for pointing out flaws which can be overcome. In another
study, Joris et al. (2017) reported that only 11 bp at the splice site were needed for a
morpholino binding its target site, and blocking the splicing, increasing the number
of potential off-targets. They suggested the number of secondary binding targets
could be reduced by using a higher rearing temperature for the embryos (Joris et al.
2017). In addition, morpholinos can cause dose related toxicity, which triggers p53
expression and apoptosis (Robu et al. 2007). Appropriate controls, such as more
than one morpholino, a mismatch or a random sequence control, dose-response
titration, examining the effect of the mutation on a null-background quantifiable
knockdown, simultaneous knockdown of 753 and mRINA rescue are encouraged, as
well as comparison with a mutant phenotype, when available (Eisen and Smith 2008;
Stainier, Kontarakis, and Rossi 2015). It has also been suggested that the morpholino
phenotype should be replicated by generating mutations in the 5’-untranslated region
of the gene to silence its expression and testing if the phenotype persists
(Cunningham et al. 2020).
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2.6.6  Targeted mutagenesis

Sequence specific targeting technologies rely on nucleases but differ on the
mechanism of sequence specific targeting. While ZFN and TALENSs rely on
modified protein sequences which are laborious to produce and have to be obtained
commercially in most labs, CRISPR-Cas9 is directed to its target site by a guide RNA
molecule (referred to as short guide RNA (sgRNA) or simply gRNA) that homes to
the targeted site instructed by complementary base pairing (Jinek et al. 2012).
Generation of the gRNA molecule from a DNA template is straightforward using
vitro transcription, and at its simplest the nuclease molecule can be purchased ready
made without the need for customization. This simplicity explains the enormous
popularity CRISPR-Cas9 has gained since its commercialization (Figure 4). All three
major technologies available for targeted mutagenesis utilise the generation of double
stranded breaks (DSB) into the genome, taking advantage of the error prone repair
machinery of the cell (Gaj, Gersbach, and Barbas 2013). The DSB are repaired either
with homology directed repair (HDR) or non-homologous end joining (NHE]), the
former leading to homologous template mediated repair, and the latter often leading
to incorporation of mutations into the original DNA sequence (Gaj et al. 2013).
HDR uses the other intact allele as a template, but it can be manipulated to use
instead a partly homologous template to repair the site of the double stranded break
to introduce targeted modifications to the nuclease binding site. In comparison to
HDR, NHE] repairs the DSB without a complementary template, and is
considerably faster than HDR and thus also more common (Miyaoka et al. 2016).
NHE] often leads to small indels, as the repair complex trims the ends of the strands
to match each other before paired-end ligation.

ZFN are artificial restriction enzymes, which are attached to the FokI
endonucleic restriction enzyme cleavage domain. Engineering the zinc finger domain
can modify the DNA sequence binding specificity of the nuclease, which can be
exploited to generate targeted DSB at a desired location (Beumer et al. 2008;
Bibikova et al. 2002). Originally, ZFNs used a dimer of three fingers recognizing
three base pairs (bp) each on the opposite strands of the target DNA, generating an
18 bp binding site. Later, however, the binding site has been extended to improve
specificity (H. Li et al. 2020). The DSB is repaired with NHE]J/HDR, leading to
potential mutations at the cut site (Beumer et al. 2008; Bibikova et al. 2002). The
downside of the ZFN technology is that it requires protein level modifications for
target design (H. Li et al. 2020; Urnov et al. 2010). Also, in comparison to ZFN,
TALENS have greater specificity and efficiency (H. Li et al. 2020). TALENS function
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similarly to ZFN, but instead of zinc fingers, it employs the transcription activator-
like (TAL) domains for sequence recognition. The TAL DNA-binding domains are
fused to the restriction endonuclease FokI which cleaves both DNA strands
(Christian et al. 2010). Their binding to the target site is directed by repeat variable
di-residues, which bind to the target site with a one-to-one correspondence
(Christian et al. 2010).

CRISPR-Cas9 technology stems from the bacterial acquired immune system,
which recognizes and memorises viral DNA by cleaving and pasting it into the
bacterial genome. Many types of CRISPR-Cas have been described in different
bacteria (Makarova and Koonin 2015), however perhaps the most applied of these
is the type II CRISPR-Cas9 systems found from Streptococcus pyogenes. From now on
in the text, CRISPR-Cas9 will refer to this system for the sake of clarity. In principle,
the CRISPR fragments are transcribed from the bacterial genome and processed,
and they anneal to form short, trans activating CRISPR RNAs (tractRNA) which
guide Cas9 to silence foreign viral genetic material. The type II CRISPR-Cas9 system
has become the most commonly applied CRISPR tool to date. In this system,
synthetic, CRISPR guide RNA (gRNA) molecules combine both the structure and
specificity of the tractrRNA and the CRISPR-RNA (ctRNA) to modify eukaryotic
genomes, and when injected into zebrafish embryos, to modify the genome of an
organism (Hwang et al. 2013) (Figure 5). The requirements for a guide RNA
molecule are the uniqueness of the target site, a 40-60% GC-content as well as the
presence of an NGG protospacer adjacent motif at the end of the target site. Similar
to ZFN and TALENs, Cas9 generates a DSB and leads to NHE] or HDR,
facilitating the generation of mutations or the incorporation of foreign DNA
material. The ease of CRISPR-Cas9 stems from the base pair complementarity of
the guide RNA with the edited target, as well as the simple requirements for the
target site. Multiple online tools facilitate this process and ordering oligos for the
tabletop synthesis of gRNAs is an everyday task for any biotech researcher. Several
hindrances have emerged, namely in the targeting of CRISPR to open chromatin and
the relationship of the chromatin of the target area and its effect on off-targeting, as
well as the emergence of genetic compensation.
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Figure 5. Schematic explanation of zebrafish gene silencing and genome editing. While the
knockdown of an mRNA using morpholinos is transient, gene editing with CRISPR-Cas9
generates permanent changes in the genomic DNA (gDNA). Cas9 is directed to its target
site using the complementary sequence from the short guide RNA (sgRNA). Mutations will
also be inherited if the mutation occurs in the germ line cells. Adapted from Elmonem et al.
(2018).

2.6.6.1  Chromatin hindrance and genetic compensation

All targeted genome engineering technologies are subject to errors which are largely
dictated by their specificity and efficiency. Especially in a clinical setting, the
technology must be precise and free of side and off-target effects. The simplest way
to avoid off-target modifications is to choose a target site that is unique. Still, all
technologies are prone to misguided binding, especially if targets appear in open
euchromatin and the true target is located in the closed heterochromatin (Kuscu et
al. 2014; Wu et al. 2014).

Studies (as reviewed by Verkuijl and Rots (2019) have found CpG-methylation

and nucleosome positioning have the greatest effect on Cas9 binding, whereas
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DNAse hypersensitivity and DNA methylation cause less hindrance. Direct evidence
pointing towards the influence of heterochromatin on CRISRP-Cas9 efficiency has
been provided by multiple studies, which have measured Cas9 binding and cleavage
on sites either located on open euchromatin or closed heterochromatin controlled
by small drug availability, or in or outside of nucleosomes (X. Chen et al. 2016; Daer
et al. 2017; Hinz, Laughery, and Wyrick 2015). Hinz et al. tested the cleavage
efficiency of Cas9 using zz wvitro assays and concluded that targets buried in
nucleosomes are inaccessible and that the location of the PAM sequence outside the
nucleosome is especially important to achieve binding and cleavage. Daer et al. used
a drug inducible switch which regulates chromatin state in a cell line and showed that
switching to an open chromatin status was able to restore the cleavage efficiency of
Cas9. In a similar assay, X. Chen et al. (20106) used cell-based reporter systems to
demonstrate the effect of 3D chromatin structure on the efficacy of CRISPR-Cas9
and TALEN cleavage activity. These results consistently point to the inaccessibility
of the sites positioned in closed chromatin. A logical explanation to why this is, is
that in a dividing cell and the chromatin landscape, Cas9 more actively scans areas
located on open chromatin, which also increases the probability of binding and
cleavage, as shown by Knight et al. (2015). Using chromatin modifiers and altering
the chromatin state towards euchromatin can also improve Cas9 binding (Horlbeck
et al. 2016; Isaac et al. 2016; Yarrington et al. 2018). Moreover, at the level of
genetically modifying a whole organism, information on the chromatin landscape
can be used to improve guide-selection and experimental design (Chen et al. 2017;
Singh et al. 2015), as the gRNAs with the highest efficiency are found in chromatin
areas with low nucleosome occupancy (Horlbeck et al. 2016).

Even though studies on cell lines give an easier read out of the phenomenon, they
fail to recapitulate the changing chromatin environment of a developing embryo, as
the totipotent cells adopt a lineage specific chromatin signature. To conclude,
maximising the specificity and efficiency of mutagenesis is important for both
ensuring the safety of patients and minimising off-target effect mediated bias in
animal models. Taking chromatin status into account can also serve the experimental
design: recent results indicate that heterochromatin is more prone to be repaired via
HDR, increasing the probability of insertional mutagenesis (Liscovitch-Brauer et al.
2021). However, studies also imply that the chromatin-mediated hindrance is
transient and also dependent on other experimental factors (Isaac et al. 2016;
Kallimasioti-Pazi et al. 2018). This is likely, as chromatin is not a static structure but
loosens and remodifies as cells undergo mitosis. In addition, most available gRNA

design tools are based on the uniqueness of the target site and the secondary
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structures of the gRNA, and do not incorporate 7z vivo evidence or chromatin status
in embryonic context. Two tools have been developed, which take into account the
chromatin status of the target cell. A gRNA design tool by Singh et al. (2015)
employs data from human cell lines, and similarly, Chen et al. (2017) have
constructed a tool with improvements based on the accessibility of the zebrafish

chromatin.

2.6.6.2 Genetic compensation

As mentioned, during the 2010s, morpholino studies have been disregarded due to
the detected off-target effects, but their use has also diminished due to the ease of
generating zebrafish mutants. Already in 2008, Robu et al. showed that morpholino
injections can lead to the induction of 53 transcription, and tp53 interference in
the phenotype. Around 15-20% of morpholinos have been estimated to present off-
targeting (Robu et al. 2007). However, this effect is not limited to morpholinos but
is also present in short interfering RNA technology (Robu et al. 2007). Mutants are
not either, however, without experimental drawbacks. Whole transcriptome analyses
have since shown that instead of off-target effects, the discrepancy between
morphants and mutants was caused by genetic compensation in the mutants (Rossi
et al. 2015). Genetic compensation was caused by deleterious mutations, which
trigger a number of related genes to become upregulated as a result of a loss of a
gene, masking the phenotype observed with the knockdown (Rossi et al. 2015).
Knockdowns are not subject to the same compensatory effects, justifying the use of
morphants in comparison to mutants (Peng 2019). The presence of compensation
has become evident through studies which have described similar results (Eve, Place,
and Smith 2017; Wei et al. 2017; Zhu et al. 2017). The current viewpoint is that the
genetic robustness of an organism instructs protein feedback loops to maintain
fitness in the case of deleterious mutations leading to premature mRNA degradation,
and in addition, independent of the protein feedback loops, transcriptional
adaptation leads to upregulation of genes in a sequence dependent manner (El-
Brolosy et al. 2019; Ma et al. 2019). This robustness is a result of the redundancy of
the genome and transcriptome to overcome the presence of loss of function
mutations, and it seems that compensatory genes are often members of the same
pathway, or a paralogue generated by a gene duplication. As the zebrafish often has
multiple paralogues of the same gene due to the TSWGD, it should be asked whether
the zebrafish is more prone to or able to compensate for the loss of a single gene
than humans, for example.
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Indeed, transcriptional adaptation is not triggered by the loss of the protein
product but results from the presence of the mutated mRNA. It can result in both
the upregulation of adapting genes as well as opening of the chromatin structure due
to the increase in mutated mRNA decay (El-Brolosy et al. 2019). Genes sharing
sequence similarity to the mutated gene became upregulated due to transcriptional
adaptation (El-Brolosy et al. 2019; Ma et al. 2019). This effect has been suggested to
be due to the mRNA decay products which translocate to the nucleus to interact
with histone modifiers and chromatin remodelling complexes, as well as due to
decayed transcripts interfering with the expression of the antisense transcripts which
should downregulate the compensatory genes through nonsense mediated decay (El-
Brolosy et al. 2019). To work around this, silencing a gene by mutating it so that an
mRNA is not produced at all (e.g. by mutating promoters) was shown to lead to a
desired phenotype without compensation (El-Brolosy et al. 2019). However,
evidence for this phenomenon is still scarce. Still, research on genetic compensation
is important for progressing in understanding disease genetics behind deleterious
and less deleterious mutations leading to different phenotypes observed in patients
with genetic diseases (Peng 2019).
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Figure 6. Mechanisms of genetic compensation mediated by aberrant mMRNA. Adapted from Bunton-
Stasyshyn, Wells, and Teboul (2019).
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3 AIMS OF THE STUDY

Human disease genetics can be studied using animal models. The selection of model
organism is dictated by its similarity to human, as well as its suitability to answer the
question at hand. Human and zebrafish share common immunological cell types and
pathogen recognition receptors. Moreover, in the case of tuberculosis, they also
share a susceptibility to mycobacterial infections. The M. marinum | zebrafish model
has proven useful in modelling human tuberculosis on many occasions.
Furthermore, zebrafish and humans also have common vertebrate development.
Due to fast reproduction and development, the zebrafish offers a valuable model to
study human developmental biology. In cases where a mouse model presents an
embryonic lethal phenotype, the zebrafish can offer options to study gene function
due to its extrauterine development. The study of zebrafish genetics has greatly
advanced since the emergence of genetic engineering technologies. In this thesis, the
zebrafish model was applied to studying human disease associated genes of

immunological and developmental significance.

The aims of the thesis were

1) to analyse the effect of chromatin on CRISPR-Cas9 during the early
development of zebrafish (Study I);

2) to generate a zebrafish model for the human developmental disease FINCA
(Study II);

3) to examine the role of the ##/7 in it/ln3-knockout zebrafish model for a

human tuberculosis infection (Study I1I);

4) to establish the role of the inflimmasome adaptor gene pyeard in a
mycobacterial infection in zebrafish (Study IV).
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4 MATERIALS AND METHODS

4.1 Zebrafish lines and maintenance

In this study, wild type zebrafish strains, AB and TL, were used as indicated in later
sections. Both the fish lines were initially obtained from the Wellcome trust Sanger
Institute (Hinxton, Cambridgeshire, UK). The fish were maintained at 28°C in the
Tampere Zebrafish Core facility in Aquatic habitats flow through systems (Apopka,
Florida, USA) at a density of 7 fish per litre, 14h/10h light/dark cycle. Embryos were
maintained in standard embryo medium (5mM NaCl, 0.17 mM KCIL, 0.33 mM
CaCl2, 0.33 mM MgSO4, 0.00001% Methylene Blue) in a 28.5°C incubator with a
similar artificial daytime setting. Larvae and adult fish were fed with either Gemma
Micra (Skretting, Stavanger, Norway) or SDS (Special Diet Services, Witham, Essex,
UK) feed of a granularity appropriate to their age, as well as artemia and spirulina.
For infection experiments, adult fish were transferred into an Aqua Schwarz GmbH
(Gottingen, Germany) flow through system in a separate laboratory for infected fish.

4.2 Ethics statement

All experiments were conducted in accordance with local and European Union
(EU) animal regulations (Act on the Protection of Animals Used for Scientific or
Educational Purposes 497/2013 and the EU directive on the protection of Animals
used for Scientific purposes 2010/63/EU)), and for each experiment, the animal
experiment permissions were obtained from the Animal Experiment board of the
Regional State Administrative Agency of Southern Finland. Animal experiment
permissions (ESAV1/2235/04.10.07/2015, ESAVI/10823/04.10.07 /2016,
ESAVI/2464/04.10.07/2017, ESAVI/11133/04.10.07/2017, and ESAVI/2776
/2019).
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The wellbeing of each animal was assessed daily. Animals which showed signs of
discomfort or symptoms of an infection were euthanised with an overdose of a
tricaine anaesthetic (Ethyl 3-aminobenzoate methanesulfonate, MS-222) (Merck,
Kenilworth, New Jersey, USA). Typically, for untreated fish these signs include
unresponsiveness, redness of skin or signs of a parasitic infection (lighter, swollen
areas on scales). For infection experiments and experimental M. marinum infections,
signs of discomfort include abnormal swimming behaviour, lesions in the skin,

protruding scales, and gasping.

43  Mutagenesis with CRISPR-Cas9

43.1  gRNA design and synthesis

Mutated zebrafish were generated with a type II S. pyogenes CRISPR-Cas9 system
(Cong et al. 2013; Jinek et al. 2012). The gRNA sequences were selected based on
combined results of multiple online tools, such as CHOPCHOP
(https://chopchop.cbu.uib.no/) and CRISPR-Scan (https://www.ctisprscan.org/)
(Labun et al. 2016; Moreno-Mateos et al. 2015). The target site uniqueness was
analysed using basic local alignment search tool BLAST (NCBI) (Altschul et al. 1990)
against the zebrafish reference genome (GRCz10). The oligo was checked for
secondary structures using online oligo analyser tools. Synthetic oligos were ordered
from Thermo Scientific. The selected sequences for gRNAs are listed in Table 3.
The gRNA synthesis protocol was modified from (Hruscha and Schmid 2015).
Briefly, the T7 promoter oligo and the oligo containing the gRNA sequence were
annealed and used as a template for the MEGAShortScript T7 I vitro Transcription
kit (Ambion, Thermo Fisher scientific, Waltham, Massachusetts, USA). The quality
of the 7n witro transcription was analysed with agarose gel separation or with a
Fragment Analyzer system (Agilent Technologies, Santa Clara, California, USA), and
the concentration was measured using NanoDrop (Thermo Fisher) or a Qubit RNA
Broad Range kit (Thermo Fisher).
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Table 3. gRNA sequences used

Gene ID Gene name Target sequence 5-3' (PAM)
ENSDARG00000024211 ifng1-2 TGTTTGCTGTTTTCGGGA(TGG)
ENSDARG00000054975 cxer2 TTCTTCATGGACAACCGC(AGG)
ENSDARG00000041041 cxer3.2 TAGTGGGCACGAGATGTT(AGG)
ENSDARG00000056499 cab GGGGAGGCTGGGACTTGG(AGG)
ENSDARG00000088143 semadgb GATCCCACTAAGGGGTACAC(TGG)
ENSDARG00000089581 nhirc2 GTTCCTTCCTGAGTGACAG(CGG)
ENSDARG00000040076 pycard CGTGTTCACATCAAAAGACG(CGG)

4.3.2  Invitro digestion assay

To confirm gRNA functionality, the guide was tested zz vitro. For this, an amplicon
of around 1kb (kilobase) around the gRNA binding site was selected for
amplification with a PCR using the Maxima Hot Start polymerase (Thermo Fisher).
The primers used in the 7z vitro digestion assay are listed in Table 4. The amplicon
was purified using a Gene]ET PCR purification kit to remove unbound nucleotides
(Thermo Fisher). The Cas9 protein (ToolGen Inc. Seoul, South-Korea) and the
synthetised gRNAs were incubated at 37°C in NEB3 buffer (Ipswich,
Massachusetts, USA) before adding the template (final ratio of Cas9:gRNA:template
10:10:1). The digestion reaction was incubated for 3 h at 28°C. The sample was then
incubated with 300U of proteinase K (Thermo Fisher) at 37°C to release the Cas9.
Finally, Proteinase K was inactivated at 65°C for 10min. The cutting efficiency was

analysed by separating the fragments on an agarose gel.

43.3  Timing of mutagenesis and heteroduplex mobility assay

In order to determine when mutagenesis can be detected for each gRNA, embryos
were collected immediately after spawning, injected with CRISPR-Cas9 components,
and collected for samples between 0 - 8hpf. The primers used in genotyping are
listed in Table 4. DNA was extracted with ethanol precipitation method, and
afterwards threated with 15 units of RNase A (Thermo Scientific) per 100ul of
sample, for 1h at 37°C. 100 ul of lysis buffer (10 mM Tris (pH 8.2), 10 mM
ethylenediaminetetraacetic acid (EDTA), 200 mM NaCl, 0.5% SDS) with Proteinase
K (0.2 mg/ml) was added to the sample and the sample was incubated for a
minimum 2h at 55°C with occasional mixing. The debris was pelleted with a 20-

minute centrifugation at 16 000 g at room temperature. The supernatant was
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transferred into a fresh microcentrifuge tube, and 2 volumes of ice cold 100%
ethanol was added. The DNA was precipitated for minimum 30 minutes in -20°C.
The sample was separated by centrifugation for 10 minutes at 16 000 g at room
temperature. Supernatant was discarded and the DNA containing pellet was washed
with two volumes of 70% ethanol. The DNA was pelleted with a 5-minute
centrifugation at 16 000 g at room temperature. The supernatant was removed, and
the pellet was allowed to dry for several minutes. The dried DNA pellet was
resuspended in nuclease free water.

Table 4. Primers used for genotyping and in vitro digestion assay

Genotyping

Gene name  Gene ID Direction Sequence (5-3')

cab ENSDARG00000056499 Forward AGCATGCAACACCTTCGGTC
Reverse ATTTCAGGCATAAGTCCAGC

cal10a ENSDARG00000052644 Forward CTGCAAATCATCCCTTTGTG
Reverse GTTCCTCGCATCAAAACACC

cxer2 ENSDARG00000054975 Forward AGTGTTTCTCCCTCCACAGC
Reverse TAATGCGAAGGCTCATCCTC

pycard ENSDARG00000040076 Forward GACCCAACTGTGAGGAACCATG
Reverse GCTTTCTTCAGACTTAAACGCCTTC

sema4gb ENSDARG00000088143 Forward GGACTCACGCCTTCAGAC
Reverse GCCTTATATCAGCGATGTTAC

IVDA

Gene Accession number Primer sequence (5-3")

cab ENSDARG00000056499 Forward TAGTCCACGAATGCAACAGC
Reverse GGCATGTCTGGCACAAATAG

cxer2 ENSDARG00000054975 Forward AGTGTTTCTCCCTCCACAGC
Reverse GAGAAATCAGCAACTGGTTACG

cxer3.2 ENSDARG00000041041 Forward GTACTCTACTCTTCCCAGGTTTACAC
Reverse CTGTGCGTTTTAATCTGGCA

ifng1-2 ENSDARG00000024211 Forward CAAAAAGATCCCCGAAGACA
Reverse GTGCCAGCCTCTCCTTTGTA

pycard ENSDARG00000040076 Forward CAGCATTTGTGAGCAGAAGC
Reverse AAAGGTAGATTGGGGTGTTTG

sema4gb ENSDARG00000088143 Forward ACCCCGCTGTGCTTACATAG
Reverse TCACTTTCATTCTGCCCAATC

The results were analysed with heteroduplex mobility assay. Briefly, FastAP and
Exol (Thermo Scientific) were used for the purification of an amplified PCR
product. In the presence of NEB3 buffer (New England Biolabs), the PCR product

was heated to 95°C and slowly cooled to room temperature. This re-annealed
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product was then run on a 10% polyacrylamide gel to separate the amplicons with

heteroduplexes.

434  Generating stable mutant lines with CRISPR-Cas9

After the synthesis of gRNA molecules and confirming their functionality, CRISPR-
Cas9 mutagenesis was conducted. For the mutagenesis, either Cas9 mRNA or the
Cas9 protein was used. Cas9 mRNA was ordered from ToolGen (Seoul, South-
Korea). The Cas9 protein was produced in house in the Tampere facility for protein
services. The gRNA and the Cas9 protein were first incubated at 37°C for 15 minutes
to allow the formation of the CRISPR-Cas9 complex. The complex was then injected
into a fertilized zebrafish egg with phenol red as a tracer dye in a volume of 1 - 2 nl.
The detailed use of each gRNA is described in the respective studies. Borosilicate
capillary needles for the injections were generated with a Flaming/Brown
Micropipette puller. Injections were performed with a micro injector (PV830
Pneumatic PicoPump, World Precision Instruments) and a micromanipulator
(Narishige International, London UK). For stable mutant lines, the CRISPR-Cas9
injected AB founder fish (F0) were outcrossed to TL. The F1 (AB x TL) generation
are carriers of a single mutation and were screened for carriers of a frameshift
mutation. Mutagenesis efficiency was confirmed with a heteroduplex mobility assay
or T7 endonuclease assay in the founder generation. A typical crossing scheme is
presented in Figure 7.

Fo T x = =
%’nﬁf E
Wt (+/+) mozaic (CRISPR-Cas9)
& — N
F1 e N e e
g = -_—
Hz (+/-) Hz (+-)7
N = ) — P
———n - € .
= o Cua" =, -
y——— 2 >
e e — : =g = g —‘-—_,-“:
Wt (+/+) (25%) Hz (+/-} (50%) Mut (-/-) (25%)

Figure 7. Schematic crossing scheme for obtaining homozygous mutant zebrafish after generating
mosaic founders with CRISPR-Cas9. Chubbier fish () are female and slimmer fish are
male (). FO is the founder generation where the mutations are generated to create a
mosaic founder. F1 is the progeny of the FO crossed to wild type (WT). F2 is the progeny
of an incross of two F1 heterozygotes (Hz). This cross will result in assumed mendelian
ratios of WT, Hz and homozygous mutant (Mut) zebrafish.
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44  Genotyping of mutated zebrafish

441  Genotyping methods

A tissue sample was collected from the tail fin of adult zebrafish under anaesthesia.
Zebrafish larvae were collected in tubes and kept on ice until adding the lysis buffer.
An area around the gRNA binding site was amplified with PCR using either the
Maxima Hot Start or the Dream Taq Hot Start DNA polymerase (Thermo
Scientific). Genotyping from the PCR produced amplicon (250 — 700 bp) was done
with either a heteroduplex mobility assay or a T7 endonuclease I (NEB) assay to
identify mutation carriers from the mosaic FO generation. The primers used in
genotyping are listed in Table 5. The amplified sequence was purified using
exonuclease I (Exol, Thermo Scientific) and a fast alkaline phosphatase (FastAP,
Thermo Scientific) incubation to remove single stranded primers and unbound
nucleotides. The product was heated to 95°C and slowly cooled to 4°C to re-anneal
the amplified sequence. The kinks caused by heteroduplex formation were analysed
by separation with polyacrylamide gel electrophoresis on a 10% gel, or by digestion
with the T7 endonuclease and subsequent agarose gel electrophoresis. Subsequent
generations were genotyped either with Sanger sequencing or restriction fragment
length polymorphism (RFLP). I#/#3 results were analysed by mutation specific
primers.

Sanger sequencing was done with the BigDye™ Terminator v3.1 Cycle
Sequencing Kit, and the run was completed by the Tampere Genomics facility. For
RFLP, the mutation site was scanned for altered restriction enzyme binding sites.
The amplicon was digested, and results were analysed by running the samples on
agarose gel. The restriction enzyme for pycard was Csel/Hgal. The results were
confirmed by sequencing.

Table 5. Genotyping primers for the zebrafish mutant lines

Gene (mutant) Genotype  Direction Sequence (5'-3)

itin3 (uta145) WT Forward ATGCTAGGTTGAGGAGCATC
Mutant Forward ATGCTAGGTTGAGGAGCTCG

itin3 (uta148) WT Forward CTAGGTTGAGGAGCATCGCT
Mutant Reverse CCGAGCTGATACTTACCTAGC

itin3 WT Forward GGAGCTGTCACTCCAAAGCC

WT Reverse GTGGTTGATCAACCATTCAGCAC
pycard WT & mutant  Forward GACCCAACTGTGAGGAACCATG

Reverse GCTTTCTTCAGACTTAAACGCCTTC
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4.5 Morpholino silencing

Morpholinos for /1 and nhlre2 were designed by the design service of the
manufacturer GeneTools (Oregon, USA) upon detailed request. The morpholinos
were designed to block the splice site of the transcript, to generate a non-functional
protein. Morpholino sequences are listed in Table 6. Prior to experiments, the
morpholino was tested at three different doses and the dose which did not result in
toxicity related morphological changes was selected (Study 11, Supplementary figure
14; Study III, Supplementary figure 4). The final concentrations used in each
experiment are stated in the original communications II and III. Morpholinos were
heated to 65°C for 10 minutes prior to injection to ensure dissolving. The ##/n1
morpholino was administered with the bacterial injection solution during infection
experiments. For #nh/re2 the morpholino was injected with PBS and rhodamine

dextran as a tracer dye.

Table 6. Morpholinos used

Gene ID Gene name Morpholino* Sequence 5-3’
ENSDARG00000089581 nhirc2 SB ACCCGATTCTGCTGATTTACCTTTC
ENSDARG00000089581 nhirc2 B CTGTCAGCTTACTGTAAGACGCCAT
ENSDARG00000007534 itin1 SB CTAATTCTGTACTTACTCGATTCAC
ENSDARG00000035559 tp53 B standard (Robu et al. 2007)

- - Random control  standard
*SB=Splice site blocking, TB=Translation blocking

45.1  Quantitating morpholino functionality

The effect of the morpholino on the target transcript was assayed with qPCR primers
designed around the morpholino binding site, with one of the primers spanning an
exon-intron boundary to prevent binding to contaminating DNA. The resulting
amplicons were run on agarose gel to determine the fraction of the altered transcript
in relation to the wild type transcript. The efficacy of the silencing was measured at

multiple time points. The primers designed for morpholino quantitation are listed in

Table 7.
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Table 7. Primers for quantitation of morpholino efficiency

Gene name Direction Sequence (5-3)

nhirc2 Forward GTCTCCAATACTGGGCAGGTG
Reverse GCCTGCTAATGTTGAGACTTTTCC

itin1 Forward ATGATGCAGTCAGCTGGTTTTCTTCTG
Reverse GCAGTGACCGACTCTGGAAATTCTCC

46  Gene expression analyses

4.6.1 RNA extraction

RNA was extracted from whole larvae for gene expression analyses using RNeasy
mini Plus kit (Qiagen, Hilden, Germany). 2-mercaptoethanol was used in the lysis
buffer to denature RNases. The extraction was completed according to the
manufacturer’s instructions. RNA was resuspended in nuclease free water.

Adult fish kidneys were extracted for an RNA-seq analysis with the same RNeasy
mini plus kit, however the kidneys were homogenized prior to extraction. Kidneys
were homogenized in screw cap tubes with an RNA preserving buffer with 6 ceramic
beads (2.8mm &, Omni International, GA, USA). Homogenization was done with
6.5m /s for 2 x 30 seconds on dry ice with a FastPrep-24™ 5G bead beating grinder
and lysis system (MP Biomedicals LCC, CA, USA). For the analysis of adult fish
organs, DNA removal columns were not used, instead contaminating genomic DNA
was removed with a Rapid Out DNA removal kit (Thermo Scientific).

46.2  Gene expression analysis with gPCR

For quantitative PCR (qPCR), complementary DNA (cDNA) was synthetised
with a Sensilfast cDNA synthesis kit (Bioline Meridian bioscience, OH, USA). A
gene expression analysis was performed with the PowerUp Sybr Green master mix
(Thermolisher Scientific) with a CEFX96 Real-time PCR detection system (BioRad).
Cycle threshold (Ct) values were normalized to the Ct values of the reference gene
eukaryotic translation elongation factor la, eefa, transcript, and amplicon sizes were
confirmed by separating them on an agarose gel. The cycling parameters of the qPCR
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programme were 50°C 02:00 (mm:ss), 95°C 02:00, 40 cycles of 95°C 00:03 and 60°C
00:30, followed by a melt curve from 55°C to 95°C at a 0.5°C increment. All samples
were measured at least in duplicate. qPCR primers are listed in Table 8.

Table 8. gPCR primers for gene expression in zebrafish

Gene  ENSEMBL gene ID Direction ~ Sequence (5'-3')
pycard ENSDARG00000040076 Forward ~AAGTCTGCAATCGAAAAGCTG
Reverse  CTTTGCTTTCTGATTGCCCT
eeffa  ENSDARG00000020850 Forward CTGGAGGCCAGCTCAAACA (1)
Reverse  ATCAAGAAGAGTAGTACCGCTAGCATTAC (1)

(1) (Tang et al. 2007)

4.6.3  Transcriptome analysis with RNA-seq

Zebrafish were infected with a low dose of M. marinum. At 4 wpi, the fish were
euthanised with an overdose of anaesthetic. The kidneys were extracted and
homogenized for RNA-extraction. RNA-extraction was performed with the RNeasy
Mini Plus kit as detailed in the previous section. The RNA quality was assessed with
a Fragment Analyzer instrument (Agilent Technologies, Santa Clara, California,
USA). Samples were sent for analysis to the Finnish Functional Genomics Centre at
Turku Bioscience. The run was performed with NovaSeq 6000 S4 v1.5. Paired end
sequencing of 100 bp was completed at 20 million reads per sample depth.

464 RNA-seq data analysis

The quality of the RNA-sequencing data was analysed with FastQC version 0.11.7
(Andrews 2010). The alignment was done with STAR aligner version 2.5.3a in the
ENSEMBL reference genome GRCz11.104 (Dobin et al. 2013; Hubbard et al. 2002).
Differentially expressed genes were determined with DESeq version 1.24.0 (Love,
Huber, and Anders 2014) using R (v.3.6.1). Differential expression was set at P<0.05
after adjustment for multiple testing, with a log2 fold change >1 and with the
absolute median difference of library-size normalized read counts >13 between the
two conditions.
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4.7 Infections with M. marinum

M. marinum (ATCC 972, Aronson strain) was cultured on BD Difco Middlebrook
7H10 plates (BD Biosciences, NJ, USA) and grown at 29°C protected from light.
For infection experiments, M. marinum was inoculated in 7H9 media (BD
Biosciences) with 0.2% Tween80 (Merck). After 72 hours, the culture was passaged
to OD600~0.07 and allowed to reach the logarithmic growth phase.

For infections, 1 ml of culture at the logarithmic growth phase was pelleted. The
bacterial pellet was then resuspended in a volume corresponding to approximately
30 CFU / 5 ul in PBS containing phenol red as tracer dye. For embryonic zebrafish
infections, 2% polyvinylpyrrolidone was added to the solution. With adult fish,
bacteria were injected intraperitoneally into the organ cavity using a 30G needle,
under Tricaine anaesthesia. Infected adult fish were followed for 24 weeks for
survival experiments, for 4 weeks for bacterial burden analyses, for 4 weeks for the
RNA-seq analysis of gene expression and 8 weeks for histopathology. The wellbeing
of the fish was assessed daily. Embryos were injected into the yolk sack using a
microinjector system as described before. The injection dose was estimated by
plating the injection mix onto 7H10 plates. Embryos were dechorionated at 1 dpf
and transferred into 24-well plates with embryonic medium. Embryos and larvae

were followed until their death, with a daily assessment of their wellbeing.

471  Survival experiment

The adult offspring of heterozygous fish, born at approximately mendelian ratios of
each genotype (25% of WT, 50% heterozygous, 25% mutant) and equal numbers of
both sexes were infected with a low dose of M. zarinum as described. The wellbeing
of the fish was assessed daily, and fish presenting any sign of infection were
euthanised according to the humane end point criteria. Euthanised fish were
genotyped after the experiment. The adult fish survival experiment was terminated
at 24 weeks, or when 40% of the fish had died or been euthanised.

4.7.2  Bacterial burden assay
Bacteria in the organ block of the fish were analysed at 4 wpi using a qPCR-based

analysis according to a previously described protocol (Parikka et al. 2012). Briefly,

organ block samples were homogenized with ceramic beads as described in section
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4.8. DNA was extracted using the Tri-reagent (MRC Inc. OH, USA). 1 ug of DNA
was used for analysis with a Sensifast Sybr No-ROX kit (Bioline) against a dilution
series of a sample with a known bacterial concentration. Primers used in the
quantitation were Mmits F: 5-CACCACGAGAAACACTCCAA-3’, Mmits R: 5-
ACATCCCGAAACCAACAGAG-3’ (Parikka et al. 2012). The detection limit was
set to 100 CFU as samples with fewer bacteria do not give consistent results, and
samples measuring below 100 CFU were given an arbitrary value of 0 (mutant) or
100 CFU (wild type) to minimise the bias in the statistical analysis.

473  Flow cytometry and cell sorting

Adult fish were euthanised with an overdose of anaesthetic and decapitated. The
kidneys were released with tweezers and resuspended in 100 pl PBS with 0.5% foetal
bovine serum (FBS) (Merck) and kept on ice. The kidney was homogenized by
pipetting and passed through a 35uM cell strainer. Flow cytometry experiments were
completed with FACS Arya Fusion (BD biosciences). The viability stain FVS510
(BD Biosciences) was used for excluding dead cells. Cells were gated according to
their size (side scatter SSC) and granularity (forward scatter FSC) according to the
data by Langenau et al. (2004) and Traver et al. (2003). 20 000 events were recorded
per sample. Sorted cells were kept on ice and pelleted after the flow cytometry was
completed. RNA was extracted with an RNeasy Micro plus kit (Qiagen). The flow
cytometry results were analysed with FlowJo 10.7.1.

474  Histology

Adult zebrafish were infected with a low dose of M. marinum and euthanised 4 wpi
with an overdose of anaesthetic. Fish were injected with 60ug of pimonidazole
hydrochloride during terminal anaesthesia and were decapitated 10 minutes after
injection. The fins, tail and the head above gills were removed. The fish were fixed
in 10% phosphate buffered formalin at room temperature for 7 days. The fish were
then decalcified with 0.5M EDTA pH 8.0 for 7 days. After, the torsos were rinsed
under running tap water for 2h and the samples were incubated in 70% ethanol
overnight at room temperature. The samples were cast into paraffin blocks and cut
with a Leica Microtome SM2010R. 4 x 5um sections were collected every 200um on
StarFrost advanced adhesive glass slides (Waldemar Khnittel Glasbearbeitungs
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GmbH, Braunschweig, Germany). The samples were deparaffinised and stained for
analysis. The glasses were stained either with Ziehl-Neelsen or Mallory’s trichrome
staining according to standard protocols. For the hypoxia stain, a Hypoxyprobe-1
kit was used (Hypoxyprobe, Burlington, MA, USA). After staining the slides were
dehydrated and embedded with DPX mountant for histology (Merck). The slides
were analysed with a Hamamatsu NanoZoomer S60 digital slide scanner and
analysed with NDPview v.2.8.24. The granuloma size, location and structure of

granulomas, and the result of the hypoxic stain were recorded.

4.8  Statistical analysis

The number of animals required for the survival and bacterial burden experiment
was estimated based on our previous data or pilot experiments. Power calculations
were done with the online tool (https://clincalc.com/stats/samplesize.aspx). For
example, the required group size for the pycard mutant survival experiment was
estimated to be 19 fish (x=0.05, B =0.8, difference between groups for outcome
40%). As the experiment was done blinded, a moderately higher group size of 25
was selected so that it contained a sufficient number of each genotype and allowed
for the loss of several fish during the infection procedure. Statistical analyses were
done with Graph Pad Prism V5.02. For survival curves, the Log-Rank test was used.
For other analyses including gene expression, the U-test was used. A linear mixed
model was used for the analysis of granuloma size. The model included a fixed effect
for genotype and a random effect for individual fish. The statistical analysis was done

using a linear mixed model R-package (R package: Ime4).
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5 RESULTS

5.1  CRISPR-Cas9 efficiency is affected by closed chromatin

5.1.1  gRNAs which function in vitro do not always function in vivo

The functionality of a gRNA is determined by its folding and sequence specificity.
Testing the functionality of gRNAs 7z vitro can tell if the gRNA is able to cleave its
PCR amplified genomic target region when there is no interference from off-target
binding sites or chromatin. In turn, when the target is located in the genomic DNA,
the gRNA-Cas9 complex has to search for its highest affinity binding site among
many available candidates. As shown by Knight et al. (2015), targets buried in closed
heterochromatin take more time to be found than the targets located in open
euchromatin. To experimentally investigate whether chromatin organization affects
CRISPR-Cas9 mutagenesis in zebrafish larvae 7z vivo, a 1kb sequence around the
gRNA binding site was amplified. The cutting efficiency was evaluated by separating
the digested fragments by an agarose gel electrophoresis. This was then compared
with the activity of the same gRNA cleavage efficiency 7z vivo in zebrafish larvae. The
results show that for three selected gRNAs, the activity detected 7z vivo can differ

from that observed 7z vitro, where chromatin is missing (Study I, Figure 1).

5.1.2  The onset of gRNA function is different between gRNAs

Several gRNA molecules that target genes, which are differentially expressed during
development were analysed for the onset of mutagenesis. Prior to injection, Cas9
was incubated with the gRNA to promote complex formation. The results show that
gRNAs can differ in their onset of mutagenesis. This can, however, be affected by
target sequence specificity and affinity, which is different for each gRNA. The
stability of the R-loop formed by the genomic DNA and the gRNA bound to Cas9
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has been found to strongly correlate with the cleavage efficiency of Cas9 (Xu, Duan,
and Chen 2017) Thus, the value of the result is merely that it demonstrates that not
all gRNAs are equally efficient or act at a same rate (Study I, Figure 2).

9.2 The number of degrading cells is increased in the brains of
nhilrc2 morphants

5.2.1  Successful knockdown of nhlrc2 with morpholinos

Morpholinos were designed against the translation start site and the splicing site at
the beginning of exon 4 of the #h/re2 sequence. As the translation blocking
morpholino does not cause changes in the transcript sequence, its effect can only be
measured at the protein level and it cannot be quantitated with qPCR-based
methods. The splice site blocking morpholino alters the transcript, so its effect can
be quantitated using qPCR. Primers for the quantitation were placed in exon 3 and
exon 5 (Figure 8). The gPCR product was separated using agarose gel
electrophoresis, which clearly shows that only exon exclusion seems to take place
(Figure 8). Based on the results, knockdown of #h/rc2 using the splice site blocking

morpholino was successful.

5.2.2  nhlrc2 morphants display alterations in the midbrain region

Morphant fish were imaged through the first 7 days of development but marked
changes in their appearance were not seen (Study II, Supplementary figure 14).
However, the fish did appear lethargic and unresponsive, despite not displaying
differences in their ability to break through the chorion (Study II, Supplementary
figure 15). As FINCA patients displayed changes in their brain structure, the
morphant brain was also analysed using transmission electron microscopy (TEM).
As the effect of the translation blocking morpholino could not be quantitated, a
splice site blocking morpholino was used for the experiment. Morphants were
analysed with TEM at 2 dpf, and the analysis of the midbrain region revealed an
increased number of disintegrating cells or cells with an accumulation of vacuoles in

comparison to controls injected with random control morpholino (Figure 9).
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Figure 8. Effects of morpholino silencing on nhirc2 mRNA. a) The nhirc2 transcript is depicted with
light grey boxes for exons (E) and lines for introns (i) numbered from 5’ to 3, as well as the
untranslated region (UTR) in dark grey. Two morpholinos (MO) were designed to prevent
normal translation, a translation blocking MO (TB-MO) and a splice site blocking (SB-MO).
Half-arrows indicate the target sites for the primers for quantitation. TB-MO binds to the
translation start site. SB-MO binds to the i3-E4 boundary, where it prevents normal
splicing. SB-MO can cause either exclusion of e4, or inclusion of i3, which both lead to
frameshift and a truncated protein. b) Quantitation of the SB-MO effect with gPCR
indicates that exon exclusion takes place, leading to a shorter 76bp product. ctrl =
untreated control. Part a) has been drawn from nhirc2 Ensembl ID:
ENSDARG00000089581. Part b) of the figure has been adapted from Study |l
Supplementary figure 14.
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Figure 9. The knockdown of nhirc2 increases the number of degrading cells and cells with increased
vacuole formation. a) The mid brain region of morphants (indicated) was analysed with
TEM. b) TEM images from five nhirc2 morphant and five random control injected
morphants showed that nhirc2 morphants have a greater number of cells that are affected
(5,8%, 47 of 810 total cells) in comparison with (1%, 9 of 850 cells). The central line
indicates the mean and whiskers the standard deviation. The p-value has been
determined with the 2 test. c) Exemplar images of the results, with stars indicating
degrading or vacuolarised cells from the same data presented in original publication II.
The black bar depicts a 5um scale bar.
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5.3  Knockdown of itln1 does not impair the survival of itin3-
mutants

5.3.1  itln1 morpholino silencing reduced transcript levels

A morpholino injection causes a reduction in the levels of the 7#/»1 transcript
(Figure 10), and the effect is lost with time, as the morpholino gets diluted between
dividing cells. Transcripts were measured with qPCR and the results were verified
on agarose gel, which also indicates that only the exon skipping product is observed
on the gel (Figure 10). In comparison with the controls injected with a random
control morpholino, the reduced amount of transcript was visible both in the Ct

values as well as in the gel run (Figure 10).

5.3.2  itln1 morpholino knockdown does not affect the survival of itin3
knockout zebrafish

As the 7#/n3 mutants did not show a phenotype in our survival experiments, it could
be that another gene of the same family of genes compensates for the loss of 77/#3 in
the CRISPR-Cas9 mutated fish as suggested by El-Brolosy et al. 2019 and Rossi et
al. 2015. As #/n1 is induced at the early points of a mycobacterial infection in a similar
manner as z#/#3 in larval zebrafish, it is a potential candidate to compensate for the
loss of #t/n3 in the knockout fish. To test this, z#/n1 was silenced with morpholinos.
The offspring of heterozygous parents were infected without prior knowledge of
their genotypes, and the genotypes were analysed post-mortem. A significant change
was observed in the survival of the 7#/z3 mutated fish upon silencing 7#/n1 expression
with morpholinos. However, this was seen in only one of the two mutant lines, and
only in WT and knockout larvae (Figure 11). A later analysis also revealed that
knockout of /#/n3 does not alter the transcript levels of the other z#/n-family members
(Study III, Supplementary Figure 2).
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Figure 10. The effect of morpholino silencing on itin1 transcript levels. a) A schematic presentation of
the 4 itin1 transcripts. Dark grey boxes indicate the untranslated regions (UTR), light grey
boxes exons (E1-E7) and lines introns (i1-i7, not drawn to scale). The target site for the
splice site blocking morpholino is indicated, with half-arrows indicating primer binding sites
for measuring morpholino efficacy. Normal splicing and the three predicted outcomes of
morpholino binding are presented. b) gPCR measurements of itin1 transcript in
comparison to random control morpholino injected controls (normalized to eeffa). The
figure has been modified from Study IIl. Supplementary Figure 4 and Figure 5)
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Figure 11. Silencing itin1 does not alter itln3-mutant survival in a M. marinum infection. Data is
represented for each genotype a) WT, b) heterozygous (Hz) and c) knockout (Mut) with
left graphs presenting the itin3u245 and the right side itinua’4é line. When infected with a
low dose of M. marinum and the morpholino (either random control, RC, or iltn1 SB MO)
iltn3utat45/utal45 syrvival is not altered for any genotype a-c. The survival of both iltn3*+ and
iltn3utat48iutal4s is significantly improved in comparison to RC MO injected controls, whereas
the survival of iltn3uta146* remains unaltered a-c. As the result was not repeated with both
strains, it was concluded not to be significant. The data has been modified from Study |Il,
Figure 5. Study lI. dpi = days post infection
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54  Pycard is essential for the defence against an M. marinum
infection in zebrafish

5.4.1  pycard” knockout mutants show a reduction in transcript levels

To determine, if pycard is essential for the immune defence in zebrafish, two mutant
zebrafish lines were generated using CRISPR-Cas9 mutagenesis. The success of the
knockout was determined by measuring the transcript levels in zebrafish larvae at
multiple timepoints. pycard”/- fish display reduced levels of transcripts at each point
measured. As small amount of RNA was present at each timepoint, it can be
concluded that the aberrant mRNA product produced as a result of the frameshift
mutation is a potential trigger for compensatory effects. If a functional antibody was
available, the presence or absence of the protein could be analysed.

Sanger sequencing revealed that the selected mutants carry two types of
frameshift causing mutations, a (Study IV, Supplementary figure 1). When translated,
the mutated sequence results in a truncated protein product, as displayed in Figure

12b.

54.2  pycard” larvae do not show altered susceptibility to an M. marinum
infection

The embryos from both knockout strains from two heterozygous parents were
infected with a low dose of M. marinum to determine if their survival is impaired
upon a mycobacterial infection. As the parent fish were heterozygotes, the offspring
was 25% WT (pycard*/+), 50% heterozygous (pycard?**/+ and pycard?=/+) and 25%
homozygous knockout (pycardr /v and pycard?=/?7). lLarvae were genotyped
postmortem using RFLP. As no difference was observed between genotypes, the
maternal expression of pycard either as an mRNA or a protein could be masking the
phenotype by protecting the embryos from infection. Harvey et al. results suggest
that the pycard mRNA is not present in the developing embryo before 9 hpf, however
they did not measure protein levels. The same experiment was done with the I3
generation, which were either offspring of homozygous or WT parents. As the
parent fish (pycard knockout homozygous) do not have a functional copy of the gene,
the offspring should not have a maternal transcript or protein, which could protect
them from the infection. However, there was no change in the results. Therefore,
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the survival of the larvae from an M. marinum infection is not atfected by the lack of
a functional pycard (Study IV, Figure 1).
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Figure 12. Knockout of pycard using CRISPR-Cas9 results in reduced transcript levels. a) The
structure of the gene pycard where untranslated regions (UTR) are indicated with dark
grey and exons (E1-E5) in lighter grey. Introns are indicated by lines joining exons and
have not been drawn to scale. Gene structure has been adapted from Ensembl ID:
ENSDARG00000040076. The gRNA binding site is indicated with an arrow and a label.
Horizontal half arrows above and below exons indicate primer binding sites for transcript
quantitation, with the dashed arrow line indicating the intron spanning primer. The resulting
premature stop codon and the amino acid sequences for both selected mutants are shown
in b) the alignment of the proteins generated with Clustal Omega (Sievers et al. 2011).
Colours indicate amino acid properties (Zappo theme (Salmon is aliphatic or hydrophobic,
orange is aromatic, blue is positive charge, red is negative charge, green is hydrophilic,
purple is conformationally special and yellow is cysteine)). c) The result of the transcript
quantitation in both mutant lines pycard's and pycardtru4 measured in larval zebrafish at 1,
3, 5, and 7 days post fertilization (dpf). Part c) has been adapted from Manuscript IV,
Supplementary figure 1.
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54.3  pycard” adult zebrafish display an increased susceptibility to M.
marinum

Adult zebrafish were infected with M. marinum to determine if pycard plays a role in
the adaptive immune response during an infection. In the first experiment, 66 adult
fish (offspring of heterozygous parents pycard?/*+) were infected without knowing
the genotypes of the infected fish. This was done to minimize the experimental bias
caused by the researcher. As with the larval experiments, the fish were genotyped
post-mortem using RFLP with Csel. A clear impaired survival was observed in the
knockout pycardr 5/% fish, but the group size was too small (14 pycard*/+ to 22
pycard?r/ 115 to reach statistical significance. Heterozygous and WT fish did not show
difference in survival. When comparing the heterozygous group and WT group
together against the knockout mutant group, a significant difference was observed
(Study IV, Figure 2). In the repeated experiment with a larger group size, a significant
difference between WT and knockout pycardr#/#% fish zebrafish was observed,
indicating that the lack of a functional pycard impairs the survival of the adult
zebrafish. As this effect was not seen in larvae, the results suggests that pycard could
be essential in mediating the adaptive immune response against M. marinum instead

of the innate response.

54.4  pycard”-adult zebrafish present increased bacterial burden

In order to determine whether the resistance or tolerance to M. marinum was
decreased in pycard/-mutants, it was necessary to determine if the number of bacteria
was higher in the mutants compared to WT fish. Fish from both strains were infected
with a low dose of bacteria and the bacterial burden in the whole organ block at 4
weeks post infection (wpi) was determined with a qPCR-based method. The survival
and the bacterial burden of the fish is dependent on the infection dose (Parikka et
al. 2012). Thus, the load of bacteria in the organs reflects the ability of the fish to
contain the progression of the infection, as a higher number of bacteria causes the
fish to succumb faster to the infection. Infected pycard/-knockout fish display a sight,
however, significant increase in the number of bacteria detected in the whole organ
block compared to WT fish (Study IV, Figure 2). This indicates that the immune
system of the knockout fish is unable to contain the bacterial growth.

When divided by sex, a slight increase in the bacterial burden was observed in the
knockout (pycard? /%) female fish in comparison to WT male fish. However, a two-
way ANOVA showed that sex did not have a statistically significant effect on
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bacterial burden (p = 0.6284 after log transformation). (Figure 13). The slight
increase of burden in females could be a result of the larger abdomen of female fish
in general. If significant sex-specific differences between groups were observed, it
would be sensible to investigate as to why this is and how it affects results in
experiments where fish of both sexes were included. Unfortunately, sex of the fish
was not recorded for all experiments, so no conclusive results can be drawn from
this limited data.

Mycobacteria reside in granulomas, and thus it could be that the increase in the
bacterial burden represents a change in the structure of the granulomas of the
knockout fish.
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Figure 13. Example of a burden experiment data divided by sex. The line indicates median. Samples
below detection limit (DL) were assigned a value of 100 CFU for WT and 0 CFU for
pycard- for statistical analyses. The difference between sexes was not significant
(p=0.6284) according to a two-way ANOVA analysis after log transformation. The data has
been modified from Study IV, Supplementary figure 3.

54.5 Histological analysis reveals larger granulomas in pycard”- fish in
comparison to WT siblings

Pycard-knockout mice cannot contain mycobacteria in granulomas, and a higher
number of bacteria are found outside granulomas in the lungs of the knockout mice
than in WT mice (McElvania Tekippe et al. 2010). A likely explanation for the
compromised survival and higher bacterial burden of the mutated pycard is that the
mutant fish are unable to contain bacteria in granulomas. For a histological analysis,
adult zebrafish (pycard?r /74 and WT siblings) were infected with a low dose of M.
marinum. At 8 wpi, the fish were prepared for histological sectioning. Three different
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histological stains were used: the Ziehl-Neelsen stain allows the detection of acid-
fast bacteria in tissue sections; Mallory’s trichrome stain colours collagenous
structures and allows the visualization of the cuff around capsulated granulomas;
lastly, the hypoxia staining shows if the granulomas have a necrotic, hypoxic core.
Granuloma structure, bacterial content and hypoxicity were evaluated from the
tissue sections stained every 200 um through the fish. Granulomas which were not
round were measured in two directions and the average of the two was recorded
(Figure 14). Using the linear mixed models R-package (Ime4), the granulomas in the
KO fish were determined larger than those observed in the WT siblings (p= 0.0217%)
(Study 1V, Figure 5). Differences in hypoxicity, the bacterial content, progression or

number of granulomas per fish were not observed (Study IV, Supplementary figure
0).

scale 100pm

Figure 14. Granuloma diameter measurements. For round granulomas (upper left) the diameter was
measured as the circle radius (solid black line crossing the dashed line). For oblong
granulomas two antiparallel measurements were taken and their average was recorded.
Granuloma boundaries are shown by dashed lines, and the diameter measurement by a
solid line. A scale bar of 100um is shown in the bottom left corner.
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5.4.6  RNA-seq reveals a number of differentially regulated genes in the
pycard udpus fish

In order to determine which changes in the mutants were responsible for the
phenotype, RNA-seq was applied to analyse the differences between pycard’-and WT
zebrafish at the 4-week timepoint during an M. marinum infection. Control fish were
injected with PBS.

Analysis of WT pycard™/* and knockout pycard?=/?%5 PBS injected fish revealed
that the expression of only 4 genes was significantly altered. The expression of pycard,
akrlala and tmem176/3a was downregulated, whereas the expression of nocta was
upregulated in the mutant fish. Between infected WT and pycard?»5/?%5 fish, the
expression of 124 genes were significantly altered (Study IV, Supplementary table 1).
Of these, 22 were upregulated in pycard?"5/7» fish and 102 downregulated, when
compared to WT fish. Many immunologically significant genes were on this list,
including the mutated gene pycard being the second most downregulated gene. 12
unnamed genes with no known function were also on this list (Study IV,
Supplementary table 1).

In humans, the NLRP3 inflammasome is thought to mainly act in macrophages
and other leukocytes, but also in epithelial cells (Martinon, Mayor, and Tschopp
2009). As open access single cell data are available for zebrafish, the RNA-seq data
for the differentially expressed genes for pycard?/?"5 was analysed with reference to
the cell type. One of the significantly downregulated genes in our mutants was
lysozyme ortholog Az We did not see a significant change in the myeloperoxidase
homologue (7px), which is another neutrophil cell marker gene (Figure 16). In line
with the reduction of 4z, most of the differentially expressed, downregulated genes
in our mutated fish are expressed in neutrophils, according to the single cell data by
Tang et al. (2017) (Figure 15). In addition, we observed dysregulated expression of a
number of myelopoiesis or haematopoiesis related transcription factors (runx3,
esrnpla, rfn45b, chx7 and £4f9 (Figure 16). Moreover, Tyrkalska et al. (2019) suggested
that the inflammasome is essential in regulating the balance of gatala and spi1b in
relation to haematopoiesis. In our data we observed the downregulation of g:74 in

the pycard/- fish.

93



pycard
tmeml761.3a
slc27ad
si.ch211.1a19.2
si.dkey.71b5.7
abccl3
5100z
il6r
ctssl
CR354540.1
cspplb
5i.dkey.42123. 4
colldala
si.dkey.12112.1
vad
apoeb
pigriz.3
abchb8
rabdd
hdac5
ch25h12
rbm5
prkacha
heré
apbblip
adaml9b
fbx114b
stk39
irgql
nbn
srgn
zge. 77112
si.ch211.276al7.5
rab3db
si.ch211.260e23.8
si.dkey.10p5.7
si.dkey.20d21.12
1yz
aldoca
si.cabz01036022.1
ppmldb
arrbza
itgazb
ponzré
si.dkey.34d22.5
sle2adb Relative expression

dgkzb 1.0
scpp8
si.ch211.286b5.8
apoll
fgdda
si.dkey.56i24.1
papss2b
qki2
lparSa
si.dkeyp.28d2. 4
runx3
dixdelb
ryr3
shisad
mapk11
cfl1l
synelb
fak3
s1.dkeyp.2ed.3
fbln2
eyfip2
arhgef3l
mknk1
ltbdr
acapi
cbx7a
pppiridaa
il116
nrros
sybll
osbplla
nfya
i134

zgc. 92550

mal
si.dkey.7514.5
dicp3. 3
zge.123103

GRE14

csrnpla
si.dkey.201cl3.2
k1f

dnaseZ
apoalb
tnfrsfllb
si.ch73.141c7.1
odf3b
cdknid
fga
aarsdl
pvalbd
jund
pex7

pop
metpzb
pricda
rnf1456
brmslla

B cells
T cells
NK cells
NKL cells

Kidney progeniters

B cells
Kidney proximal tubule

T cells

NK cells

NKL cells

Kidney progenitors

Kidney proximal tubule
Meutrophils

Macrophages

Macrophages
M®/Myeloid cells

Erythroid cells
Neutrophils
Md/Myeloid cells
Erythroid cells

HSCs/thrombacytes
Blood progenitors

Kidney mucin cells

H5Cs/thrombocytes
Bloed progenitors
Multiciliated kidney cells

Kidney distal tubule
Kidney mucin cells
Multiciliated kidney cells
Vascular endothelium
Kidney distal tubule
Nephron epithelial cells
Vascular endothelium

Nephron epithelial cells

Figure 15. Expression of differentially expressed genes in blood cells. Differently expressed genes
(p<0.05, fold change >2) in infected WT and infected knockout pycardtrusieus fish based on
RNA-seq results and their expression in different blood cell populations according to the
scRNA-seq data by Tang et al. 2017, derived from Lareau et al. (2017)
(https://molpath.shinyapps.io/zebrafishblood/). Relative expression has been determined
as the fragment of cells of the parent population (determined by transgenic fluorescent
signatures) expressing the named transcript.
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Figure 16. Findings from the RNA-seq of knockout pycard fish infected with low dose of M. marinum.
Gene expression values are indicated as DEseq normalizes reads, normalised to gene
length. Indicated are neutrophil marker genes a) lyz, b) mpx, haematopoietic transcription
factors c) gata1, d) spi1b, €) polycomb group protein cbx7a, transcription factors f) k/f9 and
g) runx3, and lastly our gene of interest h) pycard. A significant difference is indicated with
the corresponding p-value, significance has been determined with a two-tailed U-test. The
legend for all charts is displayed on the top right.
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6 DISCUSSION

6.1  The chromatin landscape influences mutagenesis efficiency
in zebrafish

In our study, we determined whether CRISPR-Cas9-based mutagenesis is equally
efficient when targeting genes differentially expressed in early development. As
mutating transcriptionally active genes was more often successful than was targeting
genes which were only expressed late in embryogenesis, a correlation with chromatin
seemed evident (Study I, Figure 3). However, using the available open access data,
we were merely able to probe the chromatin status in a very superficial manner at
irrelevant timepoints, and subsequently failed to find a significant correlation (Study
I, Table 1). This is not surprising, as CRISPR-Cas9 acts in a complex developmental
chromatin landscape that undergoes changes constantly in the zebrafish embryo.
During development, the totipotent fertilized egg will divide and give rise to all
the cells of the mature organism. The dividing cells will lose their totipotency and
become pluripotent stem cells and after further divisions will only carry the
transcriptomic potency to express the genes of a specialised cell type. Thus, when
injecting genome engineering reagents into a fertilized egg cell, the editing machinery
will act in a chromatin landscape typical for the cell type at a given time. As the rate
of cell division is different between organisms, the editing machinery will also have
varying amounts of time to act before becoming diluted. Therefore, it can be
reasoned that CRISPR-Cas9 could be subject to differences in the timing of the onset
of the mutagenesis, due to the changes in chromatin landscape. Typically, chromatin
is opened when genes are more active and is closed when genes are inactive
(Tsompana and Buck 2014). However, the detection of transcripts is not an absolute

readout for initiation of transcription, as maternal mRNAs are present in cells at

96



early timepoints (Harvey et al. 2013). Also, open chromatin does not always correlate
with active transcription because developmentally important genes are epigenetically
poised with permissive histone signals even if they are not actively transcribed (Lesch
et al. 2013). Histones are the proteins around which DNA binds, and which bundle
together to give nucleosomes. Histones are modified with acetylation and
methylation which alters their activity. Typical signatures for actively transcribed
genes are for example H3K27 (Histone 3 Lysine 27) acetylation, H3K4 methylation
and H3KD9 acetylation at the enhancer and promoter sequences of a gene (Perino
and Veenstra 2016). As there is a number of different histones which implicate the
transcriptional state of a gene, it would be interesting to test if genes wrapped in
different kinds of histones are more readily accessible for CRISPR-Cas9 than others
(Perino and Veenstra 2016). We attempted to see if this could be shown
experimentally by testing the onset of the mutagenesis for functional gRNAs in
zebrafish embryos, but with only three different genes (Study I, Figure 2). It may be,
however, that the transcription machinery is also inhibitory to the cleavage function
of Cas9, although there is no direct evidence to support this notion.

Different experimental readouts can be used as a measure of chromatin openness
(Tsompana and Buck 2014). Nucleosome occupancy at CRISPR-Cas9 target sites
has also been indicated by several studies (Hinz et al. 2015; Horlbeck et al. 2016;
Isaac et al. 2016). Nucleosome breathing during cell division, however, partly lifts
this barrier and allows CRISPR to act on its target (Isaac et al. 2016). Even if the
assays probing the effect of the chromatin landscape on genome editing tools were
done using cell lines, the hindrance caused by chromatin seems to be an established
fact and likely applies similarly during early development.

In addition to the hindrance presented by the changing chromatin of the embryo,
merely introducing a prokaryotic enzyme to a eukaryotic system can present
challenges. Prokaryotic and eukaryotic cells are fundamentally different in their
methods for arranging and controlling genetic material. Firstly, prokaryotic cells are
defined by a lack of nuclear structures. Secondly, prokaryotic genomes are often
smaller than those in eukaryotes, and they lack introns and hence all of the splicing
machinery. The genetic material of bacteria is supercoiled, but devoid of highly
organized packaging resembling that of eukaryotic chromatin. These are some of the
many examples demonstrating how prokaryotes differ from eukaryotes. Despite the
differences between prokaryotic and eukaryotic cells, the CRISPR-Cas9 immune
system of bacteria is in fact functionally analogous to eukaryotic RN A-interference
(RNAI1), as RNAi similarly protects the eukaryotic cell from foreign RNAs
(Makarova et al. 2000).
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Cleaving genomic DNA using a prokaryotic DNA-cleaving enzyme is vastly
different from cleaving extracted DNA 7z vitro, which is the basic procedure in, for
example, molecular cloning. In applications like sequencing, DNA is not in its native
state as DNA extracted from cells is often treated with proteinases, which also
removes DNA packing histones. Also, editing genomic DNA in cell lines is different
from editing the genomic DNA of a developing organism due to the dynamic
chromatin landscape.

Furthermore, the efficiency of CRISPR-Cas9 is also dictated by the gRNA
sequence specificity and stability, which was not taken into account in our research
(Xu et al. 2017). The compatibility of the gRNA secondary structure with Cas9
binding is a likely parameter for the formation of a functional editing complex. The
only readout without technological interference is whether a gRNA-Cas9 complex
is able to cleave DNA 7 vitro but is unable to cleave it zz vivo (Study 1, Figure 1). In
this setting, the only interfering component in the system is the number of binding
sites available for cleavage, as well as the chromatin.

For the above reasons, simple assays which measure mutagenesis efficiency
vitro and compare this to the situation zz vive with only a single gRNA do not offer a
conclusive description of the complex phenomenon. Moreover, this approach
inaccurately measures the efficacy of gRNA design tools, and gRNA synthesis
efficiency. Much like in Chen et al. (2017), it would be more conclusive to design
multiple gRNAs targeted to open or closed chromatin and test their efficacy first iz
vitro and then 7n vivo (to minimize false negatives resulting from failures in 7z vitro
gRNA synthesis). Large scale studies could reveal correlation and help minimize the

influence of the target sequence.

6.2 nhlrc2 knockdown in zebrafish as a model for the FINCA
disease

A novel congenital disease FINCA (fibrosis, neurodegeneration, and cerebral
angiomatosis) was described in three non-consanguineous patients. Despite being
asymptomatic when born, the patients started manifesting with a multiorgan disease
at around two months after birth and died before two years of age (Study 11, Table
1). The patients were found to be compound heterozygous for two mutations
(Asp148Tyr and Arg201GlyfsTer6) in a previously unidentified gene NHLRC2
(Study 1II, Supplementary figure 10a). An Nhlrc2 knockout mouse proved to be
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homozygous lethal at the E8.5 stage in early development (Study II, Table 2). In
addition to humans, a deleterious mutation in Nhlrc2 has been described in Angus
cattle (Denholm 2017). The morpholino knockdown of #h/re2 in zebrafish resulted
in cerebral vacuolisation phenotype according to the TEM analysis (Study 11, Figure
0). This result resembles the cerebral alterations observed in the human patients
(Study II Figure 1). The same amount of control morpholino did not evoke similar
changes, which suggests that morpholino toxicity is not the cause of the changes
observed (Study II, Figure 14). Tissue cultures from FINCA-patients suggested that
the mutations cause severe tissue fibrosis and increased conversion of fibroblasts to
myofibroblasts (Paakkola et al. 2018). Patients with FINCA had axial hypotonia and
dystonia, which also indicates a role for NHLRC2 in maintaining muscle
functionality (Study II, Table 1). Interestingly, a recent study connected #hlre2 to a
group of genes associated with skeletal muscle atrophy induced by excessive exercise
in zebrafish (Sun et al. 2021), which would also indicate a role for nhire2 in
maintaining normal muscle function in fish.

The NHI.LRC2 gene encodes a protein, which contains a thioredoxin domain.
However, a reduction assay did not reveal any thioredoxin activity the NHLRC2
produced in bacteria (Study 11, Figure 4c). Thus, the true role of NHLRC2 remains
elusive. X-ray crystallography combined with a bioinformatic analysis revealed that
NHLRC2 possesses a negative surface charge cleft which is a likely ligand binding
site, and that the residues at this site are conserved across species (Biterova et al.
2018) (Figure 17). Similarly, a synteny analysis indicates the general organization of
genes around NHLRC2 is conserved in human, mouse and zebrafish (Figure 17).
The residue mutated in patients (Asp148) is conserved across species (Study 1I,
Figure 4d). The other disease allele (Arg201GlyfsTer6) is processed through mRNA
mediated decay (Study II, Supplementary figure 10a).

Paakkola et al. (2018) found that NHLRC2 localizes to the cytosol. They also
investigated the potential interaction partners for NHLRC2 using proximity-mass
spectrometry, which revealed that NHLLRC2 binding partners are involved in cell-
cell adhesion, cell division and protein transport (Paakkola et al. 2018). Supporting
this, patient derived cell cultures were subjected to overexpression, knockdown and
complementation assays, which suggested that NHLRC2 is involved in the
organization of subcellular organelles, cellular morphology and the formation of
intermediate filaments (Paakkola et al. 2018). In a knockout screen completed in
human macrophages, NHLRC2 was found to be involved in actin dynamics and
salmonella resistance (Yeung et al. 2019). Similar evidence from Haney et al. (2018)
revealed the involvement of Nhlrc2 in RhoA-Racl signalling, which controls actin
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polymerization and filopodia formation and ultimately phagocytosis. Using two-
dimensional difference gel electrophoresis on neuronal precursor cells from
heterozygous knockout mice, Hiltunen et al. (2020) showed how NHLRC2 affects
especially vesicle associated proteins.

As the function of NHLRC2 remains elusive, deciding the phenotype which to
look for proved to be challenging. The Harvey et al. (2013) dataset measuring
maternal mMRNA from 2-cell stage embryos showed that the #h/w2 coding mRNA is
already present in the embryos and is likely to be maternally provided. Besides
speaking for the importance of #hirc2 supply to the developing embryo, this also
explains why #h/re2 knockdown zebrafish are not embryonically lethal like NA/re2-
knockout mice, which die before the morula stage (Study II, Table 2).

8)
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Figure 17. NHLRC2 synteny in human, mouse and zebrafish. a) The Clustal Omega alignment of the
thioredoxin domain region of NHLRC2 homologues from human (Homo sapiens, Hs.),
mouse (M. musculus, Mmus.), and zebrafish (D. rerio, Dr.). The patient mutation site
Asp148 is indicated with an arrow. Colouring is according to Zappo. b) Gene synteny for
human, mouse and zebrafish. Genes are displayed by their transcriptional direction in the
respective chromosomes (chr.) for each species. NHLRC?2 is aligned at the centre and
connected with a line. Corresponding homologous genes are indicated with the same
colour. Ensembl ID:s for NHLCR2 homologues: Hs. ENSG00000196865, Mmus.
ENSMUSG00000025078, Dr. ENSDARG00000089581.

Despite the potential off-target effects of morpholinos, their use offers a fast and
easy readout of a gene knockdown. Due to the lack of a functional antibody, the
functionality of the translation blocking RNA could not be verified, and thus we
decided to proceed solely with the splice site blocking morpholino. As the
simultaneous silencing of tp53 did not seem to affect the phenotype, but it limited
the amount of morpholino that could be administered, tp53 was left out to achieve
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a sufficient level of silencing. A high knockdown efficiency was essential as both
heterozygous humans and mice were healthy.

In order to increase the reliability of the zebrafish model, further characterisation
would be essential. This would include an analysis of the tissue distribution, gene
expression kinetics and also functional analysis of the protein. Ix situ hybridisation
could be used for analysis of the tissue distribution of #A/r2 in the larval tissues to
determine if it resembles that observed in human tissues. Some open access sScCRNA-
seq data already exists which can be used for the analysis of the expression of #h/rc2
in different tissues, and for example according to the data by Tang et al. (2017), the
highest expression of zb/r2 is in macrophages, which would support its role in
phagocytosis detected by Haney et al. (2018) and Yeung et al. (2019). However,
whole embryo scRNA-seq analyses on mouse or human samples cannot be
completed, so mining this open access zebrafish data could produce a completely
novel understanding of the function of #h/rc2 in vertebrate development.

Once verified, the zebrafish knockdown model could be used for further analysis
of the phenotype caused by the loss of #h/re2. A histological analysis of the larval
zebrafish could reveal if fibrosis can already be detected at the early days of
development. It seems unlikely that a drug treatment could abolish the symptoms of
patients carrying the mutations. However, if more patients, which survive past
childhood are found, screening for compounds which could alleviate the symptoms
could also be done using the zebrafish model.

6.3  itln1 does not alter the response to an infection in itin3
knockout zebrafish

Intelectins, especially 7#/n3 were upregulated in our microarray data upon
mycobacterial infection (Study I1I, Figure 1). To further study the function of 7#/n3
in a mycobacterial infection, 73 was mutated to generate a knockout using
CRISPR-Cas9 mutagenesis (Study III, Figure 3). 7#/n3 displayed the highest
expression in the liver (Study 11, Figure 2) and was upregulated upon a low dose M.
marinum infection in both adult and larval zebrafish (Study 111, Figure 1). The loss of
2t/n3 did not affect the survival of zebrafish from a mycobacterial infection in neither
larvae (Study III, Figure 4) nor adults (Study III, Figure 6). In summary, the knockout
of the gene did not result in an immunological phenotype. Rossi et al. (2015) suggest,
this could be a result of genetic compensation mechanisms. Therefore, silencing

compensating genes could reveal the underlying phenotype. When identifying genes
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which could compensate for the loss of 7##/#3 in zebrafish, other members of the
intelectin gene family are the most potential answer. Of these, /#/n2 and itin2-like are
both expressed mostly in the intestine (Study III, Figure 2). z/#x1 in turn, presents
similar kinetics in infection as z#3 (Study 111, Figure 1) and it is also expressed in the
spleen and kidney, which are the main immunological organs of the fish (Study III,
Figure 2). Thus, #m1 seemed like a potential candidate for substituting /3.
Morpholino silencing was selected as a strategy firstly because generating double
mutants with CRISPR-Cas9 is time consuming and because it could result in further
compensatory effects. Morpholino silencing is straightforward and less time
consuming.

Morpholino silencing using splice site blocking morpholinos can be quantitated
using a qPCR-based method. Quantitation showed that at early timepoints
morpholino silencing lead to a near total loss of the transcript (Figure 10). A
phenotype was observed in one of the mutants when comparing it to a group
injected with a control morpholino (Figure 11). However, this cannot be attributed
to the loss of both 71 and it/n3, as also the WT siblings of the mutants displayed a
phenotype when 7#/n1 was silenced. Moreover, as the heterozygous siblings or the
other mutant line did not recapitulate this result, it is most likely that the significant
result is merely an artefact (Figure 11). However, a recent study has indicated that
Itlnl is able to agglutinate bacteria and could potentially play a role in innate
immunity (Chen et al. 2018:1). In conclusion, more studies to determine the role of
itln1 are required.

The lack of a survival phenotype in both larvae and adult fish can be explained
by the observation that the zebrafish Itln3 was not able to bind bacteria zx vitro (Study
111, Figure S7). However, this could also be a result of the protein purification tags,
which could prevent the formation of a multimeric protein.

6.4  The response to an M. marinum infection is altered in
pycard knockout zebrafish

Inflammasomes are important mediators of the inflammatory response, as they
mediate the release of mature IL-1B (Martinon et al. 2002). Inflammasomes have a
renowned role in the defence against tuberculosis (Master et al. 2008; Mayer-Barber
et al. 2010; McElvania Tekippe et al. 2010) and their therapeutic potential has been
recognised (Saiga et al. 2015). In addition, PYCARD has been indicated to work
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independently of the inflammasome in several studies (e.g. Ellebedy et al. 2011; Fang
et al. 2019; Taxman et al. 2011).

The knockout of pycard resulted in an increased susceptibility to a mycobacterial
infection in adult zebrafish (Study IV, Figure 2). A reason for this seems to be the
inability to control the bacterial growth (Study IV, figure 2). However, the reason for
the inability to contain bacterial growth remains elusive. As the lack of pycard does
not seem to affect the number of leukocytes (Study IV, Figure 3), it could be that it
alters a more distinct gene expression pattern.

An RNA-seq analysis revealed that only four genes were significantly altered
between steady state PBS injected pycard/- and WT control fish (nocta, akrlala and
tmem1761.3a) (Study 1V, Supplementary table 1). Of these, nocturnin (nocta) is a gene
regulated by the circadian clock. The NOCT homologue of Nocta, has been
implicated in metabolic regulation, development and differentiation, but its specific
role remains unclear (Hughes, Abshire, and Goldstrohm 2018). akriala is a
homologue of Akr1al which is an aldehyde reductase which has also been indicated
in the vitamin C synthesis pathway in knockout mice (Lai et al. 2017). akr7ala has
recently been found to play a role in maintaining normal insulin signalling in
zebrafish (Qi et al. 2021). #wem176/3a has no known function.

Of cell type specific genes, significant changes were observed in 4z (neutrophil),
cd7al (T-cell), jak3 (NK-cell), /tga2b (thrombocyte) and apoeb (Mazzolini et al. 2020;
Tang et al. 2017). As not all cell type markers are down, it can be these are specific
for a subtype of cells (Study IV, Supplementary table 3).

According to the expression heat map, generated from the scRNA-seq data from
Tang et al. (2017), it is evident that most of the genes downregulated by the lack of
pycard are expressed in neutrophils (Figure 15). This could be explained by a decrease
in the number of neutrophils, which unfortunately cannot be seen in the FACS data
(Study IV, Figure 3) as all granulocytes and monocytes pool into the same group in
the plot. Nevertheless, of the neutrophil marker genes, only the lysozyme homologue
(hz) was significantly downregulated in the knockout pycard?»/7%5. though a modest
decrease was also seen in myeloperoxidase (7px) (Figure 16). Previously, it has been
proposed that inflimmasome activation regulates neutrophil and macrophage
differentiation by finetuning the balance of sp:75 and gatala by post transcriptionally
cleaving gatal (Tyrkalska et al. 2019). This could indeed be the case, though it cannot
be verified from our transcriptional data.

In turn, evidence from (Kalev-Zylinska et al. 2002) indicate a role for runx3 in
haematopoiesis. In their paper, morpholino knockdown of runx3 leads to the

depletion of runx1, which leads to a decrease in Lyz and Spilb presenting cells in
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zebrafish larvae (Kalev-Zylinska et al. 2002). Similarly, in human patient samples, the
decline of RUNX3 has been indicated to transcriptionally control the expression of
GATAT1 (Balogh et al. 2020). In our data, both runx3 and /z are downregulated in
pycard?rs! 5 knockout mutants, indicating that pycard is required for runx3 expression,
hence causing a decrease in /g expression. Even so, runx3 was not the only gene in
our data associated with haematopoiesis or myelopoiesis. In addition to
haematopoiesis, zebrafish 7unx3 has been implicated in T-cell development (Iwanami
et al. 2020) and in adult fish its expression is concentrated in T-cells (Tang et al.
2017).

Tuberculosis and other infectious bacterial species have been shown to modulate
host epigenetics to control the expression of proinflammatory genes (reviewed by
e.g. Fatima et al. (2021) and Gomez-Diaz et al. (2012)). The role of histone
deacetylases has been shown to affect the outcome of a mycobacterial infection in
both zebrafish and human macrophages (Moreira et al. 2020). Our data also
indicated a differential expression of epigenetic, or transcription factor related
modifiers: the nuclear transcription factor ya (#fya), histone deacetylase 5 (hdac5) and
polycomb group protein chromobox 7 (¢hx7), ring finger protein 145b (rmf145b) and
cysteine-serine-rich nuclear protein la (asmpla) in response to a mycobacterial
infection, in the absence of the inflammasome (Study IV, Supplementary table 2 and
3). Each of these, or their orthologue, has been suggested to control either
haematopoietic cells or myelopoiesis. Mouse NF-Ya is a regulatory subunit of NF-
Y transcription factor that interacts with DNA (Zhu et al. 2005). It is expressed in
haematopoietic stem cells in the bone marrow and its overexpression has been
shown to control renewal of the haematopoietic cells in mouse (Zhu et al. 2005).
HDACS has been shown to suppress transcriptional potential of GATA1 in murine
erythroleukemia cells (Watamoto et al. 2003). Mouse Cbx7 is has been indicated in
controlling haematopoietic cell renewal and myelopoiesis (Jung et al. 2019). In this
study, over expression of Chx7 enhanced mice myelopoiesis (Jung et al. 2019). CBX7
has also been indicated to correlate with increased number of blood cells including
neutrophils in cancer patients (D. Li et al. 2020). Ring finger protein 145b (mf7145b)
silencing has been shown to lead to ablation of primitive erythropoiesis and
thrombocyte formation (Gieger et al. 2011). Morpholino knockdown of esrp7a has
been shown to result in a decrease in blood cells and in expression of gatal (Espina
et al. 2013). Curiously, only erpla is upregulated in our data, implying it could be
compensating for the downregulation of the other genes. To our knowledge, of these

transcription factors, runx3 and hdac5 has been investigated in relation to
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mycobacterial infection (Lavalett, Ortega, and Barrera 2020; Moreira et al. 2020;
Subbian et al. 2013).

The zinc finger transcription factor kruppel-like factor 9 (£/9) was upregulated
in our mutants (Figure 16). Knockdown of klf9 has been shown to result in
decreased haematopoiesis, erythroid maturation and T' lymphopoiesis (Zhang et al.
2017). Curiously, £/9 has recently been indicated in the regulation of
proinflammatory genes in response to cortisol treatment in RNA-seq data from
whole zebrafish larvae (Gans et al. 2020). A previous paper from the same group,
Hartig et al. (2016), showed that cortisol treatment leads to a proinflaimmatory
phenotype, which explains why genes regulated by £/ in response to cortisol are
inflammatory genes. Interestingly, 11 genes upregulated in the Gans et al. (2020)
study carried out in cortisol treated zebrafish larvae in a /Y mediated manner,
include hit genes observed also in our data on infected fish, including lysozyme (%),
si:dkey-8k3.2  (si:dkey-8£3.2), transmembrane protein 1761.3a  (tmem176/13a),
chromobox homolog 7a (¢chx7a), si:ch211-147j13.3 (si:ch211-147;13.3), intetleukin 34
(¢134), serglycin (srgn), si: ch211-22312.4 (si: ch211-223/2.4), diverse immunoglobulin
domain-containing protein 3.3 (dicp3.3), interleukin 6 receptor (#/67), and Kruppel-
like factor 9(&/9) itself. As £/f9 is upregulated in pycard?"5/? knockout fish, our data
indicates it either compensates for the loss of pycard or is upregulated in its absence.
In other models, mice K/ has been indicated to be a feedforward regulator of
oxidative stress (Zucker et al. 2014). It has been shown to independently cause
increased levels of reactive oxygen species (ROS) in cultured cells and in mouse
tissues (Zucker et al. 2014). ROS are known to play a role in defence against
tuberculosis (Shastri et al. 2018). The results of Zucker et al. (2014) also point
towards the role of KIf9 in bleomycin induced pulmonary fibrosis in mice. Previous
research also indicates that KLF9 is upregulated in the neutrophils of patients
suffering from acute respiratory distress syndrome and in patient derived neutrophils
treated with septic plasma (Juss et al. 2016; Khaenam et al. 2014). Considering that
genes regulated by £/ in cortisol treated embryos are down in our data, pycard could
be a downstream factor from £/9. £/f9 has not, to our knowledge, been previously
indicated in tuberculosis.

Whether the indicated chromatin modifying proteins and transcription factors
implicated in our data (nfya, hdacs, runx3, exb7, mf145b, csrnpla and £/f9) are directly
or indirectly associated with pycard cannot be determined from the data. However, as
all of these have been associated with haematopoiesis or myelopoiesis, our data does
suggest another potential pathways for the impairment in neutrophils in pycard
mutants besides the caspase mediated cleavage of Gatal (Tyrkalska et al. 2019). It
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can also be theorized that the results observed by Tyrkalska et al. (2019) are perhaps
not recapitulated in our mutant, as some effects observed by us can be the result of
genetic compensation mechanisms, which are not observed in the morpholino
knockdown. Besides the differences in morphants and mutants, Tyrkalska et al.
studied larval zebrafish in a salmonella infection. Still, our results do not rule out the
effect of post translational effects on Gatal.

Of interest is also the downregulation of #£/7 (Study IV, Supplementary table 1).
Zebrafish nkl.1 is the first of the four tandem duplicates, and its expression is highest
in the kidney, liver, head, and muscle (Pereiro et al. 2015). In the kidney, #£/ 7 is most
expressed in myeloid cells (Pereiro et al. 2015). It is also elevated at 24 hours post a
Spring viremia carp virns challenge (Pereiro et al. 2015). Human NK-lysin or granulysin
is known to participate in killing intracellular mycobacteria (Stenger et al. 1999), but
evidence for the homology of the zebrafish 7£/ genes remains to be shown.

In contrast to the clear indication of the impact on neutrophils in the
downregulated genes, the genes upregulated in knockout pycard?#5/7% do not indicate
a specific expression pattern (Figure 15). They are of interest as they are potential
compensating genes, and genes potentially downregulated by pycard in WT fish. Of
these genes negative regulator of ROS (#rvs) and the malic enzyme 1 (wel) are
associated with mitigating cytosolic ROS (Noubade et al. 2014; Shao et al. 2020).
digp3.3 in turn, is associated with T-cell activation, pointing towards a role in adaptive
immunity.

Out of the unknown genes in our dataset, #zen176/3ais the only gene implicated
to be differentially regulated in both infection and in the basal state, and has recently
been shown to be a negative regulator of the inflaimmasome in mice (Segovia et al.
2019) (Study 1V, Supplementary table 1). Moreover, in the scRNA-seq data by
Farnsworth et al. (2020), #mem1761.3a strongly colocalizes with pycard expression in
zebrafish larvae. To our understanding, no connection has previously been made
with these two genes. The TMEM176 protein family is conserved in vertebrates, and
members of the family are known to be expressed at least in macrophages (Zuccolo
et al. 2010), whereas in the Tang et al. (2017) data the highest expression was in all
myeloid lineage cells (Figure 15).

Most of the genes implicated in our RNA-seq data are known to be involved in
the immune response or haematopoiesis. The dysregulated genes also present
pathways not previously connected to pycard or inflammasome activation, which can
be of value also outside zebrafish tuberculosis research. Whether these results can

be translated to a human setting remains to be determined.
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6.5  Mimicking a disease phenotype with knockouts and
knockdowns

The applicability of a model to answer the research question needs to be considered
carefully. In some cases, as with the FINCA disease, the patients were compound
heterozygous, presenting one allele which causes a frameshift and a truncated protein
and another allele, which results in the production of a protein with an abolished
ligand binding capacity. This can lead to a situation, where the production of a full-
length mRNA fails to trigger compensatory effects, and also compensates for the
loss of the other allele (Study 1I, Figure 4). Still, the production of the NHLRC2
protein is abolished (Study II, Figure 4). This is effectively recapitulated by the
knockdown of #nhlr?2 in zebrafish, as mRNA-knockdown does not result in
compensatory effects. However, the concept of compensation introduces an
interesting paradigm which should be carefully considered when generating models
or mimicking human diseases using morphants or mutants.

A notion which at least I have not seen put forward at any point of the debate is
the tissue specificity of the gene silencing and mutagenesis. Morpholinos are
generated by injecting the reagents into a 1 - 16 cell stage embryo, which causes the
reagents to diffuse into the dividing cells in supposedly equal manner. This leads to
the transcript interfering in all of the tissues, also supposedly in tissues where the
target transcript is not expressed at all. Logic would state that in tissues where the
target transcript is not present, off-targeting is more prevalent, as targeting
compounds have more time to scan alternative binding sites, similarly to the effect
presented by the chromatin landscape on genome editing tools like CRISPR-Cas9.
Thus, it cannot be completely verified if our morphants or mutants are entirely free
of off-target effects. However, if a knockout mutant line was available, injecting it
with morpholinos could reveal potential off-target effects.

With mutants, mutagenesis can be targeted to a tissue with tissue specific vector
systems. However, if trying to mimic a disease phenotype, tissue specific loss of
function is more often not the intended aim. It would be of interest to determine, if
morpholinos targeting genes expressed in a specific tissue cause more off-target
effects than those targeting genes expressed ubiquitously. When considering the
potential off-targeting, toxicity related effects and genetic compensation, it turns out
no tool is perfect on its own. In addition, when modelling human genetic diseases,
it should be analysed if the mutation in humans leads to a production of a non-

functional protein, or if it triggers compensatory responses.
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In relation to the compensatory effects of the mutagenesis, it has been estimated
that on average humans bear around 100 heterozygous and 20 homozygous loss of
function alleles which do not affect our general survival (Bunton-Stasyshyn et al.
2019). Humans are known to have higher number of transcriptome complexity, with
an estimated double the number of transcript variants per gene compared to the
mouse (Bunton-Stasyshyn et al. 2019). It can be that mammals have developed other
mechanisms to compensate for potentially deleterious alleles than zebrafish, which
seem to combat loss of function mutations with the sheer number of paralogues.
When considering the selection of a suitable model for human genetic diseases
resulting from a loss of function, compensatory mechanisms should be taken into
account. Ideally, the compensatory mechanisms should be the same in both the
patient and the model. In summary, both morphants and mutants present challenges
to research. Therefore, an ideal experiment should always include both the mutant
and the morphant and, to be more reliable, at least two of each with appropriate
controls (Stainier et al. 2017).
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7 SUMMARY AND CONCLUSIONS

The research on human genetic and infectious diseases largely relies on animal
models. When a new drug compound is introduced for testing, it first undergoes a
number of preclinical trials, which are mostly done using mice and primates, before
entering clinical trials on human patients. The success rate for a drugs entering
clinical trials is only 10%, when measured as a fraction of FDA (U.S. Food and Drug
Administration) approved drugs from the total number of drugs that entered the
clinical phase (Hay et al. 2014). One potential reason for this is that preclinical testing
is not able to provide conclusive results on the 7z vivo function of drugs, due to an
incomplete understanding of genetic events related to the disease. Besides serving as
a model for genetic interactions, the zebrafish model can offer new viewpoints in
assessing drug efficacy and administration. The knowledge from zebrafish can be
used to complement the knowledge gained from mouse studies to assist in selecting
more potent lead candidates for clinical testing, with the aim in improving the
success rate of novel drug candidates. Besides improving the success rate,
implementing zebrafish on preclinical testing could reduce the need for
experimenting on mammalian species.

The zebrafish has been shown to be suitable for modelling developmental and
infectious diseases. Moreover, it provides options for experiments, which are less
applicable with other models due to biological differences. In this thesis we apply
the zebrafish model in research of human genetic disease FINCA. Mutations
observed in FINCA-patients result in pre-natal lethality in mouse, making it difficult
to study FINCA in mouse. The gene silencing experiments in zebrafish larvae
provided the necessary complementarity to the phenotype observed in human
patients to confirm that the mutations in NHLRC2 are responsible for the symptoms
observed in the FINCA patients.

Zebrafish was also applied for studying the significance of the intelectin gene
family in mycobacterial infection. Despite being upregulated in infection, our
experiments show that zntelectin 3 is dispensable for survival in mycobacterial
infection. In addition, silencing the expression of zutelectin 1 did not alter this

phenotype, suggesting that genetic compensation is not responsible for the lack of
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phenotype in zntelectin 3 knockout zebrafish. Our results suggest that despite being
induced during infection, intelectins 1 or 3 are not required for zebrafish survival
from mycobacterial infection.

The ease of generating genetically modified organisms can be limited by the
accessibility of the gene in early development. Despite not being able to pinpoint the
role of epigenetic factors limiting the efficiency of CRISPR-Cas9 7 vivo in zebrafish
larvae, our results do support that target gene accessibility can influence CRISPR-
efficiency. Our study indicates that chromatin accessibility should be taken into
account in experimental design and thus emphasises the need for solutions which
could improve chromatin accessibility to also limit off-target activity of CRISPR-
Cas9.

Using the CRISPR-Cas9 technology, we generated a knockout zebrafish model
for pycard. The pycard gene encodes an adaptor protein required for inflaimmasome
complex and signalling. Our results indicate that pycard knockout adult zebrafish are
more susceptible for mycobacterial infection than WT, and, that this is a result of a
defect in haematopoiesis and neutrophil differentiation. Our results support the
recent observations regarding the role of inflaimmasome in demand-driven
haematopoiesis and extrapolate this to infection (Gans et al. 2020; Tyrkalska et al.
2019). Moreover, our results indicate immune cell transcriptome changes which can
be responsible for these observations (Frame et al. 2020; Tyrkalska et al. 2019). The
number of transcription factors among the genes affected by the loss of pycard
indicated in our data present interesting directions for future studies on epigenetic
factors in mycobacterial defence. Furthermore, these results also strengthen the use
of zebrafish in modelling human tuberculosis and inflammasome signalling.

In conclusion, our results display, that zebrafish is an applicable model for
studying genetics behind human diseases. Using zebrafish as a model for genetics
brings forth a number of experimental options, which would be inapplicable or less
suitable for mammalian studies. In addition, in situations where mouse is less
optimal, zebrafish can offer a valuable secondary option. Our studies successfully
employed zebrafish in modelling human genetic and infectious diseases in four

studies which will each pave way for future research.
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Abstract

CRISPR-Cas9 technology is routinely applied for targeted mutagenesis in model organisms
and cell lines. Recent studies indicate that the prokaryotic CRISPR-Cas9 system is affected
by eukaryotic chromatin structures. Here, we show that the likelihood of successful muta-
genesis correlates with transcript levels during early development in zebrafish (Danio rerio)
embryos. In an experimental setting, we found that guide RNAs differ in their onset of muta-
genesis activity in vivo. Furthermore, some guide RNAs with high in vitro activity possessed
poor mutagenesis activity in vivo, suggesting the presence of factors that limit the mutagen-
esis in vivo. Using open access datasets generated from early developmental stages of the
zebrafish, and guide RNAs selected from the CRISPRz database, we provide further evi-
dence for an association between gene expression during early development and the suc-
cess of CRISPR-Cas9 mutagenesis in zebrafish embryos. In order to further inspect the
effect of chromatin on CRISPR-Cas9 mutagenesis, we analysed the relationship of selected
chromatin features on CRISPR-Cas9 mutagenesis efficiency using publicly available data
from zebrafish embryos. We found a correlation between chromatin openness and the effi-
ciency of CRISPR-Cas9 mutagenesis. These results indicate that CRISPR-Cas9 mutagen-
esis is influenced by chromatin accessibility in zebrafish embryos.

Introduction

Since its discovery in Streptococcus pyogenes, the CRISPR-Cas9 (Clustered regularly inter-
spaced short palindromic repeats—-CRISPR associated 9) system has been extensively applied
to modify the eukaryotic genome in a targeted manner [1,2]. CRISPR-Cas9 technology takes
advantage of the bacterial Cas9 endonuclease, which generates a double stranded break

in its DNA target [1]. The repair of the break by the error prone repair machinery of non-
homologous end joining often leads to the incorporation of mutations and permanent modifi-
cations to the genome [2].
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Cas9 is directed to bind its target sequence by a single chimeric guide RNA molecule (sgRNA),
which recognizes an approximately 20 nucleotide target site, followed by the three nucleotide pro-
tospacer adjacent motif (PAM)-sequence (5-NGG-3’) [1-3]. The sgRNA sequence is considered
the limiting step in mutagenesis design, as the genomic target site needs to be unique. An optimal
GC-content and specific nucleotides at key positions in the target sequence can also alter the effi-
ciency and the specificity of mutagenesis [4-8]. The efficiency and unspecific, off-target binding
of the nuclease are not easy to predict. As a result, multiple algorithms and online tools have been
created for the identification of guide RNA targets with optimal Cas9 loading scores and the least
amount of off-targets [9-17]. However, the in silico predictions do not always correlate with the
observed mutagenesis efficiency and specificity [11,18-20].

Eukaryotic gene expression is regulated at the epigenetic level by packing of DNA into
nucleosomes, which are formed by wrapping 146bp of DNA around a histone octamer [21].
These eukaryotic chromatin structures fundamentally differ from bacterial DNA packing, and
being a prokaryotic enzyme, it is plausible that Cas9 cannot fully operate around all chromatin
structures. Indeed, recent evidence indicates that chromatin influences Cas9 binding by limit-
ing the accessibility of the target site [10,18,22-25]. Cas9 takes longer to scan for the target
sites buried in heterochromatin, whereas targets located in euchromatin are more accessible,
and thus easier to locate [24]. However, heterochromatin does not entirely prevent Cas9 from
binding to potential target sites and despite binding, cleavage does not necessarily occur
[22,24]. Target site accessibility is reflected in the tendency of Cas9 to act on secondary targets,
so it plays an important role when designing effective sgRNAs with maximum efficiency and a
minimal number of off-targets [10,17,18]. If the intended target is buried in heterochromatin,
it is more probable that Cas9 binds to secondary targets and is more likely to find those in the
exon regions in euchromatin [18]. Evidence supporting the involvement of chromatin accessi-
bility in Cas9 binding has emerged in in vitro models, cell lines and in the zebrafish (Danio
rerio) [10,17,23-26]. However, detailed understanding on which chromatin features contribute
to chromatin accessibility this is still lacking.

Compared to cell lines, zebrafish can present additional challenges for genome editing.
Compared to other vertebrates, the teleost specific genome duplication has resulted in multiple
similar genes or pseudogenes and this can, in some instances, complicate the identification of
unique targets for sgRNA. Secondly, to generate mutant zebrafish, the sgRNA and Cas9 are
microinjected into the fertilized embryo, and mutagenesis occurs during the first hours of
development [27]. Compared to cell lines, the fertilized, CRISPR-injected zygote presents a
challenge for all mutagenesis techniques as it undergoes developmental and differentiation
processes that require global changes in chromatin. Lastly, the first cell division in zebrafish
takes place very rapidly (40 minutes after fertilization), when compared to the cell divisions for
example in mice (reaching E1.5 at 24 hours post fertilization, hpf). Mutagenesis occuring after
this first cell division may more likely lead to mosaicism.

During development, the chromatin landscape is under constant change in order to enable
coordinated growth and differentiation [28-30]. The zygote is supported by the available mater-
nal transcripts and the zygotic genome remains transcriptionally inactive until the maternal to
zygotic genome activation (MZT) at the mid blastula transition (MBT) [31]. Our current under-
standing of zygotic chromatin is limited, but it has been shown that a specific histone modifica-
tion pre-patterning marks developmentally active and inactive genes during development [32].
The nuclease accessibility of the developing, chromatin-packed genome of embryos remains
poorly understood. Previously, it was observed that chromatin does not influence CRISPR-Cas9
targeting in zebrafish embryos in an MNase assay (Micrococcal nuclease assay), but later
ATAC-seq (Assay for Transposase-Accessible Chromatin using sequencing) results suggested
that CRISPR-Cas9 is more likely to be successful when targeting open chromatin [9,17]. More
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information on the influence of chromatin on CRISPR-Cas9 mutagenesis in model organisms
is needed in order to improve the efficiency of genome engineering methodologies.

In this study, we observed discrepancies between the in vitro and in vivo activities of
sgRNAs, and that selected sgRNAs differ for their onset of mutagenesis. We saw an association
between successful mutagenesis and the transcript levels during early development. We looked
further into the involvement of gene activation and chromatin in explaining the CRISPR-Cas9
mutagenesis efficiency in zebrafish embryos. Our results indicate that gene expression and
chromatin openness are associated with the efficiency of CRISPR-Cas9 mutagenesis. However,
we saw no association of mutagenesis efficiency with either exon methylation or histone H3
Lysine 4 trimethylation (H3K4me3) at promoters.

Results
Good in vitro activity of sgRNA does not assure in vivo efficacy

Analyzing the efficacy of different sgRNAs in vivo is laborious. To improve the screening
for efficient sgRNAs, in vitro digestion of the target sequence can be used. We analyzed the
mutagenesis activity of six sgRNAs first in vitro and then selected three for analysis in vivo.
As shown in Fig 1, some sgRNAs with good in vitro efficiency presented low or no in vivo
activity. This suggests that factors present in vivo prevent Cas9 from acting on its target site.
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Fig 1. In vitro and in vivo CRISPR-Cas9 mutagenesis efficiencies do not correlate for all genes. a) An in vitro digestion assay shows that sgRNAs differ
in their efficiencies. Below the gene name, + and - indicate the presence or absence of Cas9 protein in the reaction. On the right the wild type (wt) and the

mutant products are indicated. b) The in vivo CRISPR-Cas9 mutagenesis visualized for ca6, cxcr2 and pycard with a heteroduplex mobility assay, with the
wild type (wt) and the mutant products indicated. 5 embryos were collected per sample at 8hpf.

https://doi.org/10.1371/journal.pone.0196238.g001
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Importantly, cxcr2 had neither detectable gene expression nor mutagenesis efficiency, whereas
the genes permissive for mutagenesis (pycard, ca6) showed early expression (Fig 1, S1 Fig).
This led us to hypothesize that the onset and the level of gene expression could influence the
CRISPR-Cas9 mutagenesis. The corresponding results using the T7 Endonuclease I assay are
displayed in S2 Fig. In our hands the T7 Endonuclease I assay has a lower resolution compared
to the heteroduplex mobility assay, especially with sgRNAs of lower efficiency. On the other
hand, the T7 Endonuclease I assay can be readily used for quantitation of mutagenesis effi-
ciency, especially with sgRNAs of higher efficiency.

The onset of mutagenesis differs between sgRNAs in vivo

As we saw a discrepancy between in vivo and in vitro mutagenesis efficiencies for some sgRNAs,
we next analyzed whether the onset of mutagenesis correlates with the onset of gene expression.
To avoid the delay of mRNA transcription for Cas9 activity, we used a ready Cas9 protein in our
experiments with appropriate preincubation step to allow the sgRNA to complex with Cas9.
Three of our functional sgRNAs were chosen for the analysis. The sgRNAs targeting cal0a,
semadgb, or ca6 were co-injected with the Cas9 protein into the 1-cell stage embryo and the
onset of mutagenesis was analyzed using both a heteroduplex mobility assay and a T7 Endonu-
clease I mutation detection assays. As shown in Fig 2 using the heteroduplex mobility assay, the
first mutations become detectable as soon as 1hpf for calOa and sema4gb, whereas the first muta-
tions for ca6 appeared at 3hpf (Fig 2). These results indicate that the onset of mutagenesis differs
depending on the sgRNAs in zebrafish embryos. Based on these results, we analyzed the relation-
ship of early gene expression and mutagenesis efficiency in more detail with all our sgRNAs. We
were able to detect mutagenesis activity at Lhpf (roughly corresponding to 4-cell stage).

Likelihood of successful mutagenesis in relation to the expression level of
the target gene in zebrafish embryos

Altogether, we have designed 86 sgRNAs using the crispr.mit.edu, ChopChop (V1 and V2) and
CRISPRscan softwares [9,14,15]. Of these sgRNAs, 30% showed detectable in vivo activity (S1
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Fig 2. Onset of mutagenesis differs between sgRNAs. Heteroduplex mobility assay to demonstrate the onset of mutagenesis using high efficiency guide
RNAs targeting three different genes with different gene expression patterns in early development. Embryos were collected at timepoints 1, 2, 3, 4, 6hpf (15-
20 embryos per group). The gene name above the gel image indicates CRISPR-Cas9 injected embryos and control indicates uninjected controls. The legend
on the side indicates the positions of wt (wild type) and mutant bands in the gel. Red arrows indicate the point at which first mutations can be detected.

httpsz//doi.org/10.1371/journal.pone.0196238.9002
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Fig 3. Relationship of transcript levels in early develop t and low mutagenesis efficiency. Pie charts of the RNA-seq data

corresponding to graphs in S1 Fig. a) Number of transcripts for the genes resistant to (left) or permissive (right) for mutagenesis
between the oblong sphere and the 15-somite stage (Fischer’s exact test; not significant). 0.5 RPKM (Reads per Kilobase of
transcript per Million mapped reads) was used as a limit for low expression. b) The number of genes resistant (left) or permissive
(right) for CRISPR-Cas9 mutagenesis in which the number of transcripts is increased or decreased between the oblong sphere-
stage and 50% epiboly (around the MZT) (Fischer’s exact test; not significant).

https://doi.org/10.1371/journal.pone.0196238.9g003

Table). As GC-content (%) has been suggested to influence the effectiveness of CRISPR-Cas9
mutagenesis, we analyzed the GC-content of our sgRNAs (S1 Table) [18]. The GC-content of
our functional sgRNAs was found to be similar (Mann-Whitney U-test; p-value 0.452) to that of
the non-functional sgRNAs.

When we compared the expression of the genes that we were able to mutate to those we
were not, the genes resistant for mutagenesis more often had a very low expression level (Fig
3). However, the difference did not reach statistical significance (Fischer’s exact test; not signif-
icant). Moreover, a majority of genes (79%) permissive for mutagenesis underwent an increase
in the number of transcripts around the MZT (identified here as a positive change in the num-
ber of transcripts between the oblong sphere stage and 50% epiboly). This occurred more
often than in the genes resistant to mutagenesis (50%). However, this observation was not sta-
tistically significant (Fischer’s exact test) (Fig 3). To examine whether the lack of statistical sig-
nificance was due to a type two error, we decided to determine whether there is a correlation
between target gene expression and mutagenesis efficiency using larger datasets.
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Table 1. Correlation between mutagenesis efficiency and gene expression at different developmental stages dur-
ing early development. n = 209.

Developmental stage Spearman correlation p-value
64-cell 0.190 0.006"
oblong-sphere 0.227 0.001*
50%-epiboly 0.187 0.007*
15-somite 0.210 0.002*
36hpf 0.230 0.001*
48hpf 0.182 0.008*
60hpf 0.188 0.006*
72hpf 0.131 0.058

https://doi.org/10.1371/journal.pone.0196238.t001

Mutagenesis efficiency correlates with gene expression and chromatin
accessibility in zebrafish embryos

In searching for factors that would explain the poor in vivo activity of some sgRNAs, we inves-
tigated available open access datasets. As genes with low expression values tended to be more
difficult to mutate in our setting (Fig 3), we analyzed the association between expression levels
and mutagenesis efficiency in greater depth, using large datasets in order to avoid type 2 error.
We obtained CRISPR-Cas9 sgRNA efficiency data from CRISPRz database for all analyses
[33]. We used open access RNA-seq data (E-GEOD-45706) for our primary analysis of the cor-
relation between CRISPR-Cas9 mutagenesis and gene expression [33,34]. We found signifi-
cant correlations in early development (between 64-cell stage and 36hpf), at the oblong sphere
stage (3.66hpf, Spearman correlation 0.227; p-value 0.001) and at 36hpf (Spearman correlation
0.230; p-value 0.001). A strong correlation was observed at the oblong sphere stage which
occurs shortly after MBT, around the time of zygotic genome activation. These results suggest
that transcriptional activity influences CRISPR-Cas9 mutagenesis at early development

(Table 1).

As methylation is known to correlate with transcriptional repression, we used zebrafish
exon methylation data to analyze whether there is any correlation between exon methylation
and the success of CRISPR-Cas9 mutagenesis [33,35]. As is shown in Table 2, there was no sig-
nificant correlation between exon methylation and CRISPR-Cas9 mutagenesis efficiency at the
1-cell stage or at MBT (Table 2). Similarly, using open access data on embryonic histone meth-
ylation, we analyzed whether there is a correlation of H3K4me3 at promoters with CRISPR--
Cas9 mutagenesis efficiency. As shown in Table 2, there seemed to be a correlation but this did
not reach statistical significance (Spearman correlation 0.263; p-value = 0.074) [33,36].

ATAC-sequencing is a recent next generation sequencing method, which can be used to
directly analyze chromatin accessibility. Open access ATAC-seq data for the zebrafish embryo
is available at the 4hpf timepoint [37]. We compared mutagenesis efficiency data with ATAC-
seq data at transcription start sites for a total of 263 genes. We discovered a significant, albeit
rather weak correlation, indicating that chromatin accessibility appears to be one of the factors
that explain the efficiency of CRISPR-Cas9 mutagenesis in zebrafish embryos (Table 2).

Table 2. Correlation between mutagenesis efficiency and chromatin features at different developmental stages and timepoints.

Chromatin feature n

Exon methylation 263
H3K4me3 47
Chromatin accessibility 263

https://doi.org/10.1371/journal.pone.0196238.t002

Develop tal stage/Timepoint Spearman correlation p-value
1-cell 0.115 0.063
Mid blastula transition 0.107 0.084
75-80% epiboly 0.263 0.074
4hpf 0.182 0.003*
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Discussion

In this study, we found discrepancies between the in vitro and in vivo efficiencies of some
sgRNAs. These discrepancies suggested the presence of cellular factors which limit mutagene-
sis, and encouraged us to analyze chromatin involvement in more detail at the transcriptomic
and epigenomic levels. Because the transcript counts of the early embryo can be masked by the
presence of maternal transcripts, it is difficult to establish the exact relationship between gene
expression and mutagenesis efficiency [38]. However, we found weak but significant correla-
tions of gene expression with mutagenesis efficiency during early development, with the stron-
gest correlation at the oblong sphere stage (3.66hpf, Spearman correlation 0.227; p-value
0.001) and later at 36hpf (Spearman correlation 0.230; p-value 0.001). The correlation at the
oblong sphere stage suggests that genes which become active at the MZT are more accessible
for Cas9 and hence undergo more efficient mutagenesis.

As chromatin structure is complex, its effect on target site accessibility has to be determined
for each structural level, starting with direct modifications to DNA bases, continuing with
analysis of histone modifications signaling for open chromatin, and ending with analysis of
chromatin accessibility. A detailed analysis is required in order to understand how CRISPR--
Cas9 mutagenesis activity could be manipulated at molecular level using for example chemical
inhibitors of histone deacetylase activity. DNA methylation is known to mark transcriptional
inactivity and recruit modified histones at the exons [39]. In our study, exon methylation was
not found to significantly influence the activity of mutagenesis in zebrafish embryos. In con-
firmation, it has previously been suggested that Cas9 can act independently from DNA meth-
ylation in cell lines, and that, in general, most protein-DNA interactions are independent of
DNA methylation [7,40]. If DNA methylation is not a limiting factor, we hypothesized that
mutagenesis might correlate with higher order structures, specifically histone modifications.
Various histone modifications mediate transcriptional activation and repression, and form
nucleosome structures, which bind chromatin into an inactive heterochromatin state.
H3K4me3 is a well known modification occurring in early development [41]. The most
strongly suggestive, albeit not significant, correlation between experimental data and
CRISPR-Cas9 mutagenesis efficiency was found with H3K4me3 data (Spearman correlation
0.263, p-value 0.07) [32]. This was expected, given the association with transcriptional activity
at early developmental stages. As mutagenesis can already be detected at 1hpf it is possible that
we fail to see a stronger correlation because the inspected timepoint is late and the histone
landscape at 75-80% epiboly is dissimilar to that which is present before the MBT. In addition,
if data from multiple timepoints would be available it would provide a more comprehensive
view to opening of local chromatin structures. Also, observing only H3K4me3 signals might
not accurately reflect the chromatin state in early embryos, as there are also other histone
marks for open and closed chromatin, including H3K9me3 and H3K27me3 as well as
H3K27ac at promoters [28,32,42]. A wider scale analysis of histone modifications could pro-
vide more insight into the association of CRISPR-Cas9 efficiency with histone landscape.

A higher order structure above the histone landscape is shaped by modified histones orga-
nizing into nucleosomes. Nucleosome occupancy, breathing and remodeling have previously
been found to affect the cleavage activity of Cas9 and consequently, CRISPR-Cas9 mutagenesis
is more successful when targeting the sequences depleted in nucleosomes [25,26,43]. The posi-
tion of the PAM-sequence relative to nucleosomes has been found to be a key determinant of
the Cas9 endonuclease activity in vitro but not in zebrafish [17,23]. Nucleosomes affect chro-
matin accessibility, which can be measured using ATAC-seq [44]. This state-of-the-art method
has been used for identification of accessible chromatin regions during early development
[37]. Using the publicly available data, we found a weak but significant correlation between
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chromatin accessibility and mutagenesis efficiency at the MBT, indicating that chromatin
influences the efficiency of CRISPR-Cas9 mutagenesis in zebrafish embryos, even though it is
not the sole defining factor (Table 2) [37]. Our results are in line with those by others [17] with
different analysis method and dataset. Moreover, our results suggest CRISPR-Cas9 mutagene-
sis efficiency to be independent of exon methylation and H3K4me3 at promoters.

Deciphering the effect of developmental chromatin on the activity of CRISPR-Cas9 muta-
genesis model organisms ultimately leads us to an unanswered question about the regulation
of zygotic genome activation and the signals that regulate this event at early stages before the
MTZ [45]. The genome remains in a transcriptionally inactive state before the MZT, and it is
likely that this inactive chromatin also limits the access of mutagenesis reagents such as Cas9.
It is also likely that Cas9 can gain access during replication, and at sites that contain more per-
missive histone modifications or are depleted in nucleosomes, but only with limited efficacy.
With further cell divisions, chromatin repressive signals then become diluted, leading to chro-
matin opening at the MZT and initiation of transcription [45]. Despite the biological signifi-
cance of the MBT and MZT, we were already able to see mutagenesis taking place at 1hpf for
some genes, so we propose that (when designing CRISPR-Cas9 mutagenesis strategies) chro-
matin structure should be taken into account at a very early timepoint (Fig 2).

Several studies have looked into the correlation of in silico predictions and in vivo activity of
sgRNAs and found that CRISPR-sgRNA design tools often fail to accurately predict sgRNA
activity [11,20,25]. Moreover, it has been observed, that the in silico predictions which are effi-
cient for model organisms are not efficient for cell line based assays and vice versa [11]. As
Haeussler et al. (2016) observed, CRISPR-Cas9 efficiency in mice is better predicted by the
algorithms that have been trained on zebrafish experimental data, than by cell line based algo-
rithms. It is logical to assume this is at least in part due to the fact that mice and zebrafish
undergo similar, conserved developmental dynamics at the transcriptomic and epigenomic
level (at the time when CRISPR-mutagenesis is taking place), and target site accessibility is
largely defined by early chromatin. Thankfully, design tools, which also take into account tar-
get site accessibility, have recently become available [11,14,16,17]. Detailed analysis is required
to pinpoint which are the most important chromatin structures impacting CRISPR-Cas9 activ-
ity. With a better understanding of these, we will hopefully achieve improvements in predic-
tions for experimental design especially in the in vivo models. Eventually, it might be possible
to modify local chromatin to increase target site accessibility and simultaneously decrease the
likelihood of off-target binding. Our results confirm the involvement of chromatin in defining
CRISPR-Cas9 mutagenesis efficiency in a vertebrate model in vivo.

Materials and methods
Zebrafish maintenance

Wild type AB fish were maintained in a flow-through system with a light/dark cycle of 14h/
10h according to the standard procedure. Embryos and larvae were grown in an incubator
(28.5°C) in embryonic medium/E3 water (5mM NaCl, 0.17mM KCI, 0.33mM CaCl,, 0.33mM
MgSO,, and 10-15% Methylene Blue).

Ethics statement and data availability

All experiments were carried out in accordance with the EU-directive 2010/ 63/EU on the pro-
tection of animals used for scientific purposes, and with the Finnish Act on the Protection of
Animals Used for Scientific or Educational Purposes (497/2013) and the Government Decree
on the Protection of Animals Used for Scientific or Educational Purposes (564/2013). We have
only used zebrafish prior to their independently feeding larval stages in this study, which thus
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do not require animal permits. Permit for the zebrafish housing and maintenance for the facil-
ity at the University of Tampere is ESAVI/10079/04.10.06/2015.

The computational data analysed in this study were collected from open access sources, as
detailed in the appropriate sections.

Design and production of sgRNAs for CRISPR/Cas9 mediated genome
editing

Target sequences (S1 Table) for sgRNA design were chosen using the online based CRISPR
design tool (http://crispr.mit.edu/), ChopChop.V1 or V2 [14,15] or CRISPRscan [9]. Target
site uniqueness was verified with the NCBI BLAST analysis against the zebrafish genome
(GRCz10). sgRNAs were produced as described previously [46]. Briefly, the sgRNA oligo
(Sigma-Aldrich) and the T7 promoter site oligo (S1 and S2 Tables) (Sigma-Aldrich) were
annealed and in vitro transcribed using the MEGAshortscript T7 Transcription Kit (Ambion
Life Technologies, CA, USA). The integrity and size of the produced sgRNAs were analyzed
with gel electrophoresis (1% agarose in Tris-acetate-EDTA, TAE). The concentration of the
sgRNAs was measured with the Qubit® RNA BR Assay kit (Thermo Fisher Scientific, MA
USA 02451) and Nanodrop 2000 (Thermo Fischer Scientific).

sgRNA and Cas9 microinjection and genomic DNA extraction

The sgRNAs and the Cas9 protein (ToolGen Inc., Seoul, South Korea) were co-injected into
one-cell stage zebrafish embryos with a micro injector (PV830 Pneumatic PicoPump, World
Precision Instruments) under a Nikon microscope (SMZ645), using borosilicate needles pre-
pared with a Flaming/Brown micropipette puller. Needles were calibrated by injecting solution
into a halocarbon oil droplet to achieve a diameter of 12um (approximately 1nl). The embryos
were aligned on 1.2% agarose E3 water plates prior to the injection. An injection solution con-
taining 130ng/ul sgRNA and 250ng/pl of the Cas9 protein in nuclease-free water was incu-
bated 37°C 15min. Rhodamine dextran was added to the solution for the visualization of the
injections under a Zeiss Lumar V12 fluorescence microscope. To analyze the onset of the
mutagenesis 10-20 CRISPR-Cas9 injected embryos were collected and frozen in liquid nitro-
gen for DNA extractions at 1, 2, 3, 4, 6hpf (hours post fertilization). To analyze the in vivo
mutagenesis efficiency, 5 embryos were collectedat 8hpf and immediately frozen in liquid
nitrogen. For DNA extraction, the embryos were lysed 4h 55°C in lysis buffer (10mM Tris pH
8,2, 10mM EDTA, 200mM NaCl, 0.5% SDS, 200ug/ml Proteinase K). DNA was precipitated
1h -20°C using two volumes of ethanol. DNA was then pelleted by centrifuging 16,000g
10min. The pellet was washed with 200l of 70% ethanol before resuspending in 200ul of
water. A purification step with phenol-chloroform was performed after treatment with 15u of
RNase A (Thermo Fischer Scientific) per 100ul of sample, 1h 37°C.

Heteroduplex mobility assay

Targeted loci were amplified from the genomic DNA by PCR using the Maxima Hot Start
DNA polymerase (Thermo Fischer Scientific) according to the manufacturer’s instructions.
The PCR primers (S3 Table) were designed to anneal upstream and downstream of the
expected cutting site. The PCR product was purified using Exo I and FastAP (Thermo Fischer
Scientific) treatment 15min 37°C, then 15min 85°C. 10ul of the purified PCR product was
annealed in a reaction containing 1x NEBuffer 2 (New England Biolabs, MA, USA) and was
run on a 10% polyacrylamide gel. The gel was stained with GelRed (Bitium Inc., Fremont,
CA).
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T7 Endonuclease I mutation detection assay

After purifying and annealing the PCR amplified locus, 10yl of this product was incubated
30min 37°C with 6 units of T7 Endonuclease I (New England Biolabs). The obtained products
were separated on a 2.0% agarose TAE gel. The gel was stained with GelRed. The band sizes
were compared to control samples.

In vitro digestion of DNA with the Cas9-gRNA complex

To test the in vitro cutting potential, equimolar amounts of the Cas9 protein (ToolGen Inc.)
and sgRNA were pre-incubated 15min 37°C in NEB 3 Buffer (New England Biolabs) and 1%
Bovine serum albumin (Sigma Aldrich). For the template, a 850-1,200bp site around the target
was amplified using Maxima Hot Start DNA polymerase according to the manufacturer’s
instructions. The template was then purified (GeneJET PCR Purification kit, Thermo Fischer
Scientific). The template was then added to a final 10:10:1 ratio (Cas9:sgRNA:template PCR
product). The reaction mix was incubated 3h 28°C as this is the temperature at which zebrafish
embryos are maintained. After this, we incubated the sample with 300U of Proteinase K 37°C
10min to release the Cas9. Proteinase K was inactivated by incubation 65°C 10min. Samples
were run on a 1% agarose TAE gel to analyze the cutting efficiency.

Gene expression analysis of CRISPR targeted genes

The CRISPRz database contains a list of 1,398 validated zebrafish sgRNAs collected from vari-
ous published resources [33]. In addition to sgRNA sequences, the associated mutagenesis effi-
ciencies have been recorded in 325 unique zebrafish genes. We compared these mutagenesis
efficiencies, from somatic cells, with a publicly available RNA-seq expression dataset housed in
the ArrayExpress database [47]. The dataset (ArrayExpress E-GEOD-45706: https://www.ebi.
ac.uk/arrayexpress/experiments/E-GEOD-45706) consists of RNA-seq data performed for
samples from multiple stages of zebrafish development: 64-cell, oblong-sphere, 50%-epiboly,
15-somite, 36hpf, 48hpf, 60hpf and 72hpf (and 1 week, excluded from this analysis). Using the
Stats package of the SciPy library, we performed Spearman rank correlation analyses of expres-
sion data for each sample in each ArrayExpress RNA-seq dataset; using the expression values
for genes with available mutagenesis data for somatic cells in CRISPRz [48].

Histone modification in zebrafish promoters

The ArrayExpress dataset E-GEOD-4863 (https://www.ebi.ac.uk/arrayexpress/experiments/
E-GEOD-4863/) is based on custom microarrays for the identification of ChIP binding sites of
antibodies against the H3K4me3 in the promoters of zebrafish genes [36]. From the microar-
ray datasets, the log of the median values of the 60-mer probes were summed for each gene,
averaged, and then paired with CRISPRz mutagenesis values. Subsequently, these paired values
were used to perform the Spearman rank correlation analysis.

Exon methylation analysis of zebrafish genes

McGaughey et al. showed that exon methylation was a better indication of mRNA expression

than promoter methylation [35]. Their genome-wide ChIP-seq analysis of whole embryo zeb-
rafish DNA methylation is available as an ArrayExpress dataset E-GEOD-52110 (https://www.
ebi.ac.uk/arrayexpress/experiments/E-GEOD-52110/) at the 1-cell stage and at MBT. We first
translated all ChIP-seq peaks from Zv9 genome coordinates to GRCz10 coordinates and then

mapped them to exons annotated in the GRCz10 genome. A summation of all ChIP-seq peaks
which overlapped exons was calculated for each gene, this sum was divided by the total length
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of the gene’s exons to generate a methylation coefficient. The methylation coefficients were
then combined with mutagenesis data to compute Spearman rank correlations for each
timepoint.

ATAC-seq analysis of zebrafish transcriptional units

ATAC-seq is a powerful method for identifying regions of accessible chromatin and it can be
used to generate nucleotide resolution mapping of the hyperactive Tn5 transposase binding
sites in the genome. An ATAC-seq analysis of 4hpf zebrafish has been previously completed
and is available as an ArrayExpress dataset E-GEOD-74231 (https://www.ebi.ac.uk/array
express/experiments/E-GEOD-74231/) [37]. SRR2747531 was downloaded from the NCBI
Sequence Read Archive [37]. Reads were inspected using Fastqc version 0.11.5 and deemed to
be of good quality and no further quality filtering or trimming was performed [49]. Subse-
quently, reads were aligned with Bowtie2 version 2.3.2 [50] using the parameter—very-sensi-
tive-local against the Ensembl Zebrafish reference genome GRCz10. Alignments were filtered
and sorted using samtools version 1.4 with the parameter -q 20. Duplicates were removed
using Picard Markduplicates version 2.6.0 with the parameters REMOVE_DUPLICATES =
TRUE VALIDATION_STRINGENCY = LENIENT [51]. As the alignment was performed
against recent reference it was necessary to perform peak- calling independently of the original
paper [37]. Furthermore, due to advances in peak calling softwares, peak calling was per-
formed with macs2 version 2.1.1 using the parameters—nomodel—shift -100—extsize 200 -q
0.05 -broad [52]. Transcription start sites (TSSs) for all transcripts annotated in the GRCz10
genome were pooled for each gene. TSSs within 500nt were clustered as a single transcriptional
unit. Of the total 22,152 zebrafish genes, 18,687 had a single transcript. Subsequent clustering
created single transcriptional units in 2,233 of the remaining 3,465 genes with more than one
annotated transcription start site. For clustered TSSs, the midpoint was used as the representa-
tive TSS. For each TSS, a +/- 1,000nt region was used to associate ATAC-seq peaks from the
E-GEOD-74231 dataset. For each of these regions, an ATAC-seq coefficient was generated by
summation of the product of ATAC-seq signal value by total overlap with the TSS region,
divided by the length of the region (2,000nt). In cases where after clustering a gene still had
more than one TSS ATAC-seq peak, a correlation was performed for all TSS regions and then
averaged. Subsequently, all zebrafish genes possessed a single ATAC-seq coefficient. These
were then combined with the mutagenesis data from the CRISPRz database in order to com-
pute the Spearman rank correlation.

Supporting information

S1 Table. sgRNA target site sequences for each genomic target. sgRNAs used in the experi-
ments in this paper are indicated by a * after the gene name. Functional (Yes/No) indicates
observed in vivo activity.

(DOCX)

S2 Table. sgRNA template sequence. The extra 3’ guanines (G/GG) were used if target
sequence has one or two 5’ guanines. N- indicates the position of the target sequence.
(DOCX)

S3 Table. Primers used in T7 Endonuclease I assay (T7EI), Heteroduplex mobility assay
(HMA) and In vitro Digestion Assay (IVDA).
(DOCX)

S1 Fig. The relationship of mutagenesis efficiency and transcript level. The graph a) pres-
ents the expression of the genes resistant to CRISPR-Cas9 mutagenesis, at the early stages of
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development. The graph b) presents the genes that were successfully mutated with CRISPR--
Cas9. 2-10 sgRNAs have been used for mutagenesis. RPKM, Reads per Kilobase of transcript
per Million mapped reads. All sgRNA sequences have been given in S1 Table.

(TIF)

S2 Fig. T7 endonuclease I assay results corresponding to Fig 1. The in vivo CRISPR-Cas9
mutagenesis efficiencies for selected genes estimated with the T7EI assay for ca6, cxcr2 and
pycard. 5 embryos were collected per sample at 8hpf. Black arrows indicate the mutated cleav-
age products for ca6.

(TIF)
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Abstract

A novel multi-organ disease that is fatal in early childhood was identified in three patients
from two non-consanguineous families. These children were born asymptomatic but at the
age of two months they manifested progressive multi-organ symptoms resembling no
previously known disease. The main clinical features included progressive
cerebropulmonary symptoms, malabsorption, progressive growth failure, recurrent
infections, chronic haemolytic anaemia and transient liver dysfunction. In the affected
children, a neuropathology revealed increased angiomatosis-like leptomeningeal, cortical
and superficial white matter vascularisation and congestion, vacuolar degeneration and
myelin loss in white matter, as well as neuronal degeneration. Interstitial fibrosis and
previously undescribed granuloma-like lesions were observed in the lungs. Hepatomegaly,
steatosis and collagen accumulation were detected in the liver.

A whole-exome sequencing of the two unrelated families with the affected children
revealed the transmission of two heterozygous variants in the NHL repeat-containing
protein 2 (NHLRC2); an amino acid substitution p.Asp148Tyr and a frameshift 2-bp
deletion p.Arg201GlyfsTer6. NHLRC2 is highly conserved and expressed in multiple
organs and its function is unknown. It contains a thioredoxin-like domain, however, an
insulin turbidity assay on human recombinant NHLRC2 showed no thioredoxin activity.
In patient-derived fibroblasts, NHLRC2 levels were low, and only p.Aspl48Tyr was
expressed. Therefore, the allele with the frameshift deletion is likely non-functional.
Development of the Nhlrc2 null mouse strain stalled before the morula stage. Morpholino
knockdown of nhirc2 in zebrafish embryos affected the integrity of cells in the midbrain

region.



This is the first description of a fatal, early-onset disease; we have named it FINCA disease
based on the combination of pathological features that include fibrosis, neurodegeneration,

and cerebral angiomatosis.

Keywords: central nervous system, cerebropulmonary disease, multi-organ disease,

interstitial fibrosis, neurodegeneration, brain angiogenesis

Introduction

Recent developments in network-based approaches have led to the discovery of disease-
causing genes, the unexpected links between apparently unrelated diseases, diagnostic
biomarkers and therapeutic targets for cancer, diabetes and several neurodegenerative
diseases including Alzheimer's, Parkinson's, and Huntington's diseases [1,22]. Rare,
inherited mutations causing familial neurodegenerative diseases provide the molecular
basis for the cellular pathways underlying the pathogenesis of diseases, including the
accumulation of aberrant or misfolded proteins, protofibril formation, ubiquitin-
proteasome system dysfunction, excitotoxic insult, oxidative and nitrosative stress,
mitochondrial injury, synaptic failure, altered metal homeostasis and failure of axonal and
dendritic transport [2]. Chronic, progressive pulmonary disorders include interstitial
fibrosis, granulomatous changes and diffuse alveolar damage caused by various
pathogenetic and genetic mechanisms [25]. However, the current understanding of the
molecular basis of degenerative disease—related mechanisms, such as tissue fibrosis,

neurodegeneration and angiogenesis, remains incomplete.



The research field focusing on molecular genetic aetiologies and cellular
mechanisms of inherited human diseases has undergone a major revolution in the last
decade because of modern research technology that includes whole-exome sequencing
(WES) and bioinformatic analyses, which provide better means to identify novel proteins,
cellular pathways and disease mechanisms. Herein, we characterise a novel, early-onset
and progressive multi-organ disease presenting mainly as severe cerebropulmonary
manifestations that eventually led to death in infancy. We present the clinical, radiological
and histological characterisations of this multi-organ disease, which we named FINCA
disease based on the unique histopathological findings of the patients (fibrosis,
neurodegeneration, and cerebral angiomatosis). According to our WES analysis, all three
affected children with FINCA disease harboured an identical combination of variants in
the NHL repeat containing 2 (NHLRC2) gene encoding NHLRC2, a protein with a
thioredoxin-like domain. However, its function is currently uncharacterized, enabling no
direct biochemical assay to address the pathological role of the variants identified. To
acquire more information about the function of NHLRC2 in vivo, we studied the effects of
knocking out or down the expression of Nhirc2 in mice and zebrafish models, respectively.
Finally, our data suggests that NHLRC?2 is an important factor in the maintenance of multi-
organ homeostasis, indicating a wider role for NHLRC2 in the pathogenesis of

degenerative human diseases.



Materials and methods

Study subjects

As part of the diagnostic protocol, skin and skeletal muscle biopsy samples were collected
from three patients with severe, early-onset undefined progressive cerebropulmonary and
multi-organ disease. The patients were examined at the Department of Paediatrics of Oulu
University Hospital from 2001-2003 (Patients 1 and 2 from Family A) and 2010-2011
(Patient 3 from Family B). Investigations included clinical assessments and radiological,
histological, biochemical and molecular genetic analyses. Based on the severe, multi-organ
phenotype, a mitochondrial disease was suspected, and muscle biopsies were performed;
however, there were no specific abnormal findings. Mitochondrial respiratory chain
enzyme activities were normal, there were no deletions in muscle mitochondrial DNA and
the sequencing of the coding region of mtDNA revealed no pathogenic variants or exons
and exon—intron boundaries of the genes encoding mitochondrial twinkle helicase and
polymerase gamma. Furthermore, CLN1, NKX2-1, SFTPB, ABCA-3 and SFTPC genes
were sequenced to exclude infantile neuronal ceroid lipofuscinosis, brain—lung-thyroid
syndrome and gene defects related to surfactant proteins; no pathogenic variants were
found in these genes. The disease course was progressive, leading to the early deaths of all

the patients.

Histopathological studies of tissue samples (Electronic Supplementary Material)
Tissue biopsies (lung and skeletal muscle biopsies) and autopsy samples were obtained
from all three affected patients. The tissue was fixed in buffered 4% formaldehyde,

routinely processed into paraffin blocks and cut into 5.0 um sections. Hematoxylin-eosin



and luxol fast blue stainings were performed as previously described [8]

Transmission electron microscopy on patient tissue samples and zebrafish nhlrc2
morphants

Autopsy samples from the lungs and liver from Patient 2 and whole zebrafish embryos at
2 dpf injected with random sequence (5.1 ng) or splice site-blocking morpholino (5.0 ng)
were fixed in 1% glutaraldehyde and 4% formaldehyde in 0.1 M phosphate buffer and were
then post-fixed with 1% osmium tetroxide (Electron Microscopy Sciences, Hatfield, PA,
USA), dehydrated in acetone and embedded in Epon LX112 (#21210; Ladd Research
Industries Inc., Williston, VT, USA). Thin sections were cut with a Leica Ultracut UCT
microtome (FC6; Leica, Wetzlar, Germany), stained with uranyl acetate (Structure Probe
Inc., West Chester, PA, USA) and lead citrate (Laurylab, Brindas, France) and examined
with a Tecnai Spirit transmission electron microscope (FEI Company, Eindhoven,
Netherlands). Images were captured with a Quemesa CCD camera (Olympus Soft Imaging
Solutions, Munster, Germany). Specimens for electron microscopy were processed and

analysed in the EM core facility at Biocenter Oulu (Oulu, Finland).

Molecular genetic analyses and genealogy (Electronic Supplementary Material)

Whole exome sequencing (WES) [26] and bioinformatics analysis [31] were performed on
samples from both families. Using Sanger sequencing, we confirmed variants and
segregation within the families. To investigate the heredity of the mutations, we traced the
ancestors of the patients in the Finnish Population Registries and National Archives of

Finland [30].



Screening of NHLRC2 variants in population cohorts

To determine whether the two NHLRC2 variants were present in the general Finnish
population, we used two strategies. First, we examined these variants in a Finnish
population of infants born at term (gestational age >37 wk, total n=306) sampled
prospectively at Oulu University Hospital from 2004 to 2007 (n = 199) [11] and in 2014
(n =107). The individuals born in this hospital mostly originate from northern Finland;

therefore, these infants represent a valid population control. Next, we searched the

Sequencing Initiative Suomi (SISu) [7] and EXAC data [14] (http://exac.broadinstitute.org/
;01,2017) for the variants. The SISu data currently covers exonic variants of 10,490

individuals of Finnish origin.

NHLRC2 expression and function (Electronic Supplementary Material)

After reverse-transcription PCR (RT-PCR), we used Sanger sequencing to investigate the
expression of the mutant alleles. Protein expression in the whole-cell extracts of fibroblasts
from all three patients and healthy control subjects, together with the homogenates of
control autopsy samples from several types of human tissues, were analysed by
immunoblotting. Two constructs containing either full-length human NHLRC2 or the
thioredoxin-like domain alone were expressed in the E. coli strain BL21 (DE3). An insulin

turbidity assay to test thioredoxin activity was performed, as previously described [10].


http://exac.broadinstitute.org/

Nhlrc2 knockout mice (Electronic Supplementary Material)

Heterozygous C57BL/6N-AMBM Nh|rc2tmiaKOMPIWEiANtsi mice were obtained from the
Infrafrontier-EMMA repository (strain number EM:10219). These mice carry a mutated
allele where the function of the Nhlrc2 gene is inactivated by the insertion of a targeting
cassette that contains the expression reporter beta galactosidase gene [27]. Heterozygous
mice were cross-bred, pups were genotyped or pregnant females dissected and embryos
analysed. The expression of Nhlrc2 in embryos was studied by staining for the expression
of the lacZ reporter. On embryonic day 2.5 (E2.5), morulae were flushed from the uterus
in accordance with a previously described protocol [19]. Embryos that were grown
overnight in a microculture drop were transferred onto a gelatinised 24-well plate, each
into its own well with 300 ul of embryonic stem cell medium, and left to grow for 10-12

days, after which DNA was extracted, as described [23].

Generation of zebrafish morphants (Electronic Supplementary Material)

Two morpholinos against zebrafish nhirc2 (ENSDARG00000089581) were designed; the
first morpholino was against the ATG-site to prevent translation and the second against the
exon-intron boundary in the 3’ end of exon 4 (ENSDARE(00000919598) to prevent
splicing, which would both lead to a frameshift and premature termination of translation.
The effect of the splice-site blocking morpholino for nhirc2 levels was quantified using
PCR. The knockdown efficiency was determined from an agarose gel using ImageJ v1.49
by calculating the ratio of the wild-type (WT, the unmodified band) to the sum of all bands
in asingle lane (WT and two morpholino modified bands corresponding to exon exclusion

and intron inclusion caused by splice site blocking).
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Quantification of the affected cells in the midbrain region of zebrafish morphants
from transmission electron micrographs

From five zebrafish injected with random sequence control morpholino (5.1 ng) and five
zebrafish injected with nhlrc2 splice site-blocking morpholino (5.0 ng), five random
electron micrographs were taken from sagittal thin sections of the midbrain area. All the
cells with visible nuclei and that were fully within the imaged area were counted and
analysed for their integrity using iTEM software (Olympus Software Imaging Solutions

GMBH). Cells with excess vacuolisation or disintegration were classified as affected.

Statistics

Differences were considered statistically significant (*) if the p value was 0.01- 0.05, very
significant (**) if the p value was 0.001-0.01, and highly significant (***) if the p value
was <0.001. A paired two-tailed student t-test was used to analyse the statistical
significance. Zebrafish dechorionation timing differences were calculated with the log rank

Mantel-Cox method, and values below 0.05 were considered significant.

Results

Clinical findings

Family A. Two brothers were born after normal consecutive singleton pregnancies to
healthy parents in this non-consanguineous Finnish family. Both siblings presented at 2
months of age with feeding problems, muscular hypotonia, shoulder hypertonia and
irritability. During the following months, both had delayed development, recurrent

10
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infections, growth failure, respiratory problems and malabsorption. They subsequently
developed dystonic tetraplegia, poor visual contact, progressive respiratory difficulties,
transient liver dysfunction, and chronic haemolytic anaemia. The elder brother additionally
presented with epileptic seizures and kidney dysfunction related to metabolic crisis at 9
months. The disease course was progressive and, despite intensive care, both patients died

(at 1 year 9 months and 1 year 1 month, respectively) of progressive respiratory failure.

Family B. In this non-consanguineous Finnish family, the affected son was the first
infant born to healthy parents. The mother had gestational hepatosis and toxaemia. At 2
months, the infant presented with irritability, floppiness, haemolytic anaemia, feeding
problems, frequent diarrhoea and poor weight gain. At 4 months, he was hospitalised
because of a suspected seizure, poor general condition and respiratory problems. During
the following months, he had delayed development, dystonia, failure to thrive, strabismus,
recurrent infections, and respiratory difficulties. The disease course was progressive, and

despite intensive care, the patient passed away at 1 year 2 months due to respiratory failure.

All three patients appeared healthy at birth, but manifested at 2 months with unique
multi-organ symptoms with a progressive disease course that resembled no known disease
phenotype. Table 1 summarises the major clinical findings, including progressive
cerebropulmonary symptoms, transient liver dysfunction, progressive growth failure and
chronic haemolytic anaemia. Radiological investigations revealed over-inflated lungs with
perihilar interstitial opacities, diffuse infiltrations and atelectasis (Online Resource Fig. 7)
and thin corpus callosum (Online Resource Fig. 8). Additional findings included increased
echogenicity of the kidneys (Patient 1) and hepatomegaly during metabolic crisis (Patients

1 and 2), enlarged thymus (Patient 2) (Online Resource Fig. 9), dilated lateral ventricles,
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frontal sulci resembling cerebral atrophy (Patients 2 and 3) and increased signal intensity
of the globus pallidum (Patient 3) (Online Resource Fig. 8). Visual evoked potentials
(VEPS) revealed increased latencies and giant responses, indicating dysfunction of the
visual tract (Patient 1). Electroencephalographs (EEGS) showed slow background activity
and frontal bilateral rhythmic high-amplitude sharp delta transients, indicating metabolic
encephalopathy (Patient 1). The EEG of Patient 3 was normal at 5 months, but at 11 months
it was monotonic during sleep and consisted of 4-Hz delta waves without normal sleep
spindles and vertex waves. Detailed descriptions of the clinical manifestations are

presented in the Electronic Supplementary Material.

Histopathological findings in the brain
Post mortem neuropathological examinations were performed for all three patients. The
findings in Patient 1 included brain atrophy (942 g, reference 1050 g); thin corpus
callosum; small hippocampal regions and increased angiomatosis-like leptomeningeal,
cortical and superficial white matter venous and capillary vascularisation and congestion
(Fig. 1a). Superficial vascular changes were observed macroscopically. Widespread
cerebral cortical oedema, focal neuronal loss and gliosis were observed (Fig. 1b and c)
Symmetrical vacuolar degeneration and myelin loss of the fibres at the level of the crus
cerebri in the midbrain were detected, as well as vacuolar degeneration of the white matter
of the cerebellum, cerebellar oedema, focal Purkinje cell depletion and gliosis (Fig. 1d).
Neuronal depletion of the anterior horns of the spinal cord was also found.

Patient 2 also had brain atrophy (764 g, reference 900 g), a thin corpus callosum and

prominent congested leptomeningeal and superficial brain parenchymal vasculature.
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Furthermore, the following neurodegenerative findings were detected: vacuolar
degeneration and myelin loss of the corpus callosum and central white matter; vacuolar
degeneration of the optic tract and the internal capsule; neuronal depletion of the corpora
mammillaria, hypothalamic area and amygdaloid nucleus, as well as subthalamic and
thalamic nuclei; vacuolar degeneration and myelin loss of the fibres of the crus cerebri and
superior cerebellar peduncle and reticular formation in the midbrain, tegmentum and
medial lemniscus in the pons (Fig. le-h). Other findings included mild vacuolar
degeneration, myelin loss of the fibres of the pyramids and reticular formation in the
medulla and in the white matter of the cerebellum. In addition, there was patchy neuronal
loss in the anterior horns of the spinal cord.

Examinations of samples from Patient 3 revealed brain atrophy (742 g, reference 860
g), but a mostly normal corpus callosum, cerebral cortex and hippocampus. However,
vascular congestion and angiectasia were detected. The temporal white matter exhibited
vacuolar degeneration. Furthermore, the following findings were detected: vacuolar
degeneration and neuronal depletion in the hypothalamic and amygdaloid nuclei and the
putamen; vacuolar degeneration and myelin loss in the spinothalamic tract, medial
lemniscus, superior cerebellar peduncle and reticular formation; degeneration of the
anterior pontine nuclei; and minimal vacuolar degeneration in the white matter and dentate

nucleus of the cerebellum.

Histopathological findings in the lungs
The lung biopsy samples from Patients 2 and 3 revealed no normal lung tissue; the lung

tissue had been replaced by interstitial fibrosis resembling what is normally associated with
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non-specific interstitial pneumonia (NSIP) (Fig. 2a and b). The alveolar epithelial cells
appeared hyperplastic, and there were focal loose fibrotic areas positive after Alcian
blue/periodic acid—-Schiff (AB-PAS) staining. No hyaline membranes or diffuse alveolar
damage (DAD) were visible.

Autopsy samples of the lungs were available from all three patients, and all the
samples showed varying amounts of interstitial changes and fibrosis (Fig. 2c-h). Interstitial
fibrosis in the lungs of Patient 1 was milder than in the lungs of his younger brother (Patient
2) (Fig. 2c). The lungs of Patient 2 revealed advanced interstitial fibrosis as a prominent
feature, which was consistent with the findings in the lung biopsy samples; however, the
degree of fibrosis in the autopsied lungs was more severe. In the lungs of Patient 3, the
fibrosis was mainly moderate or mild. The general histological appearance of the autopsied
lungs resembled that of NSIP. Intra-alveolar hyaline, hyaline membranes and squamous
epithelial metaplasia reflecting DAD were intermittently observed in the lungs of Patients
1 and 3 but not in Patient 2 (Fig. 2g). Novel histopathological structures that we have
termed granuloma-like lesions were observed in all cases, but in varying numbers; multiple
lesions in five lung tissue sections in Patient 1, hundreds of lesions in five lung tissue
sections in Patient 2 and fewer than 10 lesions in eight lung tissue sections of Patient 3
(Fig. 2c, e and h). Hyaline-resembling fibrotic areas were observed around the arteries in
all cases, but the walls of the vessels were otherwise normal (Fig. 2d and e). Some airways
were dilated, but no true honeycombing was found.

Most of the granuloma-like lesions were surrounded by hyaline-resembling
extracellular material that contained large spindle-shaped cells. These large spindle-shaped

cells were positive for alpha-smooth muscle actin (a-SMA) (myofibroblast marker) and
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negative for cytokeratin (epithelial cell marker), phosphoglucomutase 1 (PGM1)
(macrophage marker), smooth muscle myosin heavy chain (SMMHC) (smooth muscle cell
marker) and caldesmon (smooth muscle cell marker) (Fig. 2f). The immunohistochemical

phenotype indicated that the cells in the granuloma-like lesions were myofibroblasts.

Histopathological findings in the other organs

All three patients had hepatomegaly (435-485 g, reference weight 330-370 g). An autopsy
liver sample from Patient 1 showed widespread microvesicular steatosis and foci of
hepatocellular necrosis. Patient 1 also had cardiomegaly (90 g, reference weight 56 g) with
slightly increased connective tissue. Autopsy revealed mild muscular atrophy in Patients 1
and 2; previous muscle biopsy samples from these patients revealed no histopathological
changes. Furthermore, upon histological examination, the autopsy revealed atrophic

thymus and adrenal glands without any specific abnormalities.

Electron microscopic findings in the lungs and liver

We analysed lung and liver autopsy samples from Patient 2 using a transmission EM
(TEM). In the lungs, the most abundant cell types were myofibroblasts and smooth muscle
and alveolar epithelial cells (Fig. 3a-c). Alveolar epithelial cells were mostly type Il cells
with intracellular lamellar bodies; only a few type 1 alveolar cells were detected (Fig. 3a
and b). In the liver tissue samples, we observed steatosis (Fig. 3d) and collagen
accumulation both inside- and outside of the hepatocytes, and a basement membrane was

evident in the space of Disse (Fig. 3e and f).
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Variants of NHLRC? in the two families

WES revealed compound heterozygous variants in NHLRC2, which encodes for the poorly
characterised NHL repeat containing protein 2 in all three of the affected children (Fig. 4a).
The NHLRC2 gene is located in chromosome 10: 113,854,661-113,917,194 and the protein
contains an N-terminal thioredoxin-like domain together with six NHL amino acid
sequence repeats (named after three original genes NCL-1, HT2A and LIN-41) (Fig. 4b)
[24]. Previously, mutations in NHLRC2 have not been associated with any other human
disease. The FINCA patients carried the heterozygous variant NM 198514:¢.442G>T,
which led to amino acid substitution p.Asp148Tyr in exon 3 within the highly conserved
thioredoxin-like domain (Fig. 4b and d, Online resource Fig. 10). However, in the classical
insulin-reduction activity assay for thioredoxins, neither full-length NHLRC2 nor the
isolated thioredoxin-like domain produced in E. coli showed significant thioredoxin
activity (Fig. 4c).

In addition, all three patients had a heterozygous frameshift 2-bp deletion
NM 198514:¢c.601 602delAG, which caused p.Arg201GlyfsTer6 in exon 3 (Fig. 4a and b,
Online Resource Fig. 10). Both the variants were segregated from their healthy parents.
Genealogies of the patients, traced back seven to nine generations to the 1750s, revealed
that the two families did not have common ancestors. We were unable to confirm the
consanguinity of these two core families; their ancestors were born in northern Finland at

least 150 miles apart.
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Allele frequency of NHLRC?2 variants among populations

We did not detect p.Asp148Tyr or p.Arg201GlyfsTer6 variants in the northern Finnish
cohort of infants (n=306). In the Finnish population represented by Sequencing Initiative
Suomi (SISu) data (n=10,488), p.Asp148Tyr (rs201701259) was rare, with a frequency of
0.003. In SISu, a frequency of 0.0001 was reported for p.Arg201GlyfsTer6 (rs757267294);
however, the variant had not passed through quality control. In the Exome Aggregation
Consortium (ExAc) data, the p.Asp148Tyr variant was present in non-Finnish European
(n=33,351), South Asian (n=8,252), and African (n=5,202) populations with frequencies
of 0.0003, 0.0002 and 0.0001, respectively. The p.Arg201GlyfsTer6 variant had a
frequency of 0.0001 in non-Finnish Europeans (n=33,239) and was absent from other
populations. The two variants were not detected as homozygous occurrences in any of the
populations.

According to the SISu data, at least one of the two NHLRC2 variants, p.Asp148Tyr
(rs201701259), was enriched in the Finnish population (n=10,488; natural logarithm of
odds ratio 1.97), indicating that occurrence of the two variants in a compound heterozygous
state in the two core families may be, at least partly, explained by their enrichment in the

Finnish population.

Expression of Human NHLRC2

We investigated mMRNA expression of variants NM_198514:c. 442G>T and
€.601_602delAG in the patients’ fibroblasts. NHLRC2 mRNA expressed only the
€.442G>T missense variant and not ¢.601_602delAG, confirming the origin of the variants

from separate alleles and the degradation of mMRNA with the frameshift 2-bp deletion
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(Online Resource Fig. 10). The relative quantity of NHLRC2 expression was studied by
gPCR and showed approximately a two-fold decrease in patient-derived, immortalised
fibroblasts compared to the controls (Fig. 4e).

The protein expression of NHLRC2 with the p.Asp148Tyr variant was investigated
in the immortalised fibroblasts derived from patients and healthy controls. Immunoblotting
revealed approximately a ten-fold decrease in the levels of NHLRC2 in whole-cell extracts
from patients compared to control fibroblasts (Fig. 4f and g), further indicating the non-
neutral role of the NHLRC2 variants.

Immunoblotting was also performed to investigate the expression of NHLRC2 in
tissue homogenates from control autopsy samples (kidney, heart, muscle, liver, lung and
brain tissue). NHLRC2 was detected in all human tissues included in the study (Online
Resource Fig. 11). According to three public RNA expression databases (mouse) Brain
RNA-Seq (https://web.stanford.edu/group/ barres_lab/brain_rnaseq.html) [32], Human

Brain Transcriptome (http://hbatlas.org/) and the Atlas of the Developing Human Brain

(www.brainspan.org)[13] the expression of mouse Nhlrc2 is highest in astrocytes,
oligodendrocyte progenitor cells, newly formed oligodendrocytes and endothelial cells.
Mouse Nhlrc2 is also expressed in neurons, myelinating oligodendrocytes and microglia.
According to the Atlas of the Developing Human Brain (www.brainspan.org)[17],
expression of human NHLRC2 was highest in foetal brains during early pregnancy. The
average expression levels of human NHLRC2 are similar among the cerebellar cortex,
mediodorsal nucleus of the thalamus, striatum, amygdala, hippocampus and 11 areas of the

neocortex (Online Resource Fig. 12).
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Nhlrc2t™a knockout mice

Nhlrc2 knockout (KO) mice (21 litters, n=154) were genotyped from heterozygous
breeding pairs (Table 2). The ratio of born mice between WT and heterozygous mice was
1:2.125, which is in line with Mendelian segregation. The heterozygous mice, both female
and male, were vital and bred well, indicating normal function of Nhlrc2™# KO gametes.
We also genotyped 53 embryos from six heterozygous breeding pairs on E10.5 and isolated
and genotyped 45 morulae (E2.5) from six heterozygous breeding pairs (Online Resource
Fig. 13). We did not detect any homozygous Nhlrc2 KO mice, embryos or morulae,
indicating that the lethality of Nhlrc2!™2 KO homozygotes occurs between the fertilisation
and morula (E2.5) stage. Nhlrc2 expression analysis with LacZ-reporter mice indicated
widespread expression throughout the body while WT littermates remained negative (Fig.

5). RNA in situ data of the Eurexpress atlas (www.eurexpress.org/ee/) showed strongest

Nhlrc2 expression in the brain, the central nervous system, the alimentary system and in

the cardiovascular system of mouse embryos (E14.5) [4].

Zebrafish knockdown and dechorionation

We then decided to study the role of nhilrc2 in early embryogenesis using zebrafish, which
is a convenient model organism for developmental studies because of the transparency of
the embryos. The morphogenesis of the primary organ systems of a zebrafish is complete
in 48 hours and the larvae display food seeking and avoidance behaviour 72 hours after
conception [12]. First, we assessed the efficacy of nhlrc2 splice site-blocking morpholino
with PCR. As predicted, morphants had altered mRNA splicing compared to the untreated

controls. The effect gradually faded toward 4 dpf (Online Resource Fig. 14). Besides minor
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swelling in the abdomen, nhirc2 morphants developed normally (Online Resource Fig. 14)
without any apparent developmental defects. Both splice site-blocking morpholino (3.6 ng)
and translation-blocking morpholino (2.3 ng) were used, with both co-injected with an
equal amount of p53 morpholino [21]. A slight delay was observed in the timing of the
dechorionation (Online Resource Fig. 15a), but a similar effect was also observed in the

random controls (Online Resource Fig. 15b), suggesting both were non-specific effects.

Because there were no apparent changes in the gross morphology of developing
nhlrc2 morphants, we next investigated the central nervous system in more detail using
TEM. Because we were not able to ascertain the effect of the translation-blocking
morpholinos without a validated antibody, we chose to use the splice site-blocking
morpholinos for the TEM analysis. In this experiment, we achieved approximately 95.2%
knock-down efficiency at the time point of 2 dpf by using the splice site-blocking nhlrc2
morpholino (5.0 ng) (Online Resource Fig. 16). Using TEM, the quantitative analysis of
the midbrain region from the 2 dpf morphants showed statistically significant increments
in the number of affected cells in nhlrc2 knock-downs compared to the controls injected
with a random sequence morpholino (Fig. 6). The data indicate that nhlrc2 has a key role
in maintaining the cellular integrity of the central nervous system in developing zebrafish

embryos.

Discussion

Based on clinical and molecular genetic data we have identified a novel cerebropulmonary
and multi-organ disease, which we have named FINCA. This disease is characterised by a
unique combination of tissue fibrosis, neurodegeneration and cerebral angiomatosis. Using
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WES we identified identical compound heterozygous NHLRC2 variants in three affected
children from two unrelated families. In addition, we used a KO mouse model and
zebrafish morphants to investigate the consequences of absent or decreased Nhlrc2
expression; finally, we performed biochemical studies on human recombinant NHLRC2.
NHLRC2 is conserved in eukaryotes, having 84% sequence identity between human
and mouse orthologues. The function of NHLRC2 is currently unknown. There are two
NHLRC?2 transcript variants in humans, both containing six NHL repeats that may form
part of a TolB-like six-bladed beta-propeller. Six-bladed beta-propellers occur in a wide
range of proteins, including 165 human proteins listed in InterPro [18]. They are often
involved in protein—protein interactions. The longer isoform of NHLRC2 also has an N-
terminal thioredoxin-like domain with an unusual motif (CCINC), where the active site of
thioredoxin (WCGPC for human thioredoxins 1 and 2) is usually located. Interestingly, the
missense variant identified from the patients in this study located in the thioredoxin-like
domain and led, together with the frameshift variant, to significantly reduced expression of
NHLRC2 at the MRNA and protein level in patient-derived fibroblasts. A classical insulin-
reduction activity assay for thioredoxins revealed that neither full-length NHLRC2 nor the
isolated thioredoxin-like domain showed significant thioredoxin activity. This may be
because of the substrate specificity of NHLRC2, which could be mediated by protein—
protein interactions involving the six-bladed beta-propeller. Thus, insulin may be excluded
from the active site; however, the thioredoxin fold motif is versatile, with both redox [16]
and non-redox functions. An example of a non-redox function occurs in SasA, a circadian
clock-associated histidine kinase [29]. This versatility plus the unusual motif in place of

the active site indicates that the N-terminal domain has a thioredoxin fold, but no
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thioredoxin activity. Conservation of the active-site cysteines indicates that the protein
either has or regulates a redox-related function.

Based on large population cohort datasets, the rare variants identified in our patients
are not restricted to the Finnish population; they are also present as simple heterozygotes
in other populations. Our genotyping analysis of Nhilrc2 KO mice, foetuses and morulae
revealed that homozygosity was lethal whereas heterozygous mice were viable and non-
symptomatic. Interestingly, the nhlrc2 morphant zebrafish embryos had a significant
number of affected cells in the midbrain, indicating that nhlrc2 has an important role in the
maintenance of cell survival in the developing brain. In contrast to the postnatal onset of
the symptoms in humans, the timing of the effects of the zebrafish knockdown suggests
the morphant zebrafish model does not fully reflect the features of the human disease. We
are currently working on generating a knockout zebrafish model to better observe the
potential symptoms at later stages of development.

Autopsy studies revealed that in FINCA patients, there was increased angiomatosis-
like leptomeningeal, cortical and superficial white matter vascularisation and congestion,
in addition to white matter degeneration and variable neuronal degeneration. According to
currently available RNA expression data in Human Brain Transcriptome

(http://hbatlas.org/), the average expression level of human NHLRC2 is similar among

different regions of the human brain. The expression of mouse Nhlrc2 is the highest in
astrocytes, oligodendrocyte progenitor cells, newly formed oligodendrocytes and in the
endothelial cells [32]. Altogether, this expression data indicate that NHLRC2 is widely
expressed in the different regions and cell types of the brain. However, based on the current

knowledge on the function of NHLRC2 it is difficult to conclude the primary mechanism
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behind FINCA disease and to exclude the role of secondary processes such as ischemia as
a cause of certain neuropathological findings described in our patients such as depletion of
Purkinje cells and pyramidal neurons in Ammon’s horn. Lung biopsy and autopsy studies
showed severe interstitial fibrosis and previously undescribed granuloma-like lesions. The
granuloma-like lesions were enriched with myofibroblasts that accumulate in areas
surrounding granulomas in several granulomatous lung diseases such as sarcoidosis,
atypical mycobacteriosis and tuberculosis [9]. The predominance of type Il alveolar cells
and paucity of type I cells were evident. Lung autopsy specimens additionally revealed
DAD. Furthermore, all the patients had hepatomegaly. Liver samples for TEM were
available only from one patient (Patient 2) revealing steatosis and accumulation of collagen
bundles.

From the previous literature, we have found only one other “FINCA-like”
cerebropulmonary disease called brain—lung-thyroid syndrome (BLT syndrome, OMIM
118700) or choreoathetosis and congenital hypothyroidism with or without pulmonary
dysfunction (CAHTP, MIM #610978) that begins with muscular hypotonia followed by
choreoathetosis, dystonia, ataxia, and dysarthria. This is an autosomal dominant infantile-
onset disorder caused by mutations in thyroid transcription factor 1 (NKX2-1/TITF1;
14q13.3) [3,28]. The phenotype is less severe than in FINCA and varies between and within
families; some patients show neonatal respiratory distress syndrome (RDS), developmental
delay, symptoms of possible hypothalamic dysfunction or congenital cardiac septal defects
[28]. Neuroimaging in some NKX2-1 related cases has shown structural brain
abnormalities including agenesis of the corpus callosum [20], and autopsies have revealed

reduced numbers of striatal and neocortical interneurons consistent with a defect in
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neuronal migration [13]. In addition to RDS in neonates, pulmonary disease may present
with interstitial lung disease in young children, and pulmonary fibrosis in older persons
[20]. Histologic studies on patients with NKX2-1 related pulmonary dysfunction have
identified interstitial widening and pneumocyte hyperplasia, desquamative interstitial
pneumonia, accumulation of foamy alveolar macrophages, and pulmonary alveolar
proteinosis [6]. The risk for pulmonary carcinoma is increased in young adults with
an NKX2-1 related disorder. In BLT syndrome, thyroid involvement may present as
subclinical hypothyroidism with mildly elevated thyroid stimulating hormone (TSH) or
hyperthyrotropinemia. Additional symptoms, including failure to thrive, malabsorption,
and intellectual deficit, have been reported in patients with deletions on chromosome 14,

including NKX2-1 (www.orpha.net). In FINCA disease, in addition to cerebropulmonary

symptoms, we also observed failure to thrive, malabsorption, early-onset chronic
haemolytic anaemia, and recurrent infections in all three patients. Furthermore, transient
liver dysfunction (Patients 1 and 2), transient kidney dysfunction (Patient 1), subclinical
hypothyroidism (Patient 3, Electronic Supplementary Material), a transient increase in
serum tumour markers and a non-specific decrease in the oxidative activity of monocytes
(Patient 2, Electronic Supplementary Material) were noted.

Our studies indicate that NHLRC2 has a significant role in the CNS. However,
further research is required to define the complex role of NHLRC?2 in the pathogenesis of
FINCA disease and, more commonly, its role in tissue fibrosis, neurodegeneration and
cerebral angiomatosis. The presentation of FINCA disease and potentially other diseases
may vary in response to the genetic defect in NHLRC2, environmental factors and other

genetic factors. Recently, NHLRC2 has been listed as one of six novel blood-based
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biomarkers for Alzheimer’s disease, indicating its yet undefined role in neurodegeneration
[15]. Our expression analysis with LacZ-reporter mice indicates widespread expression of
Nhlrc2 throughout the mouse embryo. This, in connection with the severe multi-organ
phenotype of FINCA patients, indicates that NHLRC2 has a vital role in early
embryogenesis and in maintenance of multi-organ homeostasis after birth. We propose that
NHLRC?2 variants should be considered in patients with phenotypes that present as a
combination of neurological and respiratory symptoms or additional multi-organ

manifestations.
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Figure captions

Fig. 1 Histopathological findings in brain autopsy samples from patients with NHLRC2
variants. a Autopsy findings from Patient 1 revealed increased angiomatosis-like
leptomeningeal vascularisation. b Degeneration and depletion of the pyramidal cells of the
hippocampus. ¢ Higher magnification of the Ammon’s horn showing gradual depletion of
pyramidal neurons. d Purkinje cells of the cerebellum (between arrowheads). e-h Patient 2
had vacuolar degeneration and myelin depletion in the pons. Haematoxylin and eosin stain
(a-f) and luxol fast blue stain (g, h). The images were taken with an Aperio AT2 digital

pathology slide scanner (Leica Biosystems, Wetzlar, Germany). Scale bars: 200 um

Fig. 2 Histological findings in lung samples from patients with NHLRC2 variants. a, b
Interstitial fibrosis was present in the lung biopsy samples. c, e, f, h Granuloma-like lesions
(arrows) within regions with variable amounts of necrosis (stars) were present in the
autopsy samples from each patient. d Perivascular fibrosis was visible around the artery
(arrowhead). f Spindle-shaped cells in a granuloma-like lesion were positive for alpha—
smooth muscle actin (short arrows). g Hyaline membranes (short arrows) were present in
the alveoli. a, b Lung samples collected by lung biopsy (a, b) and during autopsy (c-h).
Samples from Patient 1 (c), Patient 2 (a, d-f) and from Patient 3 (b, g, h). Haematoxylin

and eosin stain (a-e, g). Scale bars: 80 um

Fig. 3 Electron microscopy analysis of lung (a-c) and liver (d-f) autopsy samples. a Lung

alveoli contained type 1l pneumocytes (P) and the alveolar space was very limited (L, the
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lumen of the alveolus). b In addition to type Il pneumocytes (P), myofibroblasts (M) were
present with diverging ‘limb-like’ projections. ¢ Myofibroblasts with ultrastructural
features such as abundant endoplasmic reticulum (E) and adherens junctions (A) had
produced fibrotic extracellular collagen bundles (C). d The liver had many large fat (F)
vacuoles in the hepatocytes. e Thin and fragmentary basement membrane (B) was detected
in the space of Disse adjacent to the endothelial cells surrounding the sinusoidal lumen (L).
f The accumulation of fat vacuoles (F) and collagen bundles (C) in hepatocytes. Sinusoidal

lumen (L). Scale bars: 10 um (a, d), 5 um (b), 2 um (c, €, f)

Fig. 4 Variants p.Asp148Tyr and p.Arg201GlyfsTer6 in NHLRC?2 in patients with FINCA
disease from two non-consanguineous families. a Pedigrees and the segregation of
heterozygous variants p.Aspl48Tyr and p.Arg201GlyfsTer6 in Families A and B. The
probands of the families are indicated with an arrow and the healthy siblings of the patients
are indicated with empty symbols. b The structural domains of NHLRC2 and location of
the variants. ¢ Neither full-length NHLRC2 (NHLRC2-FL) nor the isolated thioredoxin-
like domain (NHLRC2-trx) produced in E. coli showed significant thioredoxin activity in
the insulin reduction assay. d Conservation of the thioredoxin-like domain region
containing p.Aspl48Tyr (p.D148Y) in red [5]. e QPCR showed a highly significant
decrease in the relative quantity of NHLRC2 mRNA in patient-derived fibroblasts
compared to controls according to a two-tailed student t-test. f Immunoblotting indicated a
significant loss of the p.Asp148Tyr NHLRC2 protein in fibroblasts from Patients 1-3
compared to the levels of GAPDH. g Immunoblotting data presented as numerical values

measured using Image J and statistical analysis by a two-tailed student t-test.
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Abbreviations: D148Y, p.Asp148Tyr; R201GfsX6, p.Arg201GlyfsTer6; Trx, thioredoxin;
C, control; P, patient; FL, full length. Differences were considered as statistically

significant (*), with p value 0.01-0.05 and highly significant (***) with p -value < 0.001

Fig. 5 LacZ mouse tissue staining. Heterozygote Nhlrc2™!? mice had a strong pB-
galactosidase signal throughout the body. Heart and thymus (a); Lungs (b); Kidneys,
adrenal glands and gonads (c); Liver (d) and Brain (e, f) (e WT; f heterozygote Nhlrc2™m!?

mice). WT littermates were negative for -galactosidase signal

Fig. 6 Transmission electron microscopy image from the midbrain region of the 2-dpf-
zebrafish morphant. a A cross section of a zebrafish embryo at 2 dpf with a circled area
specifying the exact location from which the electron micrographs were taken. b Cells with
excess vacuolisation or disintegration were classified as affected (marked with an asterisk
in Fig. 6d). In the midbrain 5.8 % of the 810 cells analysed were affected by the nhlrc2
splice site-blocking morpholinos, whereas only 1% of the 850 cells were affected in MO
controls. ¢ Midbrain of the random sequence morpholino injected control. d Midbrain of
the nhlrc2 splice site-blocking morphant. Abbreviations: SB, splice site-blocking; MO,
morpholino. Differences were considered as statistically very significant (**) with p value

0.001-0.01
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Electronic supplementary material

Fig. 7 Radiological findings of chest X-rays and high-resolution computed tomography of
Patients 1-3. a Patient 1 at 7 months of age shows flattened hemidiaphragms and
hyperlucent lungs demonstrating over-inflated lungs, small air-filled bullae of the right
mediobasal lung (short arrows) and perihilar small atelectasis (long arrow). Performed
during an acute metabolic crisis at the age of 9 months, the chest X-ray demonstrates
perihilar and basal airspace opacities and axial HRCT confirms bilateral consolidations
(long arrows) and reticular opacities (short arrows). b Patient 2 at 4 months of age
demonstrates mediastinal and hilar prominence (short arrows), over-inflated lungs, and
diffuse reticular interstitial opacities. At 4 months of age, HRCT reveals widespread
bilateral ground-glass opacities (short arrow), interstitial infiltrations (long arrows) and
atelectasis (black arrowhead), mildly enlarged thymus (white arrowhead) and left hilar
adenopathy (asterisk). At 1 year of age, chest X-rays show the progression of interstitial
infiltrations and bilateral dense consolidations (long arrows). ¢ Patient 3 at 4 months of age
reveals over-inflated lungs and bilateral perihilar interstitial opacities (short arrows). At 13
months of age, the chest X-ray shows diffuse infiltrations with reticulation. HRCT
confirms diffuse bilateral ground-glass opacification, peripheral interstitial septal

thickening and lobular pleural thickening (long arrows)

Fig. 8 Findings from brain magnetic resonance imaging of Patients 1-3. a Sagittal T1-
weighted magnetic resonance imaging (MRI) shows the thin corpus callosum of Patient 1
at 7 months of age. b Patient 2 at 10 months of age. ¢ Patient 3 at 10 months of age (short

arrows). The axial T2-weighted and coronal T1-weighted MRIs of Patients 2 (b) and 3 (c)
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demonstrate slightly dilated lateral ventricles and cortical sulci. ¢ Increased signal intensity

of the globus pallidus on the axial T2-weighted MRI of Patient 3 (arrowheads)

Fig. 9 Findings from abdominal ultrasound and magnetic resonance imaging of internal
organs and thymus of Patients 1 and 2. a The abdominal ultrasound findings (Patient 1 at
10 months of age) show increased cortical echogenity with the strand-like hypoechogenic
outerzone of both kidneys (short arrows). b The abdominal T2-weighted axial MRI of
Patient 2 at 4 months of age shows hepatomegaly and a non-expansive hypointense lesion
of the right liver lobe (long arrows). ¢ The lesion is also hypointense on the T1-weighted
coronal MRI (long arrows). d The axial fat saturation T1-weighted MRI of Patient 2 shows
that the lesion (arrowheads) in the liver is less enhanced by the gadolinium contrast agent
than the rest of the liver. e Normal echogenity of the right liver lobe of Patient 2 at the age
of 4 months. f A slightly enlarged thymus of Patient 2, which was seen in the coronal T1-

weighted MRI (asterisk)

Fig. 10 a Electropherograms showing both heterozygote NM 198514:¢.442G>T and
c.601_602delAG variants in genomic DNA from the patient. b The RNA extracted from
the patients’ fibroblasts has only ¢.442G>T. Thus, Sanger sequencing of mRNA confirms
that the variants reside in separate haplotypes and have been inherited as compound
heterozygotes in all patients. Furthermore, the absence of the c.601 602delAG variant
indicates that the transcript with the frameshift deletion is processed through nonsense

mediated RNA decay
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Fig. 11 Immunoblotting to detect NHLRC2 protein expression in human tissue
homogenates from control autopsy samples. NHLRC2 was detected in all studied human
organs including the heart (He), kidney (Ki), muscle (Mu), liver (Li), lung (Lu) and brain

(Br). GAPDH was used as a loading control

Fig. 12 Nhilrc2 is expressed in various cell types of the mouse brain and NHLRC2
expression is highest in the early human life. a An RNA-Seq transcriptome and splicing
database of the glia, neurons and vascular cells of the cerebral cortex show the highest
Nhlrc2 expression in astrocytes, oligodendrocyte progenitor cells, newly formed
oligodendrocytes and endothelial cells. Nhlrc2 was also expressed in neurons, myelinating
oligodendrocytes and microglia. (OPG) oligodendrocyte progenitor cells [32].
Abbreviations: FPKM, fragments per kilobase per million. b The average expression levels
of NHLRC? are similar between the cerebellar cortex (CBC), mediodorsal nucleus of the
thalamus (MD), striatum (STR), amygdala (AMY), hippocampus (HIP) and 11 areas of the

neocortex (NCX) in the human brain (http://hbatlas.org/). ¢ The expression is highest in the

early development of the human brain. The number of samples is indicated on the top of

the x-axis. Data from www.brainspan.org [17]. Abbreviations: RPKM, reads per kilobase

per million; pcw, post conception week; mos, months; yrs, years

Fig. 13 Wild-type (WT) and heterozygous (het) Nhlrc2 KO morulae and their growth in
vitro. The morulae were isolated at embryonic day (E) 2.5 and co-cultured in a micro drop
culture overnight. On the next day, the E3.5 compacted morulae and early blastocysts were

transferred to separate gelatinised wells. At E4.5, the embryos had matured to the blastocyst
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stage and at E5.5 they hatched and attached to the bottom of the plate. Cells were grown
for several days to detect possible phenotypes and to obtain enough material for genotyping

(E7.5, E10.5 and E13.5). No homozygous morulae were detected

Fig. 14 nhlrc2 splice site-blocking morpholino alters the mRNA spicing in zebrafish
embryos but not the gross morphology of the embryos. Indicated amount of splice site
targeting morpholino (together with an equal amount of p53 morpholino) was injected into
the yolk sacs of fertilised eggs at the 1-2 cell stage. a Arrows on the left show the expected
product sizes after the splice site-blocking events (334 bp intron inclusion, 198 bp WT
product, 76 bp exon exclusion), and below the image are indicated the times of RNA
extraction as days post fertilisation (dpf). b Un-injected controls on the left, nhlrc2 splice
site-blocking morpholino (3.6 ng) treated morphants in the middle and nhirc2 translation-
blocking morpholino (2.3 ng) treated morphants on the right. The embryos appear to have
WT morphology; only minor swelling was observed in the abdominal area in some
individuals in both morphant groups at 3 dpf. However, this swelling diminished by 4 dpf.
The images were taken with Axiovision software version 4.8 using a Zeiss SteREO Lumar
V12 fluorescence microscope, equipped with 1.5X camera (Carl Zeiss Microlmaging

GmbH, Gottingen, Germany)

Fig. 15 The timing of dechorionation of the nhlrc2 morphants. The fraction of
dechorionated embryos was recorded for selected hours post fertilisation (hpf). The

significances were calculated with a log rank Mantel-Cox test. PBS control N=91,
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untreated control N=47; p53 MO control N=23; untreated control N=36; random control
MO 3.6 ng N=63; untreated control N=34 and splice site-blocking MO 3.6 ng N= 76,

untreated control N=34. Graphs were generated with GraphPadPrism 5

Fig. 16 Knockdown of nhlrc2 using splice site-blocking morpholino (nhirc2 SB MO),
translation-blocking morpholino (nhirc2 TB MO), a combination (nhlrc2 SB+TB MO) of
the two morpholinos compared to un-injected controls (Control) and random control
morpholino (RC MO). a nhlrc2 splice site blocking morpholino alters the mRNA splicing
in zebrafish embryos. The indicated amount of splice site-targeting morpholino (together
with an equal amount of p53 morpholino) was injected into the yolk sacs of fertilised eggs
at the 1-2 cell stage. After the indicated time, RNA was isolated, PCR was performed and
PCR product was run on 2% agarose gel. Arrows on the left annotate the expected product
sizes after the splice site-blocking events (334 bp intron inclusion, 198 bp WT product, 76
bp exon exclusion), and below the image are the times of RNA extraction as days post
fertilisation (dpf). b Knockdown efficiencies were calculated using ImageJ 1.49v. The
levels of WT transcript are displayed above the bars for samples containing splice site-

blocking morpholinos
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Family A
Patient 1. Patient 1 was born at 38 weeks after a normal pregnancy and delivery to healthy,
unrelated parents. The apgar score was 10/10, birth weight 3690 g, birth height 49 cm and
head circumference 35 cm. He manifested with muscular hypotonia, dystonia and
irritability at 2 months of age. He had delayed development and increased respiratory rate
at the age of 3 months and alternating strabismus and loose faeces with transient diarrhoea
at the age of 4 months.

When the patient was clinically examined at the age of 7 months, he was found to
have dystonic tetraplegia, increased deep tendon reflexes, increased respiratory rate (48
breaths/min) with a bell-shaped chest but normal breath sounds and normal oxygen
saturation values (SaO2) and poor visual contact. He also presented with unexpected
unconsciousness and epileptic seizures. Laboratory investigations revealed haemolytic
anaemia with decreased blood haemoglobin (75-92 g/l, reference 100-136 g/I) and blood
haematocrit (0.21-0.26, reference 0.31-0.42), reticulocytosis (3.90-4.93%, reference 0.8—
2.0%), increased plasma lactate dehydrogenase (1048-1698 U/I, reference 135-375 U/I)
and plasma haemoglobin (129-414 mg/l, reference 0.29-2.00 g/l). The Coombs test was
negative. Blood cell morphology analysis revealed anisocytosis, macrocytosis,
poikilocytosis, polychromasia, hypochromia, microcytosis, ovalocytes and red cell
fragments. Ophthalmological investigation revealed decreased vision in both eyes (Teller
visus 20/800/1200 and 20/600/800, respectively).

From the age of 6 months, the child had breathing difficulties and recurrent

respiratory and gastrointestinal symptoms but had negative screening results for common
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viruses. Chest X-rays and high-resolution computed tomography (HRCT) at 7 months of
age showed flattened hemidiaphragms and hyperlucent lungs, demonstrating over-inflated
lungs, small air-filled bullae in the right mediobasal lung and perihilar small atelectasis
(Fig. 7a).

During an acute metabolic crisis at the age of 9 months, a chest X-ray showed
perihilar and basal airspace opacities and axial HRCT confirmed bilateral consolidations
and reticular opacities (Fig. 7a). The patient’s metabolic crisis included acute liver
dysfunction with icterus and renal failure at the age of 9 months, which was triggered by
viral gastroenteritis. During the subsequent 3-month period, he presented with
hepatomegaly, increased liver transaminases and bilirubin, as well as icteric sclerae and
skin. Extensive metabolic screening was negative, except for the following abnormal liver
and kidney function tests taken during the acute metabolic crisis: increased plasma aspartyl
aminotransferase (152-218 U/I, reference 10-50 U/I) and alanine aminotransferase (8486
U/, reference 10-50 U/1), slightly increased serum bilirubin (51-92 umol/l, reference <25
pmol/1), conjugated bilirubin (62 pmol/l, reference <5 umol/l), increased plasma gamma-
glutamyltransferase (124147 U/, reference 5-80 U/I) and plasma ammonia (NH4) (90—
110 umol/l, reference <80 pumol/l), decreased serum prealbumin (0.09-0.15 g/l, reference
0.24-0.42 g/l) and plasma albumin (27 g/l, reference 36-45 g/l), and increased plasma
creatine (111-139 pumol/l, reference 15-35 pumol/l) and plasma urea (14.9-27.5 mmol/l,
reference 1.7-8.3 mmol/l). Beta-hydroxybutyric acid and octandioic acid were present in
urine during the metabolic crisis.

An abdominal ultrasound revealed hepatomegaly and increased cortical echogenity

with a strand-like hypoechogenic outer zone in the kidneys (Fig. 9a). A nasogastric tube
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was implanted when the boy was 1 year old due to feeding problems, poor weight gain and
progressive growth retardation (retardation of growth from 0 standard deviations [SD] to -
2 SD by the age of 7 months, decrease in relative weight from +12% to -20% and decrease
in head circumference from -0.5 SD to -1.2 SD).

Brain magnetic resonance imaging (MRI) at the age of 7 months revealed a thin
corpus callosum (Fig. 8a). Brain auditory evoked potentials and electroretinogram were
normal, but visual evoked potentials showed increased latencies and giant responses that
resembled the findings of a muscle—eye-brain (MEB) disease and late-infantile neuronal
ceroid lipofuscinosis (Jansky—Bielschowsky). Therefore, a rectal biopsy was also
performed but did not reveal any vacuolar cells. Electroencephalogram (EEG) revealed
slow background activity and frontal bilateral rhythmic high-amplitude sharp delta
transients, indicating metabolic encephalopathy.

A second episode of acute liver dysfunction at the age of 1 year 8 months was
triggered by viral gastroenteritis and fever. The disease course was progressive, and the

patient died at the age of 1 year 9 months due to respiratory failure.

Patient 2. Patient 2 was the younger brother of Patient 1. He was born at 38 + 6 weeks with
an Apgar score of 9/9, birth weight 3280 g, height 51 cm and head circumference 34.5 cm.
Similar to his older brother, feeding problems and tachypnoea were noticed at the age of 2
months.

At the age of 4 months, the infant manifested with right-sided chest prominence, a
relative weight of -32% and muscular hypotonia. In contrast to his older brother, the infant

was able to make eye contact and responded with a smile. However, during the follow-up,
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he presented with poor weight gain, developmental delay and gastrointestinal symptoms
(diarrhoea) by the age of 5 months. At that time, breath sounds and SaO2 were normal.

A chest X-ray at 4 months demonstrated mediastinal and hilar prominence, over-
inflated lungs and diffuse reticular interstitial opacities (Fig. 7b). Also at 4 months, HRCT
revealed widespread bilateral ground-glass opacities, interstitial infiltrations and
atelectasis, mildly enlarged thymus, and left hilar adenopathy (Fig. 7b and 9f). A brain
MRI at 10 months of age showed a thin corpus callosum and slightly dilated lateral
ventricles and cortical sulci (Fig. 8b). At 1 year of age, chest X-rays showed the progression
of interstitial infiltrations and bilateral dense consolidations (Fig. 7b). The child required
oxygen support during respiratory failure triggered by a viral infection. An MRI of the liver
revealed an abnormal signal (Fig. 9b-d), but the liver ultrasound was normal (Fig. 9e). A
nasogastric tube was implanted at the age of 1 year due to feeding problems and progressive
growth retardation that led to growth arrest. This patient did not present with seizures, and
electrophysiological examinations were not performed.

Laboratory investigations revealed chronic haemolytic anaemia: decreased plasma
haemoglobin (83-95 g/l, reference 100-136 g/I) and blood haematocrit (0.24-0.26,
reference 0.31-0.42), reticulocytosis (3.46-3.99%, reference 0.8-2.0%), increased plasma
lactate dehydrogenase (404—-707 U/, reference 150-450 U/I) and a negative Coombs test.
The blood cell morphology analysis revealed anisocytosis, microcytosis, macrocytosis and
polychromasia. Plasma alanine aminotransferase was elevated (184-257 U/I, reference 10—
50 U/l), plasma aspartyl aminotransferase was within normal limits (48 U/, reference <45
U/l) and both serum bilirubin (31-36 pmol/l, reference 5-25 pmol/l) and conjugated

bilirubin (9 pmol/l, reference <Sumol/l) were slightly increased. Serum prealbumin (0.24—

48



49

0.27 gl/l, reference 0.24-0.42 g/l) and plasma haemoglobin (63 mg/l, reference <100 mg/l)
were within normal limits while serum haptoglobin (<0.08 g/l, reference 0.29-2.00 g/l)
was at a lower level. Plasma ammonia (NH4) was normal (37 umol/l, reference <80
umol/l). Furthermore, transient slightly elevated blood lactate (1.61 mmol/l, reference
0.33-1.33 mmol/l) and slightly elevated blood pyruvate (105 pmol/l, reference 30-80
umol/l) were noted, but the lactate/pyruvate ratio was normal (15, reference <25). Serum
carcinoembryonic antigen (S-CEA) was elevated at 5 months (13.2-22.1 pg/l, reference
<3 pg/l), and serum neuron-specific enolase (S-NSE) levels were slightly elevated at the
age of 6 months (20.1-20.4 pg/l, reference <12.5 pg/l). Because of the recurrent infections
and granulomatosis that occurred in the patient’s older brother, a nitroblue tetrazolium
(NBT) assay was performed along with other immunological tests. NBT showed normal
oxidative activity in neutrophils (95.5% versus reference 99.1%) but decreased activity in
the monocytes (57% versus reference 90.9%). Urinary organic acid analysis revealed that
ethylmalonic acid levels were slightly elevated.

At the age of 1 year, the boy’s subcutis was thin, muscle mass was decreased, and
muscle tone varied from hypotonia to hypertonia and dystonia. He presented with visual
problems, alternating strabismus, and variable eye contact. The disease course was
progressive, and the patient died due to respiratory failure at the age of 1 year 1 month after

treatment at the intensive care unit (ICU) for 7 weeks.

Family B
Patient 3 was born at 36 + 1 gestational weeks by emergency caesarean section because of
a failing heart rate. He was the first child. His mother had undergone ursodeoxycholic acid

treatment because of gestational hepatosis and toxaemia. The infant’s birth weight was
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2910 g, and the Apgar score was 10/10. During the first week of life, he was treated twice
for newborn jaundice with blue light therapy for a total duration of 4 days. ABO
immunisation was suspected but not proven (serum bilirubin had increased up to 349
umol/l at 8 days).

At 2 months of age, the patient presented with irritability, floppiness and feeding
problems. Laboratory tests revealed haemolytic anaemia, with decreased plasma
haemoglobin (69-84 g/l, reference 100-136 g/l) and plasma haematocrit (0.19-0.23,
reference 0.31-0.42), reticulocytosis (4.0-5.1%, reference 0.8-2.0%), increased plasma
lactate dehydrogenase (404-643 U/l, reference 150-450 U/l), undetectable plasma
haptoglobin levels and a negative Coombs test. Blood cell morphology analysis revealed
polychromasia, anisocytosis, macrocytosis, poikilocytosis and red cell fragments. The
patient had frequent diarrhoea and poor weight gain. A milk allergy was suspected because
of the constant diarrhoea, but changes in the formula only slightly improved his diarrhoea.

At 4 months, the infant presented with a suspected seizure during an influenza B
infection, and he was hospitalised because of poor general condition, breathing problems
(gasping for air), and low Sa02 values (70%). Chest X-ray at 4 months of age revealed
over-inflated lungs and bilateral perihilar interstitial opacities (Fig. 7¢).

At 13 months of age, chest X-rays showed diffuse infiltrates with reticulation (Fig.
7¢). Thoracic HRCT confirmed diffuse bilateral ground-glass opacification, peripheral
interstitial septal thickening and lobular pleural thickening (Fig. 7c). EEG was normal
during wakefulness but unusually monotonic during sleep, during which it consisted of 4-

Hertz delta waves without normal sleep spindles and vertex waves.
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The child continued to be irritable with failure to thrive and, at age 7.5 months, he
was referred to a neurologist because of slow development. Physiotherapy was started, and
he was referred to an ophthalmologist because strabismus was noticed. His development
did not progress.

At the age of 8 months, the child suffered almost daily from tachypnoea and cough.
However, by auscultation, lung sounds were normal. At 10 months of age, he followed
with his eyes but did not actively grasp toys or turn onto his stomach. He had brisk deep
tendon reflexes and an indifferent plantar reflex. His breathing was tenuous, and
tachypnoea was noted. The size of the child’s liver was at the upper limit. Brain MRI
showed slightly enlarged lateral ventricles and cortical sulci, as well as a thin corpus
callosum. T2-weighted axial MRI revealed a mildly increased signal intensity of the globus
pallidi (Fig. 8c).

The child underwent gastrostomy because of weight loss. Blood lactate was
intermittently elevated (1.685-3.93 mmol/Il, reference 0.33-1.33 mmol/l), and the plasma
lactate/pyruvate ratio was at an increased level (35, reference <25). Serum thyroid-
stimulating hormone (TSH) was slightly decreased (0.5-0.87 kU/I, reference 1.3-8.5 kU/I),
but serum thyroid hormone levels (free T4 and T3) were normal. Immunological tests
revealed that serum immunoglobulin G was slightly diminished (1.1-1.6 g/I, reference 2.7—
10.1 g/l). In one instance, urinary organic acid analysis indicated small amounts of
dicarboxylic acids without ketone bodies. Otherwise the extensive metabolic screening was
normal. The child’s breathing difficulties became progressively worse, and he died due to

respiratory failure at 1 year 2 months of age after being treated at the ICU for 5 weeks.
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Copy number variants and large regions of homozygosity were studied by
HumanCytoSNP-12 (v2.1) (Illumina, San Diego, California, USA). The results were

normal and no pathogenic variation was detected in Patient 3.

Methods

Histopathological studies of tissue samples

Tissue biopsies (lung and skeletal muscle biopsies) and autopsy samples were obtained
from all three patients. The tissue was fixed in buffered 4% formaldehyde, routinely
processed into paraffin blocks and cut into 5.0 pm sections. For immunohistochemistry,
the sections were deparaffinised in xylene, rehydrated through graded ethanol, and stained
with the following antibodies from Dako/Agilent Technologies (Santa Clara, CA, USA):
CD68 (clone PG-M1, 1:100 dilution, Dako code M0876), Ck-PAN (Clone MNF-116,
1:700 dilution, Dako code M0821), caldesmon (clone h-CD, dilution 1:1000, Dako code
M3557), alpha-smooth muscle actin (clone 1A4, dilution 1:500, Dako code M0851), and
smooth muscle myosin heavy chain (SMMHC) (clone SMMS-1, dilution 1:100, Dako code

M3558).

DNA extraction

Total genomic DNA from the blood samples of the patients and their family members, as
well as from the patients’ fibroblasts, was extracted with the QlAamp DNA Mini Kit
(Qiagen, Hilden, Germany). Saliva samples were collected from the family members of the
affected children using Oragene DNA Collection kits (DNA Genotek, Ottawa, Canada)

and the preplIT L2P kit (DNA Genotek, Ottawa, Canada) was used for DNA extraction. For
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the Northern Finnish population controls, DNA was extracted from umbilical cord blood
with the UltraClean DNA Blood Isolation Kit (MO BIO Laboratories, Carlsbad, CA,
USA). For a subset of the samples, whole-genome amplification was performed, as

previously described [4].

Whole-exome sequencing and bioinformatics

Next-generation sequencing library preparation, enrichment, and sequencing were
performed using the Nimblegen V2 Exome
(http://www.nimblegen.com/products/seqcap/ez/v2/) at the Technology Centre of the
Institute for Molecular Medicine Finland (FIMM), University of Helsinki, as previously
described [13]. DNA from the affected patients and their parents was also analysed by
exome sequencing. Bioinformatics analysis was performed, as previously described [16].
Briefly, the Burrows-Wheeler Aligner (BWA v. 0.5.9) was used to map all reads to UCSC
hgl9. PCR duplicates were removed from alignments using Picard version 1.87
(http://broadinstitute.github.io/picard/). Indels were realigned with the Genome Analysis
Toolkit (GATK 1.0.5083). SAMtools version 0.1.18 was used to call the variants. All
variants were annotated with ANNOVAR and in-house scripts, and the most likely protein
damage variants (nonsense, splice-site, frame shift, indel and missense) were considered
for further analysis. The variants were also annotated for allele frequency in public
databases such as Exome Aggregation Consortium (ExAC)
(http://exac.broadinstitute.org/); the National Heart, Lung, and Blood Institute (NHLBI)
exomes (V.0.0.14, http://evs.gs.washington.edu/EVS/); the 1000 Genomes Project

database (http://www.internationalgenome.org) and our in-house database of >1,000
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exomes. To remove common variants and sequencing artefacts, variants with minor allele
frequencies of >0.01 in any of the aforementioned databases were removed from further

analysis. The only candidate gene that was common to both families was NHLRC2.

Variant analysis and genealogy of the two families

Using Sanger sequencing, we confirmed variants and segregation within the families. The
region encompassing the two NHLRC2 variants was amplified by PCR with the primers 5
“TGG TGT TCA CTC GGC TAA GT-3"and 5'-GTC CAT TCT TCC AAA CGA CCA-
3" and then sequenced. To investigate the descent of the variants, we performed a
genealogical study in accordance with published criteria [14]. We traced the ancestors of
the patients from the Finnish Population Registries and scrutinised the microfiche copies

available in the National Archives of Finland.

Fibroblast cultures

Fibroblasts from healthy individuals and patients were grown at 37°C in an atmosphere of
5% CO2 in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (Corning,
Manassas, VA, USA) supplemented with 10% foetal bovine serum. The patient and control
cell lines were transduced with a retroviral vector expressing the E7 gene of type-16 human
papilloma virus and a retroviral vector expressing the protein component of human

telomerase to immortalise the cells [17].

RNA extraction from fibroblasts

7
We used trypsin (Lonza, Verviers, Belgium) to harvest 1 x 10 cultured fibroblasts from
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healthy individuals and patients. Total RNA was extracted with the RNeasy Plus Mini kit
(Qiagen, Hilden, Germany). After reverse-transcription PCR (RT-PCR), we used Sanger
sequencing to investigate the expression of the mutant alleles. The OneStep RT-PCR kit

(Qiagen, Hilden, Germany) was used for the patients’ cDNA analysis by gPCR.

gPCR to measure the expression of NHLRC2 mRNA

gPCR was performed according to the manufacturer’s instructions (IQ™ SYBR Green
Supermix, Bio-Rad, Hercules, CA, USA) using a CFX Connect™ Real-Time System (Bio-
Rad, Hercules, CA, USA). Melting temperature (Tm) of the analysis was adjusted to 61°C,
and TATA-Box Binding Protein (TBP) and Glucuronidase Beta (GUSB) were chosen as
endogenous control genes. Primers 5-CAGACCTCGCTAGAGTACGC-3" and 5'-
GTTCAGCCATTCTAATCCTTCCG-3 were used for NHLRC?2, 5-
GTCTGCGGCATTTTGTCGG-3" and 5 -CACACGATGGCATAGGAATGG-3" for
GUSB and 5-CCACTCACAGACTCTCACAAC-3 and 5-
CTGCGGTACAATCCCAGAACT-3" for TBP (Primer bank IDs 304307770c1,

268834191cl and 285026518c1) [11,12,15].

Immunoblotting

Protein expression in the whole-cell extracts of the fibroblasts from all three patients and
healthy control subjects, together with the homogenates of control autopsy samples from
several types of human tissues, were analysed by immunoblotting. Whole-protein extracts
from the fibroblasts were prepared in 1.5% n-dodecyl maltoside (Sigma-Aldrich, St. Louis,

MO, USA) in phosphate-buffered saline (PBS). Proteins from the whole-cell extracts and
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tissue homogenates were precipitated with ethanol and a total of 20100 pg of protein per
sample was used for Tris-glycine SDS-PAGE (4-20% Precise Protein Gel; ThermoFisher
Scientific, Waltham, MA, USA). Proteins were transferred to a nitrocellulose membrane
(Amersham Hybond ECL; GE Healthcare, Buckinghamshire, UK). Mouse polyclonal
antibodies against full-length human NHLRC2 (SAB1400871, Sigma-Aldrich, St. Louis,
MO, USA; NBP1-85019, Minneapolis, MN, USA; ab88725, Abcam, Cambridge, UK) and
against GAPDH (GeneTex, Irvine, CA, USA) were used, together with secondary
antibodies (ThermoFisher Scientific, Waltham, MA, USA) to visualize the proteins by
enhanced chemiluminescence (ECL) (GE Healthcare, Buckinghamshire, UK). Signal
intensities were quantified (ImageJ) and the level of NHLRC?2 was compared to the level

of GAPDH [10].

Expression of human NHLRC2 in tissue

Autopsy tissue specimens from human heart, kidney, skeletal muscle, liver, lung and brain
were homogenised to examine the overall expression of NHLRC2 in tissues. Tissue (5 mg)
was dissected on ice, *snap frozen’ in liquid nitrogen and homogenised in 300 pl of ice-
cold 20 mM Tris-HCI (pH 7.5) with Pierce protease inhibitors (ThermoFisher Scientific,
Waltham, MA, USA). Homogenates were maintained with constant agitation for 2 hours
at 4°C and centrifuged for 20 minutes at 13,500 x g at 4°C in a microcentrifuge (Eppendorf,
Hamburg, Germany). Protein concentrations were measured from supernatants with the
Coomassie Protein Assay kit (ThermoFisher Scientific, Waltham, MA, USA). Due to rapid
autolysis of the lung and brain samples, the amount of total protein obtained from these

autopsy specimens was low and required precipitation with ethanol prior to
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immunoblotting.

Cloning of human NHLRC2 in E. coli

A gene that encodes full-length human NHLRC2 and is a codon optimised for E. coli
expression was purchased from GenScript (Piscataway, NJ, USA). The domain
organisation of human NHLRC2 (M1-F726) is defined in InterPro [6] as having an N-
terminal thioredoxin-like domain (Q43-D200) and a six bladed beta-propeller (G210-
P592). Based on this information plus secondary structure prediction [1], structural
homology searches and sequence analysis, we predicted that the protein contained both
domains, with the thioredoxin-like domain having an a-helical N-terminal extension and
ending around G202 and the beta-propeller domain starting around P222. The region
between the two could belong to either or neither domain. Accordingly, we made a series
of domain constructs to express the full-length protein and fragments in E.coli. The DNA
fragments encoding these constructs were amplified by PCR with primers that were
designed to include Ndel and BamHI restriction sites on the 5" and 3’ ends, respectively.
The PCR fragments were digested with the corresponding enzymes and ligated into a
modified variant of pET23 with the T7 promoter replaced by Ptac [2]. All plasmids

generated were sequenced to ensure there were no errors in the cloned genes.

Expression and purification of full-length human NHLRC2 protein and thioredoxin-
like domain of NHLRC?2
Sixteen NHLRC2 constructs were expressed in E. coli strain BL21 (DE3) with EnPresso®B

medium (BioSilta, Cambridgeshire, UK) in accordance with the manufacturer’s
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instructions. From the analysis of the constructs made, the predicted domain boundaries
were correct, and the linker region was better behaved when part of the thioredoxin domain
than when only part of the beta-propeller domain. Accordingly, two constructs were used
for larger scale protein production and analysis. The first construct contained the gene
encoding the full-length human NHLRC2 (M1-F726) protein while the second contained
DNA corresponding to the NHLRC2 thioredoxin-like domain (M1-S221). Briefly, BL21
(DEJ) cells were transformed with the appropriate construct and plated onto Luria-Bertani
(LB) agar plates containing 100 pg/ml ampicillin. Plates were incubated overnight at 37°C.
The next morning, several colonies were transferred into 5 ml of LB medium supplemented
with 100 pg/ml ampicillin. Cultures were grown at 30°C with shaking at 200 rounds per
minute (rpm) for 6 hours. Five millilitre aliquots of preculture were used to seed 500 ml of
EnPresso®B with 100 pg/ml ampicillin in 5 L Erlenmeyer flasks. Cultures were incubated
at 30°C with shaking at 250 rpm for approximately 16 hours.

Protein production was induced by the addition of 250 uM Isopropyl B-D-1-
thiogalactopyranoside (IPTG), and booster media was added. Cells were harvested by
centrifugation (3,220 x g, 20 min) after 24 hours of incubation at 30°C. Cells were
resuspended in a lysis buffer (50 mM sodium phosphate [pH 7.4], 500 mM NaCl, 5%
glycerol, and 10 mM imidazole) supplemented with PierceTM Protease Inhibitors EDTA-
free (ThermoFisher Scientific, Waltham, MA, USA), 0.1 mg/ml lysozyme and 20 pg/ml
DNAse. Cells were lysed using three cycles of freeze-thawing. Cell debris was removed
by centrifugation, and the soluble fraction was loaded onto a 5 ml HiTrap HP column (GE
Healthcare, Buckinghamshire, UK). Specifically, bound proteins were eluted from the

column with increasing concentrations of imidazole. All the collected fractions were
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analysed by SDS-PAGE. Fractions containing the protein of interest were pooled together
and dialysed against 20 mM Tris (pH 8.0), 25 mM NaCl and 2 mM Dithiothreitol (DTT).
Dialysed protein solution was loaded into a Q HiTrap (GE Healthcare, Buckinghamshire,
UK), and the protein of interest was eluted with increasing concentrations of NaCl. Full-
length NHLRC2 was additionally purified by size-exclusion chromatography on a
Superdex 200 column (GE Healthcare, Buckinghamshire, UK). Samples containing full-
length NHLRC2 or the thioredoxin-like domain were concentrated to 9.2 and 7.5 mg/ml,

respectively, flash-frozen in liquid nitrogen, and stored at -70°C.

Insulin assay

The insulin turbidity assay to test for thioredoxin activity was performed, as previously
described [3]. Briefly, the assay was done in 200 pl of 0.1 M sodium phosphate buffer (pH
7.0) with 1 mM EDTA and 10 mM DTT, as well as 1uM enzymes when appropriate. The
reaction was started by the addition of 1 mg/ml insulin and monitored at 540 nm for 30
minutes. Measurements were taken every 30 seconds, and the lag phase for precipitation
was monitored. E. coli thioredoxin was used as a positive control in the assay and was

produced as previously described [8].

ml
tmia mouse morulae

Culturing of Nhlrc2
The mating of heterozygous female and male mice was confirmed by the presence of a
vaginal plug. On embryonic day 2.5 (E2.5), morulae were flushed from the uterus in

accordance with a previously described protocol [7]. The uterus was cut near the cervix,

and a 27 G needle attached to a 3 ml syringe was inserted into the oviduct. Both uterine
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horns were flushed with PrimeQ™ M2 Mouse Embryo Culture Medium (Amsbio,
Abingdon, UK). The morulae were transferred into a micro-culture drop of PrimeQ™
KSOM Mouse Embryo Medium (Amsbio, Abingdon, UK), covered with embryo-tested
light mineral oil (Merck-Sigma, Temecula, CA, USA) and equilibrated in an organ culture
incubator (37°C, 5% COz). Embryos grown overnight in the microculture drop were
transferred onto a gelatinized 24-well plate, each into its own well with 300 ul of
embryonic stem cell medium, and left to grow for 10-12 days, after which DNA was

extracted, as described [9].

Genotyping of Nhlrc2tmla

knockout mouse offspring and embryos
Primers CAS_R1 Term, Nhlrc2 119354 F, Nhilrc2 119354 R, LacZ probe F, and
LacZ _probe R (https://www.infrafrontier.eu/search?keyword= Nhlrc2) were used with

Phire Hot Start 1l Polymerase (ThermoFisher Scientific, Waltham, MA, USA) for

genotyping.

X-gal staining

To demonstrate LacZ expression in the embryos, E14.5 Nhlrcztmla

heterozygote mutant
embryos were dissected in ice-cold PBS and fixed at room temperature for 30 min in a
solution containing 0.2% glutaraldehyde, 2 mM MgCl,, 5 mM EGTA and 0.1 M kanolinite
phenylphosphonate (KPP) (pH 7.3) in water. They were then washed three times for 10
min in 0.02% Nonidet P-40, 0.01% Na-deoxycholate, 5 mM EGTA, 2 mM MgCl. and 0.1
M KPP pH 7.3 in water and stained by incubating in a 5-bromo-4-chloro- 3-indolyl g-D-

galactopyranoside staining solution (X-gal, #R0402; ThermoFisher, Waltham, MA, USA)
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composed of 10 mM K;Fe(CN)g, 10 mM K,Fe(CN)g and 1 mg/ml X-gal in DMSO at room

temperature overnight. The embryos were thereafter fixed with 4% paraformaldehyde.

Generation of zebrafish morphants

Two morpholinos against the zebrafish nhirc2 (ENSDARG00000089581) were designed;
the first morpholino was against the ATG-site to prevent translation, and the second one
was against the exon-intron boundary at the 3’ end of exon 4 (ENSDARE00000919598) to
prevent splicing, which both would lead to a frameshift and premature termination of
translation. The regions were sequenced for polymorphism before morpholino design.
Morpholino sequences were 5’-ACCCGATTCTGCTGATTTACCTTTC-3’ (splice site
blocking) and 5’-CTGTCAGCTTACTGTAAGACGCCAT-3" (translation blocking)
(GeneTools, LLC, Philomath, OR, USA).

The morpholinos were heated to 65°C before use to achieve complete suspension.
Then, 1 nl of each morpholino (1.0- 5.0 ng) in a solution containing PBS and 0.2%
rhodamine B (Sigma-Aldrich, St. Louis, MO, USA) was injected into a 1-2 cell stage
embryo using a microinjector (PVV830 Pneumatic PicoPump, World Precision Instruments,
Sarasota, FL, USA). The morphant embryos were screened for fluorescence (570/590 nm
excitation/emission) 4 hours post fertilization (hpf), and images were taken at 24, 48, 72
and 96 hpf with a fluorescence microscope (Zeiss Lumar V12, Carl Zeiss, Oberkochen,
Germany). A standard random control morpholino and a p53 morpholino (GeneTools,
LLC, Philomath, OR, USA) were used to control the non-specific effects of the

morpholinos. WT AB zebrafish embryos were maintained according to standard protocols.
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Quantitation of knockdown

The effect of the splice site-blocking morpholino for nhirc2 levels was quantified using
PCR. Primers were designed on exon 3 and exon 5 to detect the loss of exon 4 (forward
primer 5’-GTCTCCAATACTGGGCAGGTG-3° and  reverse  primer @ 5’-
GCCTGCTAATGTTGAGACTTTTCC-3’). Because an effective antibody against
zebrafish Nhirc2 was not available, the effect of the translation-blocking morpholino could
not be evaluated.

RNA extractions were done from four to seven pooled embryos using Tri reagent
(Molecular research centre, OH, USA), and 70-300 ng of the RNA was used for cDNA
synthesis using a SensiFAST cDNA synthesis kit (Bioline, Taunton, MA, USA) according
to the manufacturer’s instructions. The obtained RNA was treated with DNase | (Thermo
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Then, 70-
300 ng DNase-free RNA was used for cDNA synthesis using SensiFAST cDNA synthesis
kit (Bioline, Taunton, MA, USA) according to the manufacturer’s instructions. The cycling
conditions for PCR (SsoFast Evagreen Supermix, Bio-Rad, Hercules, CA, USA) were 95°C
3:00, 95°C 0:02, 59°C 0:05 and 59°C for 0:10, and a melt curve with an increment of 0.5°C
to 95°C. 5 ul of the product was run on 2% agarose gel with 1:10 000 SybrSafe DNA gel
stain (Thermo Fischer Scientific, Waltham, MA, USA). The knockdown efficiency was
determined from an agarose gel using ImageJ v1.49 by calculating the ratio of the WT,
unmodified band to the sum of all the bands on a single lane (WT and two morpholino
modified bands corresponding to exon exclusion and intron inclusion caused by splice site

blocking).
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Timing of Dechorionation
Dechorionation of the embryos was recorded every 3 hours between 36 hpf and 53 hpf and

then at 60 hpf and 70 hpf.

Fig. 7 Radiological findings of chest X-rays and high-resolution computed tomography of
Patients 1-3. a Patient 1 at 7 months of age shows flattened hemidiaphragms and
hyperlucent lungs demonstrating over-inflated lungs, small air-filled bullae of the right
mediobasal lung (short arrows) and perihilar small atelectasis (long arrow). Performed
during an acute metabolic crisis at the age of 9 months, the chest X-ray demonstrates
perihilar and basal airspace opacities and axial HRCT confirms bilateral consolidations
(long arrows) and reticular opacities (short arrows). b Patient 2 at 4 months of age
demonstrates mediastinal and hilar prominence (short arrows), over-inflated lungs, and
diffuse reticular interstitial opacities. At 4 months of age, HRCT reveals widespread
bilateral ground-glass opacities (short arrow), interstitial infiltrations (long arrows) and
atelectasis (black arrowhead), mildly enlarged thymus (white arrowhead) and left hilar
adenopathy (asterisk). At 1 year of age, chest X-rays show the progression of interstitial
infiltrations and bilateral dense consolidations (long arrows). ¢ Patient 3 at 4 months of age
reveals over-inflated lungs and bilateral perihilar interstitial opacities (short arrows). At 13
months of age, the chest X-ray shows diffuse infiltrations with reticulation. HRCT
confirms diffuse bilateral ground-glass opacification, peripheral interstitial septal

thickening and lobular pleural thickening (long arrows)
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Fig. 8 Findings from brain magnetic resonance imaging of Patients 1-3. a Sagittal T1-
weighted magnetic resonance imaging (MRI) shows the thin corpus callosum of Patient 1
at 7 months of age. b Patient 2 at 10 months of age. ¢ Patient 3 at 10 months of age (short
arrows). The axial T2-weighted and coronal T1-weighted MRIs of Patients 2 (b) and 3 (c)
demonstrate slightly dilated lateral ventricles and cortical sulci. ¢ Increased signal intensity

of the globus pallidus on the axial T2-weighted MRI of Patient 3 (arrowheads)

T1 sagittal T2 axial T1 coronal

K )
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Fig. 9 Findings from abdominal ultrasound and magnetic resonance imaging of internal
organs and thymus of Patients 1 and 2. a The abdominal ultrasound findings (Patient 1 at
10 months of age) show increased cortical echogenity with the strand-like hypoechogenic
outerzone of both kidneys (short arrows). b The abdominal T2-weighted axial MRI of
Patient 2 at 4 months of age shows hepatomegaly and a non-expansive hypointense lesion
of the right liver lobe (long arrows). ¢ The lesion is also hypointense on the T1-weighted
coronal MRI (long arrows). d The axial fat saturation T1-weighted MRI of Patient 2 shows
that the lesion (arrowheads) in the liver is less enhanced by the gadolinium contrast agent
than the rest of the liver. e Normal echogenity of the right liver lobe of Patient 2 at the age
of 4 months. f A slightly enlarged thymus of Patient 2, which was seen in the coronal T1-

weighted MRI (asterisk)
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Fig. 10 a Electropherograms showing both heterozygote NM 198514:¢.442G>T and

c.601 602delAG variants in genomic DNA from the patient. b The RNA extracted from

the patients’ fibroblasts has only ¢.442G>T. Thus, Sanger sequencing of mRNA confirms

that the variants reside in separate haplotypes and have been inherited as compound

heterozygotes in all patients. Furthermore, the absence of the c.601 602delAG variant

indicates that the transcript with the frameshift deletion is processed through nonsense

mediated RNA decay
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Fig. 11 Immunoblotting to detect NHLRC2 protein expression in human tissue
homogenates from control autopsy samples. NHLRC2 was detected in all studied human
organs including the heart (He), kidney (Ki), muscle (Mu), liver (Li), lung (Lu) and brain

(Br). GAPDH was used as a loading control

| — NHLRC2

— — | — GAPDH
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Fig. 12 Nhirc2 is expressed in various cell types of the mouse brain and NHLRC2
expression is highest in the early human life. a An RNA-Seq transcriptome and splicing
database of the glia, neurons and vascular cells of the cerebral cortex show the highest
Nhlrc2 expression in astrocytes, oligodendrocyte progenitor cells, newly formed
oligodendrocytes and endothelial cells. Nhlrc2 was also expressed in neurons, myelinating
oligodendrocytes and microglia. (OPG) oligodendrocyte progenitor cells [18].
Abbreviations: FPKM, fragments per kilobase per million. b The average expression levels
of NHLRC? are similar between the cerebellar cortex (CBC), mediodorsal nucleus of the
thalamus (MD), striatum (STR), amygdala (AMY), hippocampus (HIP) and 11 areas of the

neocortex (NCX) in the human brain (http://hbatlas.org/). ¢ The expression is highest in the

early development of the human brain. The number of samples is indicated on the top of

the x-axis. Data from www.brainspan.org [5]. Abbreviations: RPKM, reads per kilobase

per million; pcw, post conception week; mos, months; yrs, years
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Fig. 13 Wild-type (WT) and heterozygous (het) Nhlrc2 KO morulae and their growth in
vitro. The morulae were isolated at embryonic day (E) 2.5 and co-cultured in a micro drop
culture overnight. On the next day, the E3.5 compacted morulae and early blastocysts were
transferred to separate gelatinised wells. At E4.5, the embryos had matured to the blastocyst
stage and at E5.5 they hatched and attached to the bottom of the plate. Cells were grown
for several days to detect possible phenotypes and to obtain enough material for genotyping

(E7.5, E10.5 and E13.5). No homozygous morulae were detected

E13.5 het
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Fig. 14 nhlrc2 splice site-blocking morpholino alters the mRNA spicing in zebrafish
embryos but not the gross morphology of the embryos. Indicated amount of splice site
targeting morpholino (together with an equal amount of p53 morpholino) was injected into
the yolk sacs of fertilised eggs at the 1-2 cell stage. a Arrows on the left show the expected
product sizes after the splice site-blocking events (334 bp intron inclusion, 198 bp WT
product, 76 bp exon exclusion), and below the image are indicated the times of RNA
extraction as days post fertilisation (dpf). b Un-injected controls on the left, nhlrc2 splice
site-blocking morpholino (3.6 ng) treated morphants in the middle and nhirc2 translation-
blocking morpholino (2.3 ng) treated morphants on the right. The embryos appear to have
WT morphology; only minor swelling was observed in the abdominal area in some
individuals in both morphant groups at 3 dpf. However, this swelling diminished by 4 dpf.
The images were taken with Axiovision software version 4.8 using a Zeiss SteREO Lumar
V12 fluorescence microscope, equipped with 1.5X camera (Carl Zeiss Microlmaging

GmbH, Géttingen, Germany)
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Fig. 15 The timing of dechorionation of the nhlrc2 morphants. The fraction of

dechorionated embryos was recorded for selected hours post fertilisation (hpf). The

significances were calculated with a log rank Mantel-Cox test. PBS control N=91,

untreated control N=47; p53 MO control N=23; untreated control N=36; random control

MO 3.6 ng N=63; untreated control N=34 and splice site-blocking MO 3.6 ng N= 76,

untreated control N=34. Graphs were generated with GraphPadPrism 5
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Fig. 16 Knockdown of nhlrc2 using splice site-blocking morpholino (nhirc2 SB MO),
translation-blocking morpholino (nhirc2 TB MO), a combination (nhlrc2 SB+TB MO) of
the two morpholinos compared to un-injected controls (Control) and random control
morpholino (RC MO). a nhlrc2 splice site blocking morpholino alters the mRNA splicing
in zebrafish embryos. The indicated amount of splice site-targeting morpholino (together
with an equal amount of p53 morpholino) was injected into the yolk sacs of fertilised eggs
at the 1-2 cell stage. After the indicated time, RNA was isolated, PCR was performed and
PCR product was run on 2% agarose gel. Arrows on the left annotate the expected product
sizes after the splice site-blocking events (334 bp intron inclusion, 198 bp WT product, 76
bp exon exclusion), and below the image are the times of RNA extraction as days post
fertilisation (dpf). b Knockdown efficiencies were calculated using ImageJ 1.49v. The
levels of WT transcript are displayed above the bars for samples containing splice site-

blocking morpholinos
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Tuberculosis is a multifactorial bacterial disease, which can be modeled in the zebrafish (Danio

rerio). Abdominal cavity infection with Mycobacterium marinum, a close relative of Mycobacterium
tuberculosis, leads to a granulomatous disease in adult zebrafish, which replicates the different phases
of human tuberculosis, including primary infection, latency and spontaneous reactivation. Here,

we have carried out a transcriptional analysis of zebrafish challenged with low-dose of M. marinum,
and identified intelectin 3 (itln3) among the highly up-regulated genes. In order to clarify the in

vivo significance of Itin3 in immunity, we created nonsense itin3 mutant zebrafish by CRISPR/Cas9
mutagenesis and analyzed the outcome of M. marinum infection in both zebrafish embryos and adult
fish. The lack of functional itin3 did not affect survival or the mycobacterial burden in the zebrafish.
Furthermore, embryonic survival was not affected when another mycobacterial challenge responsive
intelectin, itln1, was silenced using morpholinos either in the WT or itln3 mutant fish. In addition,

M. marinum infection in dexamethasone-treated adult zebrafish, which have lowered lymphocyte
counts, resulted in similar bacterial burden in both WT fish and homozygous itln3 mutants. Collectively,
although itln3 expression is induced upon M. marinum infection in zebrafish, it is dispensable for
protective mycobacterial immune response.

Tuberculosis is an epidemic multifactorial disease caused by Mycobacterium tuberculosis'. The susceptibility to
tuberculosis depends on the M. tuberculosis strain and on a number of host-related factors such as environmen-
tal conditions, other underlying diseases as well as genetic variation**. Critical genes of the adaptive immunity
required for the mycobacterial immune response such as interferon gamma (IFNG)>° and interleukin 12 (IL12)"®
were identified already in the 1980’s and 1990, respectively. The importance of these genes has later been verified
in human tuberculosis patients® and by using experimental gene knockout mouse models of tuberculosis'®'3.
More recently, pattern recognition receptor (PRR) gene polymorphisms of Toll-like receptors (TLRs)'*"'¢ and
C-type lectins'”!8, have been associated with M. tuberculosis susceptibility, delineating also the central role of the
innate immunity in controlling the mycobacterial infection.

Lectins are carbohydrate-binding proteins important for numerous biological processes such as intracellular
glycoprotein secretion, leukocyte trafficking and microbial recognition'®?°. Consequently, lectins act as recog-
nition molecules inside cells, on the cell surface and in extracellular fluids®°. Intelectins (ITLNs) are a distinct
family of lectins, which were first identified in Xenopus laevis*! and were later found in a number of chordates
including human, mouse and zebrafish (Danio rerio)*>-**. Although ITLN function has been linked to a number
of processes such as iron absorption?, metabolic disorders®’” as well as cancer development**?, their exact bio-
logical functions are elusive. Suggesting a role for ITLNs in the immune response, itln gene expression is highly
up-regulated upon a bacterial infection in fish?>*°-*2. Moreover, human ITLN1 (also known as Omentin) has been
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shown to bind to the Mycobacterium bovis Bacillus Calmette-Guérin (BCG)**, and more specifically to exocyclic
1,2-diol glycan epitopes that are expressed selectively on microbial surfaces™.

The importance of ITLNs for immunity in vivo, however, is less clear. Previously, Voehringer et al., used trans-
genic mice with lung-specific ITLN1 and ITLN2 over-expression to study the effects of these proteins in the
mouse infection models of the parasite Nippostrongylus brasiliensis and the M. tuberculosis bacterium™®. In these
settings, the authors could not detect enhanced pathogen clearance in the Itln transgenic mice. In contrast, a so
called “natural deletion” of the Itln2 gene has been previously associated with a higher susceptibility against the
parasite Trichinella spiralis in a C57BL/10 mouse strain®. Recently, an Itln1 knockout mouse strain was created
to study inflammatory bone diseases®. In the aforementioned study, the lack of Itln1 was associated with a proin-
flammatory phenotype characterized by elevated TNF and IL6 levels in bone tissue and in serum, and was shown
to result in osteoporosis®’.

The genome of the zebrafish was assembled for the first time in 2002 and the prevalent 11" assembly
(GRCz11) is an invaluable tool for research using zebrafish as a disease model*®. Over 70% of human genes have
at least one zebrafish orthologue and for this reason, the zebrafish immune system is highly similar compared
to humans®. In fact, most of the human immune cell populations such as T- and B-cells***!, neutrophils and
macrophages*, dendritic cells*® as well as the complement system* and immunoglobulins**¢, are found in the
zebrafish. Importantly, zebrafish can be modified genetically with the clustered regularly interspaced short pal-
indromic repeats (CRISPR)/CRISPR-associated 9 (Cas9) mutagenesis*”*$, which allows disease modeling using
reverse genetics, although some genes appear difficult to target successfully®.

A Mycobacterium marinum infection of zebrafish is nowadays a commonly used model for studying tubercu-
losis in both larvae and adult fish***!. Compared to several other tuberculosis models, the mycobacterial model
of zebrafish is considered safe, cost-effective and ethical®»**. More importantly, M. marinum is closely related to
M. tuberculosis, and the two bacterial species have comparable pathogenic characteristics in the natural hosts;
macrophage mediated intracellular multiplication as well as the formation of granuloma structures®*->¢. The larval
model enables studying specifically the innate immunity*”*%, whereas the adult zebrafish model allows studying
also components of the adaptive immune system in both an acute mycobacterial infection®® as well as during
mycobacterial latency®®.

In order to identify candidate genes associated with the host response against mycobacteria, we conducted a
gene expression microarray in M. marinum infected adult zebrafish. Here, we identified a zebrafish ITLN ortho-
logue itln3 among the genes that were most induced upon infection. In order to gain more insights into the func-
tion of ITLNs, we used CRISPR/Cas9 mutagenesis to create knockout it/n3 mutant zebrafish lines, and used the
zebrafish M. marinum infection model to determine the in vivo significance of Itln3 in a mycobacterial infection.

Results

Genome-wide gene expression microarray analysis of M. marinum infected adult zebrafish. In
order to identify genes involved in the host immune response against mycobacteria, we used the zebrafish M.
marinum infection model and conducted a genome-wide gene expression analysis using the microarray platform.
To this end, we infected wild-type (WT) AB zebrafish with M. marinum (20 CFU; SD 6 CFU) and isolated their
organ blocks (includes all the organs of the abdominal cavity) for a transcriptomic analysis at 14 days post infec-
tion (dpi). From a total of 43603 probes used in the analysis, we found 93 probes, corresponding to 70 genes, that
were up-regulated and 26 probes, corresponding to 21 genes, that were down-regulated (log2 fold change >|3|)
compared to the mock-treated (PBS) controls (Supplementary Table 1). Further evaluation of the up-regulated
probes with a GOrilla gene ontology (GO) enrichment analysis®-** revealed 22 enriched (p < 0.001) processes
including response to carbohydrates (GO:0009743), cholesterol homeostasis (GO:0042632) and antigen process-
ing and presentation (GO:0019882) (Supplementary Table 2). Among the up-regulated genes we found five genes;
si:busm1-194e12.11 (mhc2 family gene), arachidonate 5-lipoxygenase b, tandem duplicate 3 (alox5b.3), zgc: 113912
(mhc2 family gene), CD59 molecule (¢d59) and si:busm1-194e12.12 (mhc2 family gene) with well-known immu-
nological functions in antigen processing, inflammation and in the regulation of the complement system (Fig. 1A,
Supplementary Table 1). Of the 21 down-regulated genes, five were associated with the immune response; CD58
molecule (cd58), myeloid-specific peroxidase (mpx), complement factor b-like (cfbl), immunoresponsive gene 1, like
(irg1l) and si:busm1-266f07.1 (mhc2 family gene) (Fig. 1A, Supplementary Table 1). Interestingly, approximately
38% of the up-regulated probes i.e. parvalbumin 1 (pvalbl), alpha-tropomyosin (tpma), troponin 1, skeletal, fast 2b,
tandem duplicate 2 (tnni2b.2) and myosin, heavy polypeptide 1.1 (myhz1.1) were related to muscle associated bio-
logical processes including muscle contraction (GO:0006936), muscle system process (GO:0003012) and myofi-
bril assembly (GO:0030239) (Supplementary Tables 1 and 2). The GO-analysis of the down-regulated probes also
showed a significant enrichment of another 22 processes including response to external biotic stimulus (GO:
0043207) and cholesterol biosynthetic process (GO:0006695) and immunological processes, such as response to
other organism (GO:0051707), response to bacterium (GO:0009617) and the induction of bacterial agglutination
(GO:0043152) (Supplementary Table 2).

Mycobacterial infection up-regulates itln3 expression in both zebrafish embryos and
adult fish. Previous studies in several animal models have shown the expression of the Intelectin (ITLN)
gene to be induced upon a bacterial infection?3%32, Accordingly, the expression of the zebrafish itIn3
(ENSDARG00000003523) was increased on average 3.3-fold (log2 change) upon a M. marinum infec-
tion in our microarray analysis (Fig. 1A, Supplementary Table 1). In contrast, two other itln genes; itln2
(ENSDARG00000036084) and itln2-like (ENSDARG00000093796) were down-regulated compared to the
PBS controls (—3.5 and —3.2 log2 fold change, respectively) (Fig. 1A, Supplementary Table 1), suggesting a
diverse regulation of itln genes in the M. marinum infected zebrafish. Since both ENSDARG00000036084 and
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Figure 1. Zebrafish intelectin genes are differentially expressed upon M. marinum infection. (A) A genome-wide
gene expression microarray was conducted in adult WT AB zebrafish injected with M. marinum (20 CFU; SD 6
CFU) (n=2) or PBS (n=3). Average numerical results (log2) for each probe in both infected fish (y-axis) and PBS
controls (x-axis) are shown. Up- and down-regulated transcripts (log2 fold change|3|) in the organ blocks are
shown in grey, and the common immunological genes are annotated. Two itln3 probes as well as itln2 and itln2-like
probes are highlighted. (B-E) The expression of zebrafish itln genes (itln1, itln2, itln2-like and itln3) was measured
with qPCR in the organ blocks of the M. marinum infected (6 CFU; SD 3 CFU) and PBS injected adult WT e46
zebrafish at 1 (n=12 and n=4, respectively) and 6 dpi (n = 12 and n =8, respectively) as well as 4 (n =12 and

n= 11, respectively) and 9 wpi (n= 12 and n = 10, respectively). (F-I) The expression of itln1, itln2, itln2-like and
itln3 was determined with qPCR in the M. marinum (39 CFU; SD 47 CFU) infected WT AB embryos (n=>5 at all
timepoints) and in PBS injected controls (n =5 at all timepoints) at 1-7 dpi. Note the different scales of the y axes
in B-I. Gene expressions were normalized to eefIall1 expression and target genes were run once in the gPCR
analyses. A two-tailed Mann-Whitney test was used in the statistical comparison of differences in B-I.
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Figure 2. Expression of zebrafish itln genes in adult zebrafish tissues. Relative expression of (A) itlnl, (B)
itln2, (C) itln2-like and (D) itln3 was measured with qPCR in the uninfected adult WT e46 zebrafish liver
(n=10), spleen (n= 10), kidney (n = 10) and the intestine (n = 10). Note the different scales of the y axes. Gene
expressions were normalized to eeflalll expression and target genes were run once in the qPCR analyses.

ENSDARGO00000093796 share the same gene name, itln2, in Ensembl genome browser, ENSDARG00000093796
is referred to as itln2-like throughout the text.

To confirm the differential expression pattern of the it/n family members in the zebrafish mycobacterial infec-
tion and to study the kinetics of the host response more carefully, we analyzed itln1 (ENSDARG00000007534),
itln2, itln2-like and itln3 gene expression from the abdominal cavity organ blocks of M. marinum infected (6
CFU; SD 3 CFU) WT e46 background adult zebrafish with qPCR at 1 and 6 dpi, as well as at 4 and 9 weeks post
infection (wpi) (Fig. 1B-E). In line with our microarray data, itln3 was significantly induced at 4 wpi (3.8-fold,
P =0.002) and 9 wpi (5.9-fold, P =0.003) (Fig. 1E), whereas itln2 was down-regulated compared to the PBS con-
trols both at 6 dpi (0.3-fold, P =0.019) and 4 wpi (0.2-fold, P < 0.001) (Fig. 1C). No significant differences in the
relative mRNA expression levels of the itln1 (Fig. 1B) or itln2-like (Fig. 1D) genes were observed between infected
and the PBS injected adult fish at any of the measured time points.

Next, we infected WT AB zebrafish embryos with mycobacteria and performed an expression analysis of
the itln genes by qPCR. Here, M. marinum (39 CFU; SD 47 CFU) was microinjected into the yolk sac of the
embryos and the gene expression was quantified daily between 1 and 7 dpi (Fig. 1F-I). In the mycobacteria
infected embryos we detected the up-regulation of both itln1 (1.8 to 6.4-fold, P =0.008-0.016) (Fig. 1F) and itln3
(1.8 to 111.4-fold, P=10.008-0.032) (Fig. 1I) starting at 2 dpi and continuing until 7 dpi, as well as the induction
of itln2 at 7 dpi (21.6-fold, P =0.008) (Fig. 1G) and itln2-like (Fig. 1H) between 4 and 7 dpi (20.7 to 76.1-fold,
P =0.008-0.032) compared to the PBS controls. Also, in line with previous reports suggesting that other infec-
tious diseases up-regulate ITLN expression, a significant induction of itln3 expression (8.4-fold at 7hpi; 11.8-fold
at 18hpi; 5.5-fold at 24hpi; 4.4-fold at 48hpi, P =0.002 in all comparisons) was observed in Streptococcus pneumo-
niae (T4 serotype) infected (296 CFU; SD 32 CFU) embryos (Supplementary Figure 1).

In order to understand the infection-inducible nature of the zebrafish itln genes at steady state, we quantified
the relative mRNA levels of itlnl, itin2, itin2-like and itIn3 in the liver, spleen, kidney and intestine of unchal-
lenged WT e46 zebrafish by qPCR (Fig. 2A-D). Here, we found that itln2 expression was restricted to the intes-
tine (Fig. 2B), whereas itln3 showed the highest relative expression in the liver and the highest overall expression
compared to the housekeeping gene (eukaryotic translation elongation factor 1 alpha 1, like 1; eeflalll) (Fig. 2D).
Conversely, itlnl was expressed in all of the studied tissues with the second highest overall expression levels
(Fig. 2A), while itln2-like was primarily expressed in the zebrafish kidney and the intestine (Fig. 2C). These results
are in line with a previous qPCR analysis of the itln gene family members in unchallenged adult zebrafish®.

Creating itln3 mutant zebrafish using CRISPR/Cas9 mutagenesis. The type II CRISPR/Cas sys-
tem is an invaluable technology for targeted genome editing®>®*, and to date it has been utilized in a number of
model organisms. We and others have used the CRISPR/Cas9 mutagenesis method successfully in the zebraf-
ish*742565 Here, we used the CRISPR/Cas9 method to create zebrafish carrying nonsense itln3 mutations for
our in vivo studies (Fig. 3). To this end, we identified a functional gRNA targeting the second exon of the itln3
gene with an average mutagenesis efficiency of 39.5% (Fig. 3A,B). After an outcross of parental mutation car-
riers (FO-generation) with WT TL zebrafish, we observed two germ-line transmitted frameshift mutations in
the F1-progeny corresponding to a total loss of five base pairs (—5 bp; loss of GCATC) and to a total gain of
eight base pairs (+8bp; loss of GGAGCATC and gain of TGCTAGGTAAGTATCA) at the target loci (Fig. 3C).
Analyses with the Translate tool (Expasy; SIB, Swiss Institute of Bioinformatics)®’ of both the —5 bp and +8bp
mutations confirmed the disrupted reading frames from amino acids 47 and 45 onwards resulting in premature
stop-codons after 79 and 71 amino acids, respectively (Fig. 3C). These two different it/n3 null mutant zebrafish
lines were named itln3"*!** (—5 bp mutation) and it[n3"*!* (+-8 bp mutation). qPCR analysis of uninjected and
M. marinum infected (422 CFU; SD 221 CFU, 2 wpi) adult zebrafish revealed diminished itln3 transcript levels in
the homozygous itln3t145utal45 (regidual expression less than 1%, P < 0.001) and itln3ut!48/4tal48 mytants (residual
expression less than 0.1%, P < 0.001) compared to the WT controls (Supplementary Figure 2), suggesting that the
indel-mutations lead to the nonsense-mediated RNA decay of the mutant mRNAs®. Furthermore, the inheritance
of the mutations followed Mendelian ratios for both of the mutant lines, and the homozygous itln3ua145/utal4s
and itln3"a148/ual48 mytants did not show any developmental defects nor phenotypical differences compared to
their WT siblings (Supplementary Figure 3).
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Figure 3. Generation of itln3**** and itln3"*'* mutant zebrafish lines using CRISPR-Cas9 mutagenesis. (A) An
appropriate guide RNA (gRNA) target site was identified in the second exon of itln3. (B) 2.5% agarose TAE gel
electrophoresis was performed to evaluate occurrence of target site mutations in zebrafish. The in vivo CRISPR/
Cas9 mutagenesis efficiency was estimated with the T7EI assay in the gRNA and Cas9 mRNA injected embryos.
The size of the uninjected WT control PCR product is 210 bp, whereas the PCR products of the mutated
embryos are partially cleaved at the target site. The cleavage efficiency was calculated from the band intensities
and the mutagenesis efficiency calculated according to the following formula: % mutagenesis =100 x (1 -

(1- fraction of cleavage)'/?)**. GeneRuler 50 bp DNA Ladder (#SM0373, Thermo Fischer Scientific) was used as
amolecular weight marker (MW). Gel image is cropped to exclude portions that do not contain experimental
samples. (C) gRNA target sites were sequenced from F1-generation mutant zebrafish and two frameshift
mutations (-5 bp deletion, itln3"*1*> and 48 bp insertion, itln3"*!%) detected, leading to truncated protein
products of 79 and 71 amino acids, respectively.

Nonsense mutationinitin3 does notaffect hostresistance against M. marinumin zebrafish embryos.
The up-regulation of the expression of the itln3 gene in a M. marinum infection suggests a possible role for Itin3
in the host immunity against mycobacterial infections. To test if the resistance towards a mycobacterial infection
is altered in homozygous itln3 mutant embryos, we first infected M. marinum (40 CFU; SD 30 CFU) into the
yolk sac of the ungenotyped F2-progeny of heterozygous itln3**!4*+ and itln3"*!48'* zebrafish and followed their
survival until 7 days post fertilization (dpf) (Fig. 4A,B). Post-experiment genotyping revealed an average survival
of 47% in the itln3"1*> background embryos and 48% in the embryos with the itln3"*4® background. However,
any significant differences in the survival between the homozygous and heterozygous itln3 mutants or WT fish
could not be observed in either itln3"21% (Fig. 4A) or itln3"*1%8 fish lines (Fig. 4B) before 7 dpi (7 dpf). Next, we
quantified the mycobacterial burden in the embryos that had survived by qPCR using primers for M. marinum
internal transcribed spacer (MMITS)*® (Fig. 4C). The M. marinum quantification revealed bacterial copy number
medians (log10) of 4.18 and 4.15 in 100 ng of zebrafish DNA in the itln3"2!% and itln3"*!*> WT groups, respec-
tively. Comparably, heterozygous ifln3%2!4>+ and itln3"1¥* fish had copy number medians of 4.02 and 4.22 (in
100 ng of zebrafish DNA, log10), respectively, and the homozygous itln3w145/utalds qnd jilp3utalds/ualsd mytants
3.53 and 4.25 (in 100 ng of zebrafish DNA, log10). Thus, there were no statistically significant differences in the
mycobacterial burdens between the different genotypes in neither itln3"*1*> nor itln3"*!4 zebrafish.

The site of the bacterial injection can affect the immune response in the embryos®’. Therefore, we next treated
the ungenotyped F2-progeny of itln3"*14/* and itln3"*148'* zebrafish by injecting M. marinum into the blood cir-
culation valley of 2-day-old embryos. In these fish, the M. marinum infection (46 CFU; SD 31 CFU) was not able
to cause any mortality prior to the experimental end-point of 5 dpi (7 dpf). However, this allowed us to quantify
the M. marinum burden in all of the infected embryos at the end-point (Fig. 4D). Here, the bacterial copy number
medians (log10) in 100 ng of zebrafish DNA were 3.61 (WT itln3"#1%), 3.83 (W' itln3"2148), 3.63 (itln3va145/+),
3.77 (itln3ve148/+), 3,75 (jtlp3utaldsiunalss) and 3.79 (itln3we148/utal48) Similarly to the yolk sac infection, mycobacte-
rial quantification did not reveal any differences between the individuals of the different genotypes in either the
itln3"1% or the itln3"*!*8 zebrafish background. Noteworthy, we also infected the ungenotyped F2-progeny of
itln3"145 and ifln3%214'+ zebrafish with S. pneumoniae (serotypes 1 and T4, blood circulation valley infection at
2 dpf) and followed the survival of the fish to 5 dpi®. There was no difference between WT embryos and the itln3
mutants (Supplementary Figure 1).

Deleterious mutations may lead to genetic compensation, which in turn can affect the observed phenotype
in gene knockout models”. To address this, we used a morpholino-oligonucleotide to silence itln1I in our itln3
mutant zebrafish together with the yolk sac mycobacterial infection of zebrafish embryos. In order to ensure
efficient termination of translation in all of the four zebrafish itlnI transcripts, we targeted the second exon (E2)
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Figure 4. The lack of itln3 does not affect the survival or the mycobacterial burden of M. marinum infected
zebrafish embryos. (A,B) M. marinum (40 CFU; SD 30 CFU) was injected into the yolk sac of the WT (itln314%)
(n=31), itln3" 145+ (n=74), itln32145mal45 (n = 22) WT (itln3"214%) (n=19), itln3"148+ (n =27) and itln3"214%/
utal4$ (n =16) zebrafish embryos at 0 dpf and the survival recorded until 7 dpi. A log-rank (Mantel-Cox) test

was used for the statistical comparison of differences. The data was collected from a single experiment. (C)
Mycobacterial burden was measured by qPCR from the yolk sac infected WT (itln3"*1%) (n=17), itln3%2145/+
(n=32), itln3145/al45 (n = 10), WT (itln3"2148) (n=9), itlh3"2148+ (n = 15) and itln32148/ua148 (n = 7) embryos
that were alive at 7 dpi. (D) M. marinum (46 CFU; SD 31 CFU) was injected into the blood circulation valley of the
WT (itln3"21%) (n=29), itln3"214/+ (n =77), itlh 3421452145 (n = 36), WT (itln3"214) (n =31), itln3"214/+ (n=157)
and itln3vtal4sualss (n —19) zebrafish embryos at 2 dpf and the M. marinum burden quantified at 5 dpi. Bacterial
load is represented in panels C and D as bacterial copies (log10) in 100 ng of zebrafish DNA. A two-tailed Mann-
Whitney test was used in the statistical comparison of differences in C and D.
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Figure 5. Morpholino mediated silencing of itln1 expression does not alter the survival of the WT or itln3
knockout zebrafish in a M. marinum infection. (A) A schematic representation of the effects of the morpholino
mediated silencing of itlnl. A splice site blocking morpholino (SB) was used to prevent the normal splicing
event between exon 2 and exon 3 in itln]1. Morpholino binding to its target site leads to an alternative splicing
event that deletes the start codon containing exon 2 from the transcript. Consequently, this prevents translation
of the ItIn1 protein. In order to quantify the relative amount of the WT itln1 transcript, QPCR primers were
designed to specifically amplify only the WT itlnI mRNA. (B) WT itln1 expression was quantified with gPCR
from the itln1 SB morpholino (n = 3) and random control morpholino (RC) injected zebrafish (n=3) at 1-7
dpf. Gene expression was normalized to eeflalll expression. All samples were run once as technical duplicates.
(C-E) Survival of the morpholino and M. marinum (20 CFU; SD 19 or 13 CFU; SD 10 CFU) co-injected
embryos were followed until 7 dpi. In panel C, WT (itln3“**> and itln3*/!*%) embryos injected with either SB
(n=47 and n =53, respectively) or RC morpholino (n =29 and n= 54) are shown, whereas in panels D and

E the itln3"41* background (n =45-73) and itln3“'*8 background embryos (n = 18-35) injected with SB
morpholino are depicted, respectively. Note that the SB morpholino injected WT (itln3"*°) embryo group is
shown in both C and D panels in order to simplify data representation. The data in panel C was collected from
two individual experiments, whereas other data is from a single experiment. A log-rank (Mantel-Cox) test was
used for the statistical comparison of differences. MO = morpholino.

of the gene with a splice-blocking (SB) morpholino (Fig. 5A). In our initial SB morpholino titration experiments,
2.8 ng of itln1-blocking morpholino did not reveal any adverse effects on the survival or on the phenotype of
unchallenged zebrafish embryos within the first 7 dpf. However, lower WT itln] mRNA levels were observed in
the SB morphants with residual expression of 17.1% at 4 dpi, 21.8% at 5 dpi and 33.9% at 6 dpi compared to the
random control (RC) injected embryos (Fig. 5B), demonstrating that this amount of the SB morpholino silences
the expression of itlnl efficiently during embryonic development. In addition, detectable itlnl expression levels
were observed in the RC morphants already at 1 dpi, whereas in the SB morpholino injected embryos itln1 expres-
sion was evident later starting at 2 dpi based on qPCR (Fig. 5B, Supplementary Figure 4). Next, we performed
morpholino-M. marinum co-injections (20 CFU; SD 19 CFU) into the yolk sac of the un-genotyped F2-progeny
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Figure 6. Adult it/n3 mutant zebrafish have comparable survival and mycobacterial burden compared to
WT fish upon M. marinum infection. (A) The WT (itln3"*14) (n = 38), iltn3"2145/+ (n = 40), iltn3va!45/utales
(n=38) and (B) WT (itln3"a148) (n = 38), iltn3"2148/* (n = 38), iltn3"2148/utal48 () — 38) zebrafish were infected
with M. marinum (48 CFU; SD 5), and their survival followed for 24 weeks. A log-rank (Mantel-Cox) test
was used for the statistical comparison of differences. The data was collected from a single experiment. (C,D)
The itln3"*1*> and itln3"*'*8 background zebrafish were infected with M. marinum (422 CFU; SD 221 CFU)
and bacterial burden (log10) in 100 ng of zebrafish DNA determined at 2 and 4 wpi from the organ blocks
(without the kidney). Group sizes at 2 and 4 wpi, respectively, were as follows: WT (itln3“414) n =10, n=8;
iltn3WaM5 n =12, n=12; iltn3ui4/alds n — 12 n =12; WT (itln3“9148) n =9, n=N/A; iltn3"14+ n=9, n=14
and iltn3utal48/ualds n — 8 n—12. All samples were run once. A two-tailed Mann-Whitney test was used in the
statistical comparison of differences. N/A = no fish available for analysis.

of itln3"45/+ and itln3"*14/+ zebrafish (Fig. 5C-E) and the F3-progeny of WT itln3*2!48 (13 CFU; SD 10 CFU)
(Fig. 5C) and followed their survival up to 7 dpi. There were few dying embryos among uninfected embryos
upon RC or itlnl morpholino injection (Supplementary Figure 4), whereas the mortality reached 77.8-100% in
the morpholino-M. marinum co-injected embryos. Noteworthy, the comparison between the infected RC and
SB morpholino injected WT itln3"2!45 and itln3"*'48 embryos did not show any differences in survival (Fig. 5C).
Moreover, inhibiting itln1 expression in homozygous itln3%a145/ual45 g jtlp3ual4s/ualss mytants lead to a sim-
ilar mortality compared to the corresponding heterozygous and WT siblings of the same genetic background
(Fig. 5D,E), indicating that the simultaneous lack of itln1 and itln3 functionality does not affect mycobacterial
resistance in the zebrafish embryo. Consistently, we did not detect any differences in the mRNA levels of itln1, itln2
and itln2-like between the homozygous itln3 mutants and the WT controls either in uninjected (4 dpf) or M. mari-
num (25 CFU; SD 23 CFU, 4 dpf/4 dpi) infected embryos (Supplementary Figure 5), suggesting that there is no
transcriptional compensation by the other studied infelectin gene members in the itln3u14/ual45 and jflp 3utal4s/ualds
mutant fish. Similarly, no transcriptional compensation by itln1, itln2 or itln2-like was observed in the adult it/n3 mutant
zebrafish either in steady state or upon M. marinum infection (Supplementary Figure 2).

Adult itln3 mutant zebrafish have a normal immune response towards a M. marinum infection.
In order to test the mycobacterial susceptibility of the it/n3 mutants in adult zebrafish, we performed a low-dose
(48 CFU; SD 5 CFU) mycobacterial inoculation into the abdominal cavity of the fish and followed their survival
for up to 24 wpi (Fig. 6A,B). After the follow-up, an average of 67% of the itln3"?!%° background zebrafish had sur-
vived, corresponding to 74% of the WT, 73% of the itln3"*1**/* and 59% of the itln3"2!45/ut2145 fish In the itln3%!48
background fish, a combined survival percentage of 81% was observed (78% in the W'T, 82% in the itln3"2!48/*
and 84% in the ifln3t148/u1148 figh) Similarly to the embryonic survival experiments, no statistically significant
differences in the survival between the genotypes were observed.

We and others have previously shown that the outcome of a mycobacterial infection in adult zebrafish depends
not only on the host genotype but also on the infection dose. While, a so called low-dose inoculate can result in
latency and a chronic disease™, a higher dose leads to a fast progressing acute infection®*”!. We hypothesized
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that the effects caused by the lack of ItIn3 could be more prominent in an infection with a higher mycobacterial
dose. Consequently, we infected WT fish as well as heterozygous and homozygous it/n3 mutants from both the
itln3"2145 and itln3"1%8 backgrounds with a higher M. marinum dose (422 CFU; SD 221 CFU) and quantified the
bacterial burden at 2 and 4 wpi (Fig. 6C,D). In these fish, we detected M. marinum copy number medians (log10)
of 4.19 (WT itln3"2145), 3.76 (itln3"2145/+), 4.16 (itln30145/4a145) 3 69 (W'T itln3"a148), 3.73 (itln3"2149/+) and 3.92
(itln3vtal48/utalss) jn 100 ng of zebrafish DNA at 2 wpi and 4.72 (WT itln3"214%), 4.36 (itln3"*145/*), 4.60 (itln3"t145/
utalds) 4,10 (itln3"2148/+) and 3.72 (itln3%148/4ta148) at 4 wpi. Noteworthy, no WT itln3%2148 fish were available at
4wpi for a bacterial quantification. Altogether, these data indicate that the loss of Itln3 function is dispensable for
the host resistance against abdominal cavity M. marinum infection in adult zebrafish.

Dexamethasone mediated lymphocyte depletion in itln3 knockout zebrafish does not affect
the survival or mycobacterial burden in a M. marinum infection. We have recently published
a zebrafish immune-suppression model for mycobacterial reactivation using orally administered dexametha-
sone®. The dexamethasone treatment decreases the total amount of lymphocytes by an average of 36% (from
a relative proportion of 19.3% to 12.4%), and consequently leads to reactivation of the M. marinum infection.
In turn, a number of studies have suggested that Itln3 functions in microbial surveillance and therefore in the
innate immunity?*?**%. In order to highlight the importance of innate immune mechanisms in the mycobacterial
defense, we used the dexamethasone treatment to specifically deplete the lymphocyte population in the adult
itln3 mutation carrying zebrafish lines itln3"#14° and itln3"1%%, and subsequently infected both WT and homozy-
gous itln3 mutants with M. marinum (47 CFU; SD 4 CFU) (Fig. 7A). Expectedly, our flow cytometric analysis
demonstrated a significant decrease in the lymphocyte counts of both WT itln3"2!%> and itln3"2!43 fish (31.5%,
P =0.002 and 23.7%, P=0.010, respectively) as well as the ifln3u2145/utal45 and jtlp3utalds/utalss mytants (31.5% and
40.5%, P < 0.001 in both comparisons) three weeks after initiating the dexamethasone administration at 2 wpi
(Fig. 7B-D). In addition, neither the total cell count nor the amount of myeloid cells and blood cell precursors
were affected by dexamethasone (Supplementary Figure 6). We did not detect any substantial mortality of either
the itln3*214° or the itln3"*! mutants or WT fish during the five-week follow-up period. As is shown in the
Fig. 7D,E, the bacterial amounts did not differ between the groups; in 100 ng of zebrafish DNA, mycobacterial
copy number medians (log10) of 2.60 and 2.65 in WT itln3"!14%, 2,55 and 3.10 in itln3"®14/utal45 2 87 and 2.43 in
WT itln3"1%8 and 2.25 and 2.91 in itln32148/412148 zebrafish were observed at 2 and 4 wpi, respectively.

In conclusion, our data are in accordance with previous literature on the possible role for itlns in immunity, as
the zebrafish itln3 is highly induced in a mycobacterial infection. However, M. marinum infection experiments
using both zebrafish embryos and adult fish suggest that it/n3 is dispensable for a protective mycobacterial host
response. Moreover, itlnl does not seem to compensate for the lack of functional it/n3 in the embryonic infec-
tion model. Of note, unlike has been reported for human ITLN1, we were unable to demonstrate direct binding
of recombinant Itln3 to mycobacteria (or S. pneumoniae or Escherichia coli) in vitro (Supplementary Figure 7),
which may explain the nonessential role of Itln3 for zebrafish immunity in our models.

Discussion

The genetics of the host affect the outcome of a M. tuberculosis infection, i.e. the development of active tuber-
culosis®. Genome-wide expression analyses using microarray and RNA sequencing platforms are important for
understanding complicated biological processes such as the host immune defense against pathogens. To date, a
handful of transcriptome studies have been done in the zebrafish M. marinum infection model using microarray
technology*®’>73, the digital gene expression (DGE) method”* and RNA sequencing’®~"”. Collectively, by using
both zebrafish embryos and adult fish, these studies have provided important insights into the innate and adaptive
host response against mycobacterial infections.

We used the adult zebrafish M. marinum (ATCC 927) infection model together with a zebrafish gene expres-
sion microarray to identify novel candidate genes in a mycobacterial infection. From this data, we identified a
total of 91 differentially expressed genes (log2 fold change >|3|) that were linked to 44 enriched processes, includ-
ing genes associated with the immune response. Previous studies have shown several genes of the complement
system (e.g. complement component c3b, c3b; complement component 6, c6) to be up-regulated in an infec-
tion®7277476 whereas the expression of some complement associated genes (e.g. complement factor b, cfb; mannose
binding lectin, mbl) has been shown to be reduced’>’*. In line with previous results, we also saw an induction of
cd59 (regulation of membrane attack complex formation) as well as reduced expression of ¢fbl (component of the
C3 convertase). Conversely, although previous transcriptomic studies have shown the induction of genes that are
involved in neutrophil and macrophage related functions (e.g. mpx and irg1l)”>’¢, our data indicated
down-regulation of these transcripts in an infection. In summary, the aforementioned similarities and differences
between these transcriptomic studies can result from a number of factors including the developmental stage of
the host (embryos vs. adult fish), the time points chosen for sample collection, the different outcomes of an infec-
tion (chronic vs. acute), the use of different bacterial strains (E11, Mma20 or ATCC 927) and doses, and they can
be due to differences in the technical execution of sample preparation and analyses.

Interestingly, circa 38% of the up-regulated probes were related to muscle associated biological processes
including muscle contraction (GO:0006936), muscle system process (GO:0003012) and myofibril assem-
bly (GO:0030239). Supporting the relevance of this finding, a genome-wide expression analysis in the fruit fly
Drosophila melanogaster identified several muscle specific genes such as actin88F (Act88F) and tropomycin 2
(Tm2) to be induced after a Pseudomonas aeruginosa infection’®. Consistently, the down-regulation of muscle
expressed genes (troponin C41C, TpnC41G; glutathione S-Transferase 2, Gst2) was later connected to an increased
susceptibility to infection, suggesting an immunological role for muscle tissue’*. Although the differential
expression of muscle specific genes can be indirectly linked to the immune response through the regulation of
other physiological functions, as has been also suggested by Chatterjee et al.,*!, both mouse and zebrafish muscle

SCIENTIFICREPORTS | (2019) 9:995 | https://doi.org/10.1038/s41598-018-37678-1 9



www.nature.com/scientificreports/

A B WT (itin3"a148)
Dexamethasone treatment
(5 weeks) . Myeloid cells 35.6%
1 Awpi .
l ‘ . lood uzlll b
" recursors 21.€
M. marinum infection M. marinum qQPCR M. marinum qPCR o ‘. '-)"‘15’2"1‘:/.'-‘!':5
il 4 4 o v o v o
-1 wpi 0 dpi 2 wpi 4 wpi
Flow Flow
cytometry cytometry

c Lymphocyte counts D Lymphocyte counts
(itin3"1214% fish) (itIn3"214® fish)
P<0.001 c P<0.001
S 25- P=0.002 —— o -fwpi S 254 P=0.010 —————— o _fwpi
=1 — s —
< . - .
E. 20- o m 2wpi §_ 204 ° & 2 wpi
o o o o o
Q -—
3 159 %0go . T15{ o !o
o = o [ 1]
= 00° 0.0 n s ol '5°°0'° LT
g 104 °0° 00 !L l!.. % 10 (<} ...- R T L
2 -, 'L o ] L]
£ 5+ [ ] .t'l=> 54
- =
° B
3 v T T T T ° v T T T T
= o\ K3 N K3 e oY I Ga) N
& S & S K s & 7
> \“‘} > x"} O N > W
& * & * & * & °
N N N N
& & & & & &
& & S &
E F
§ M. marinum burden, 2 wpi § M. marinum burden, 4 wpi
g g
; 51 § 5
o o o o
. . o
E 4 o “',{! 4 o ° oo
5] [+} o 5] o
| o o J
231 _ge b4 _0.9_ ° 5’3 %0 °38° oo —°u—°
S o % o
< 2l o0 %00 -] -ege— < 2 [+] 000 ()
‘» » [}
o
£ 11 o 2 1
8 8
Eol— r T T S ol— T T .
s o 4 ®\ ® 8 o\ 4 SN\
g S S A
o & K o I 1] & ¥ o @"‘&
~\\¢ & -\& & \\\\ N Qé N
& ERS & & & &
& N & $

Figure 7. Dexamethasone mediated immunosuppression does not alter the survival of it/n3 deficient zebrafish
in a mycobacterial infection. (A) A schematic representation of the performed experiment. M. marinum
inoculate used in the infections were 47 CFU (SD 4 CFU). (B) Representative flow cytometry plots in WT
(itln3"2148) zebrafish at -1 wpi and 2 wpi used for quantifying lymphocyte, myeloid cell and precursor cell
populations. FSC = forward scatter, SSC = side scatter. (C,D) Lymphocyte fractions of the total cell populations
for both WT and itln3 knockout zebrafish at -1 wpi and 2 wpi. Both the it/n3"#1*> (n =12 in all groups) and
itln3"2148 background fish (n= 8 in all groups) are shown. Blood cell samples were run as technical duplicates.
(E,F) M. marinum burden (log10) in 100 ng of zebrafish DNA were measured at 2 wpi and 4 wpi by qPCR in
the infected dexamethasone treated zebrafish organ blocks (without the kidney). All bacterial quantification
samples were run once. Group sizes at 2 and 4 wpi, respectively, were as follows: WT (itln3"“!*) n=9,n=8;
iltn3velsualss n — 9 n—10; WT (itln3"4148) n =6, n =9 and iltn3 2148/uald8 n — 7 n — 8. A two-tailed Mann-
Whitney test was used in the statistical comparison of differences.

tissues have also been reported to control the expression of inflammatory cytokine genes (Tnfa and I16) upon
activation of the immune response®>%. In addition, relatively recent studies in the fruit fly and zebrafish have
confirmed the importance of immunological signaling pathways in the muscle in both the humoral® and the
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cellular® immune responses against pathogens. Further studies are required to understand the significance of
muscle expressed genes also in the host response against mycobacterial infections.

Lee et al.,*! described a new carbohydrate-binding lectin family, the Intelectins, with concomitantly proposed
function in the innate immunity through microbial recognition?**%. Two ITLN genes (ITLNI and ITLN2) have
been identified in humans, whereas the exact number of protein coding itln genes in zebrafish is elusive vary-
ing between six (The Zebrafish Information Network, ZFIN) and nine annotated members (Ensembl genome
browser). However, not all are expressed in significant amounts. Our genome-wide gene expression analysis
showed the highest expression levels for itlnl, itln2, itln2-like and itln3 in the PBS injected fish with an average
log2 expression of 9.6, 11.9, 13.0 and 10.5, respectively (the lowest average log2 expression was 6.9 for a probe
A_15_P113269; ankyrin repeat and kinase domain containing 1, ankk1). This was consistent with Lin et al., who
reported the highest expression levels for itln1, itln2 and itln3%. Since their discovery, a large number of studies
have reported the induction of the expression of ITLN genes in different species in bacterial?>*°-*2, parasite®-5¢
and viral¥” infections. In addition, although the publicly available transcriptomic data of M. marinum infected
zebrafish embryos by Benard et al., (Gene Expression Omnibus identifier: GSE76499) shows differential regu-
lation of itln transcripts in this model®s, to our knowledge itln up-regulation in a mycobacterial infection has
not previously been extensively reported in the literature. In our microarray analysis of M. marinum infected
adult zebrafish, three of the differentially expressed genes were members of the intelectin family (itln2, itln2-like
and itln3). The observed decrease in itln2 expression as well as the induction of it/n3 in these fish was also later
confirmed by a qPCR-based quantification of samples from a separate mycobacterial infection experiment. In
line with this, a qPCR analysis of M. marinum infected zebrafish embryos revealed a significant induction of
itln3 expression post mycobacterial infection, a result which corresponds well with the data by Benard et al.,
(GSE76499)%%. In embryos, we also observed up-regulation of itln1, itln2 as well as an itln2-like in response to a
mycobacterial infection. While itln1 had identical induction kinetics to itln3 with significant up-regulation start-
ing at 2 dpi, the itln2-like and itln2 genes were induced later in the infection at 4 and 7 dpi, respectively. Of note,
the expression of itln2 at 1 dpi (Fig. 1G) was below the limit of detection in the gPCR. Furthermore, up-regulation
of itln3 was observed after an S. pneumoniae infection in zebrafish embryos, suggesting that this gene can be
induced also in an immune response against pneumococcus. All in all, in this study we demonstrated the induc-
ibility of intelectin genes in both a mycobacterial and a S. pneumoniae infection as well as the down-regulation of
itln2 and itln2-like transcripts after mycobacterial inoculation in adult zebrafish.

Transcriptomic analyzes have identified several so called classical liver-expressed acute phase protein (APP)
genes such as c-reactive protein (crp) and serum amyloid a (saa) also in fish species®*. In addition, bacterial infec-
tions in rainbow trout (Oncorhynchus mykiss)®', channel catfish (Ictalurus punctatus)®' as well as in zebrafish*
have resulted in liver-specific induction of certain itln gene members. Our mRNA expression analysis of unchal-
lenged zebrafish confirmed the previously published tissue-restricted expression pattern of zebrafish itln genes®.
While itln2 is expressed almost exclusively in the intestine, the highest relative expression compared to the house-
keeping gene was in the liver for it/n3. In the current study, we produced Strep-tagged® zebrafish Itln3 in a mam-
malian expression system to study whether Itln3 could act as a potential APP in microbial recognition. Similarly
to human ITLN1348%92, zebrafish Itln3 was secreted into the culture media. However, although Tsuji et al.,
(2009) has reported the ability of human ITLNI to bind to galactofuranosyl (Galf) residues on the mycobacterial
cell membrane®, recombinant Itln3 did not bind readily to M. marinum in vitro. Similarly, Itin3 did not bind to
E. coli or S. pneumoniae in our hands.

To our knowledge, only two in vivo studies on the significance of Intelectins in the host response against path-
ogens have been conducted>*¢. While the lack of ITLN2 was associated with an increased susceptibility toward
the parasite T. spiralis in C57BL/10 mice®, the over-expression of ITLN1 and ITLN2 in the lungs of transgenic
mice could not restrict either a Nippostrongylus brasiliensis or a Mycobacterium tuberculosis infection differently
from the littermate controls®. While genes of the innate immune system can be studied autonomously in zebraf-
ish embryos, which lack a functional adaptive immunity®, adult zebrafish have a highly similar immune system
compared to humans®. Correspondingly, the embryonic M. marinum infection model has revealed important
insights into the mechanisms of the innate immunity in mycobacterial host resistance (reviewed in®**') and the
adult model has proven its usefulness e.g. in modelling a latent infection®® and disease reactivation®*. In order
to obtain a more comprehensive view about the in vivo significance of ITLNs in a mycobacterial infection, we
used the itln3 deficient zebrafish together with both the embryonic as well as the adult M. marinum models. In
these experiments, the comparison of survival and mycobacterial burden between it/n3 mutant fish and their WT
siblings did not reveal any differences in either of the mutant lines (itln3"2'% and itln3"*14%). Also, it was demon-
strated that this was independent of the site or timing of the microinjection in the embryos (yolk sac at 0 dpf vs.
blood circulation valley at 2 dpf). Collectively, we conclude that zebrafish itln3 is not required for the resistance
against a mycobacterial infection.

Genetic compensation is a well-known phenomenon in model organisms with experimental gene knock-
outs”. In this process, the specific function of a knockout gene can be restored by additional naturally occurring
mutations or transcriptional changes in other genes”’. Here, we report the up-regulation of itln3 as well as another
member of the intelectin family, itlnl, in a M. marinum infection of zebrafish embryos with analogous induction
kinetics. To overcome potential compensatory effects of itlnl in our itln3 mutants, we knocked down itln1 by
morpholinos and performed simultaneous M. marinum infections in the it/n3 mutant embryos. Silencing itln1
in itln3 mutants during a M. marinum infection did not reveal any differences compared to controls, demon-
strating that itln1 expression does not compensate for the lack of a functional itln3 in a M. marinum infection.
Moreover, our qPCR quantification of itln1, itln2 and itln2-like in the uninjected and M. marinum infected zebraf-
ish embryos as well as adult zebrafish did not reveal transcriptional compensation for itln3 in the homozygous
mutant background. Similarly, the depletion of lymphocytes in the adult zebrafish did not reveal the importance
for Itln3 in the immunity against a M. marinum infection. All in all, our data indicate that despite being strongly
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induced by a mycobacterial infection, itln3 is dispensable for the immune response against M. marinum both in
embryonic and adult zebrafish.

Methods

Zebrafish lines and maintenance. The zebrafish maintenance and all of the experiments were in
accordance with the Finnish Act on the Protection of Animals Used for Scientific or Educational Purposes
(497/2013) as well as the EU Directive on the Protection of Animals Used for Scientific Purposes (2010/63/
EU). Experiments were approved by the Animal Experiment Board of Finland (permit for zebraf-
ish maintenance: ESAVI/10079/04.10.06/2015; permits for the experiments: ESAV1/2464/04.10.07/2017,
ESAVI1/10823/04.10.07/2016, ESAVI/2235/04.10.07/2015 and ESAVI/11133/04.10.07/2017). WT AB fish as well
as in-house CRISPR/Cas9 produced F2-generation itln3"?*° and F2- or F3-generation itln3"*1*® mutant zebraf-
ish were used in the embryonic experiments, whereas three- to seven-month-old AB, il10°, itln3*1%> and itl-
n3"a148 zebrafish were used in the experiments with the adult fish. Zebrafish embryos were maintained according
to standard protocols in embryonic medium E3 (5 mM NaCl, 0.17mM KCl, 0.33 mM CacCl,, 0.33 mM MgSO,,
0.0003 g/l methylene blue) at 28.5°C until 7 dpf. Maintenance of the adult zebrafish was as follows; unchallenged
fish were kept in a conventional flow through system (Aquatic Habitats, Florida, USA) with an automated light/
dark cycle of 14h/10h and fed once a day with Gemma Micro 500 (Skretting, Stavanger, Norway) or twice with
SDS 400 (Special Diets Services, Essex, UK) feed. M. marinum infected adults were kept in a separate flow through
system (Aqua Schwarz GMbH, Géttingen, Germany) with the above-mentioned light/dark cycle and fed once a
day with Gemma Micro 500 (Skretting) or SDS 400 (Special Diets Services). Infected fish were monitored daily.
Humane endpoint criteria pre-defined in the animal experiment permits were applied throughout the follow-up.

Experimental M. marinum infections. M. marinum (ATCC 927 -strain) culture and the adult zebrafish
inoculations were performed as described previously*®. In the M. marinum infections of the zebrafish embryos, a
total volume of 1-2 nl was microinjected either into the yolk sac (0 dpf) or into the blood circulation valley (2 dpf)
by using a borosilicate capillary needle (Sutter instrument Co., California, USA), a micromanipulator (Narishige
International, London UK) and a PV830 Pneumatic PicoPump (World Precision Instruments, Florida, USA).
10 mM phosphate buffered saline (PBS) with 2% polyvinylpyrrolidone-40 (PVP) (Sigma-Aldrich) and 0.3 mg/ml
phenol red (Sigma-Aldrich) was used as a mycobacterial carrier solution. Prior to circulation valley injections,
the 2 dpf zebrafish were anesthetized with 0.02% 3-amino benzoic acid ethyl ester (Sigma-Aldrich). Embryonic
infections were visualized with a Stemi 2000 microscope (Carl Zeiss Microlmaging GmbH, Géttingen, Germany)
and the survival of the embryos followed daily. Adult zebrafish were first anesthetized with 0.02% 3-amino ben-
zoic acid ethyl ester (Sigma-Aldrich, Missouri, USA), and then injected with 5 ul of M. marinum in a suspension
of 10mM PBS and 0.3 mg/ml phenol red (Sigma-Aldrich, Missouri, USA) into the abdominal cavity using a 30
gauge Omnican 100 insulin needle (Braun, Melsungen, Germany). The M. marinum amounts from both the
embryonic and adult infections were verified by plating bacterial inoculates on 7H10 agar (Becton Dickinson,
New Jersey, USA) plates and counting the colony forming units (CFU) 5-days after plating.

Gene expression microarray. RNA was extracted from the zebrafish organ blocks (includes all the organs
of the abdominal cavity) with TRIreagent (Molecular Research Center, Ohio, USA) following the manufacturer’s
protocol. Microarray procedures were carried out by the Turku Centre for Biotechnology at the Finnish
Microarray and Sequencing Centre by using a Zebrafish (V3) Gene Expression Microarray, 4 x 44K (Agilent
Technologies, California, USA). In short, 100 ng of total RNA was amplified and Cy3-labeled with Low Input
Quick Amp Labeling kit, one-color (Agilent), processed using the RNA Spike-In Kit, one-color (Agilent) and
quality controlled with 2100 bioanalyzer RNA 6000 Nano kit (Agilent). Labelling and hybridization of the tran-
scripts were done onto Agilent’s 4 x 44 K Zebrafish v3 array (Design ID 026437) using GE Hybridization Kit
(Agilent). Microarrays were scanned with an Agilent scanner G2565CA using a profile AgilentHD_GX_1Color.
Numerical results were obtained with Feature Extraction Software v. 10.7.3 (Agilent) with the protocol GE1_107_
Sep09 and the signal intensities normalized prior further analysis. Cut-off value (log2 fold change >|3|) for the
up- and down-regulated genes was chosen in order to obtain approximately 100 differentially expressed candidate
genes for further evaluation. Gene ontology enrichment analysis was performed using GOrilla®"* with two
unranked lists of genes (Target list: log2 fold change >|3|, Background list: log2 fold change <|3|) using Danio
rerio genome assembly.

gPCR. For gene expression analysis of the zebrafish embryo samples, genomic DNA (gDNA) removal and
RNA isolation were performed using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s guidelines. Adult zebrafish RNA was extracted from the organ blocks, liver, spleen, kidney and
intestine with TRIreagent (Molecular Research Center) following the associated protocol. The genomic DNA
(gDNA) from the RNA samples of the adult fish was removed with RapidOut DNA Removal Kit (Thermo Fischer
Scientific, Waltham, USA). RNA quality was controlled with either 1.5% agarose Tris-acetate-EDTA (TAE)
gel electrophoresis or by using Fragment Analyzer system (Advanced Analytical, Inc., Ankeny, USA) and the
Standard Sensitivity RNA Analysis Kit (15 nt) (Advanced Analytical). All reverse transcriptions were done by
using the SensiFAST™ cDNA synthesis kit (BioLine, London, UK), and the gene expression levels of the tar-
get genes were determined from the cDNA with quantitative PCR (qPCR) using the PowerUp™ SYBR® mas-
ter mix (Thermo Fischer Scientific) and CFX96™ detection system (Bio-Rad Laboratories, California, USA).
CFX Manager software (v. 3.1; Bio-Rad Laboratories) was used for data analysis. Target gene expression was
normalized to the eukaryotic translation elongation factor 1 alpha 1, like 1 (eeflalll or efla)® expression using
the 272% method. M. marinum burden from the zebrafish was determined from the total DNA by qPCR with
MMITS-specific primers®®. Embryo DNA for mycobacterial quantification was isolated with standard ethanol
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precipitation procedure utilizing the following lysis buffer: 10 mM Tris (pH 8.2), 10mM EDTA, 200 mM NaCl,
0.5% SDS, 200 pg/ml Proteinase K (Thermo Fischer Scientific), whereas TRIreagent (Molecular Research Center)
was used for the adult fish DNA isolations. No reverse transcriptase control samples were added to the gene
expression analyses, and no template control (H,0) samples were included in all of the qPCR experiments to
preclude contamination. Specificity and the correct size of the gPCR products were verified by melt curve analysis
and 1.5% agarose TAE gel electrophoresis. Undetectable qPCR products with incorrect melt curves were given a
Ct-value of 40 for the gene expression analyses, and the expression was considered to be below detection. gPCR
primers used in the study are listed in Supplementary Table 3.

CRISPR/Cas9 mutagenesis. We have previously set-up our in-house zebrafish CRISPR/Cas9 mutagenesis
method based on the protocol published by Hruscha and Schmid (2015)%%. First, guide RNA (gRNA) target
sequences for itln3 were designed with the CRISPR design tool (http://crispr.mit.edu/), and validated with the
Casellas laboratory sgRNA tool®® and the standard nucleotide BLAST analysis”. itln3 exon 2 gRNA was produced
by in vitro transcription using the MEGAshortscript T7 Transcription Kit (Ambion Life Technologies, CA, USA).
2000 pg of gRNA, 330 pg of cas9 mRNA (Sigma-Aldrich and Invitrogen, California, USA) and 1.5 ng of phenol
red (Sigma-Aldrich) tracer were injected into one-cell-stage AB zebrafish embryos, and the success of mutagen-
esis was evaluated with the T7 endonuclease I (T7EI)- and the heteroduplex mobility assay (HMA) from isolated
DNA of 2 dpf embryos®. Gel images were obtained with ChemiDoc™ XRS+ system (Bio-Rad Laboratories) and
analyzed with Image Lab software (v. 5.2; Bio-Rad Laboratories). To establish the itln3 knockout fish line, gRNA
was microinjected into zebrafish embryos and the FO-generation fish grown to adulthood. Individual outcrosses
of the FO-zebrafish with the Tupfel long fin (TL) fish allowed us to screen for germline transmitted mutations
and to identify nonsense mutations of interest in the F1-progeny. The F1-progeny screen was done from the
tailfin DNA of the adult zebrafish with HMA followed by Sanger sequencing in our institutes core-facility (MED,
University of Tampere). The F1-zebrafish carrying individual mutations of interest were spawn together to obtain
F2-generation progeny for the experiments. In the end, a total of two different it/n3 mutation (itln3"*!%> and itl-
n3#148) bearing zebrafish lines were used in the study.

PCR based genotyping. F2-generation it/n3"*45 and itln3"%!4% zebrafish lines were mainly genotyped
using PCR. To this end, template DNA was either isolated using a standard ethanol precipitation protocol,
or with a rapid tissue lysis protocol®®. Primers were designed for both the WT and the mutated sequences
at the gRNA target region; WT itln3"145 F: 5'-ATGCTAGGTTGAGGAGCATC-3/, mutant itln3"14> F:
5'-ATGCTAGGTTGAGGAGCTCG-3', WT itln3*2!48 F: 5'-CTAGGTTGAGGAGCATCGCT-3’, mutant itl-
n3"2148 R: 5'-CCGAGCTGATACTTACCTAGC-3, and amplified with the appropriate flanking primer: F:
5'-GGAGCTGTCACTCCAAAGCC-3' or R: 5-GTGGTTGATCAACCATTCAGCAC-3'. To determine the
genotypes of the itln3"214 and itln3"*1*® zebrafish, individual PCR reactions with both WT and mutant primer
pairs were prepared for each fish and 1.5% agarose TAE gel electrophoresis was performed to analyze the PCR
products.

Morpholino injections. Splice-blocking morpholino (SB) for itln1 (5'-CTAATTCTGTACTTACTC
GATTCAC-3') was designed by and ordered from GeneTools, LLC (Philomath, Oregon, USA). The targeted
genomic sequence was verified from our AB and itln3 knockout zebrafish lines by sequencing®. In order to
ensure no adverse effects on survival or the phenotype of the morpholino injected embryos in later experiments,
the oligonucleotide dosage was first titrated by using three different quantities (7.1 ng, 2.8 ng and 1.1 ng), and
the survival of the embryos was observed daily until 7 dpf. The embryos were imaged using Zeiss Lumar V12
fluorescence microscope. The selected microinjection volume was set to 2 nl containing 2.8 ng of SB or random
control (RC) morpholino as well as 7mg/ml of tetramethylrhodamine dextran (Thermo Fisher Scientific) or
0.3 mg/ml phenol red tracer suspended in PBS. In the morpholino-M. marinum co-injections, the previously
described suspension with 2% PVP was used as a mycobacterial carrier solution. All of the morpholino injections
as well as morpholino and M. marinum co-injections were done before the 16-cell-stage of development into
the yolk sac of the embryos. Similarly than in the other M. marinum infection experiments, the mycobacterial
counts in the injections were verified by plating. Primers used for the morpholino target site sequencing were
F: 5-TGCACAGGTATTCACCATTTTATGATG-3' and R: 5’-AAGTTCTCTGCAGCTTCTTGC-3' and for the
verification of the morpholino functionality as well as quantification of the WT itlnl expression by qPCR: F:
5'-ATGATGCAGTCAGCTGGTTTTCTTCTG-3' and R: 5'-GCAGTGACCGACTCTGGAAATTCTCC-3'.

Flow cytometry. Flow cytometry for the adult zebrafish kidney cells was performed as described previ-
ously”’. Briefly, itln3"%1%> and itln3""“!*® fish were euthanized with 0.04% 3-amino benzoic acid ethyl ester and
their kidneys isolated and suspended in PBS supplemented with 0.5% fetal bovine serum (Sigma-Aldrich).
Prior analysis, the kidney cells were filtered through a cell strainer cap with a 35um mesh (Corning/Thermo
Fisher Scientific). Relative amounts of lymphocytes, myeloid cells and blood cell precursors were determined
with a FACSCanto II instrument (Becton, Dickinson, New Jersey, USA) and the data was analyzed with the
FlowJo program (v. 7.5; Tree Star, Inc, Oregon, USA). Gating of the blood cell populations is based on previous
publications®®7!:100:101,

Dexamethasone mediated immunosuppression. Similarly as described previously®, 25 mg of dex-
amethasone (Sigma-Aldrich) was mixed with gelatin (Sigma-Aldrich) and used to coat 10 g of SDS400 food
(Special Diets Services). During the experiment, a daily dose of 10 ug of dexamethasone (4 mg of food) was given
per fish for a total of 5 weeks. A new batch of dexamethasone food was prepared for usage every second week.
Dexamethasone was administered for a total of five weeks and the well-being of the fish monitored daily.
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Statistical analysis. Sample size calculations have been described in our previous publication®. Statistical
analyses were done with the Prism v. 5.02 (GraphPad Software, California, USA). In the survival experiments
a log-rank (Mantel-Cox) test was used, whereas in the flow cytometry and qPCR analyses a nonparametric
two-tailed Mann-Whitney analysis was performed. P values of < 0.05 were considered significant.

Data Availability

Gene expression microarray data has been submitted to Gene Expression Omnibus (GEO) repository and can be
found with the identifier code: GSE120552. Other generated and analyzed data is available on reasonable request
from the corresponding author.
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