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Summary

N-Glycosylation Protects Host from Mycobacterial Infection
Bingnan Lyu

Host immunity against tuberculosis (TB) is primarily mediated by macrophages.
Macrophages phagocytose Mycobacterium tuberculosis and restrict their growth.
Through a zebrafish forward genetic screen, we have identified the early steps of N-
glycosylation are required for the macrophage to resist mycobacterial infections. N-
glycosylation attaches an oligosaccharide molecule to nascent secretory or membrane
proteins within the endoplasmic reticulum (ER) for protein folding and trafficking.
Defects of N-glycosylation induce the unfolded protein response (UPR), which
sensitizes infected macrophages to intrinsic apoptosis. This apoptosis differs from the
cell death observed in infected wild-type cells and is not dependent on mycobacterial
virulence factors. Therefore, N-glycosylation provides protection by mitigating the ER

stress of protein synthesis triggered by cellular responses to mycobacterial infection.
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Chapter 1

Introduction



1.1 Tuberculosis Remains to be a Global Public Health Crisis

Tuberculosis (TB) is caused by bacterial infection of Mycobacterium tuberculosis
complex (MTBC), primarily Mycobacterium tuberculosis ( ). TB is most
commonly a respiratory disease but can infect almost any part of the body, including
the gastrointestinal organs, bones, nervous system, lymph nodes and skin. Infection
with mycobacteria can lead to inflammatory infiltration, caseation, necrosis, fibrosis,
and calcification ( )- Genomic analysis
suggests that TB might have originated 70,000 years ago, coincident with migration of
anatomically modern humans out of Africa, and expanded alongside increased human
population density during the Neolithic period ( ). TB wreaked havoc
across Europe, leading to approximately 20% mortality. Current World Health
Organization (WHO) statistics estimate over 10 million people are annually infected

with TB, and 1 million deaths per year are associated with TB worldwide ( ).

Our understanding of TB and how to prevent it began with the discovery by Robert
Koch that the bacterium Mycobacterium tuberculosis was the cause of disease
( ). The live attenuated Mycobacterium bovis
Bacillus Calmette—Guérin, BCG, was then developed as a vaccine against TB (

). While BCG vaccine significantly reduced the risk of extra-
pulmonary TB in children, it displayed highly variable protection against pulmonary TB
in adults ( ).

Therefore, adults who have been received BCG vaccination still may get infected with

TB ( ). Elimination of TB requires completion of long-term antibiotic
therapy ( )- The standard treatment takes four antibiotics (rifampin,
isoniazid, pyrazinamide, and ethambutol) for at least six months ( )-

Incomplete adherence to the treatment has resulted in growing numbers of drug-
resistant TB (

)- Between 2015 to 2022, multi-drug resistant TB was estimated to occur in 3-
4% TB patients without a TB treatment history, and 17-25% TB patients who had
previously received TB treatment ( ). Second-line treatment regimens for
drug-resistant TB are generally more expensive and cause more adverse events
compared to standard regimens ( ), and only 60% of drug-resistant TB
cases have been successfully cured during the past decade. Mortality of drug-resistant

TB (15%) is more than triple of normal TB (4%). The insufficient treatments of drug-



resistant TB require us to understand its pathogenesis and develop new therapies.



1.2 Granuloma Breakdown is the Key Pathogenic Event of TB

Tuberculosis typically initiates when aerosol droplets containing Mycobacterium.
tuberculosis (Mtb) are deposited to the lower lungs of a new host (Figure 1) (
). Airway-resident alveolar macrophages sense the infection, internalise
Mtb into phagolysosomes, and migrate into the lung interstitium (
)- Within the macrophages, Mtb grows, permeabilises the
phagolysosome membrane, and induces apoptotic macrophage death (

)- This recruits uninfected monocyte-
derived macrophages for the clearance of apoptotic cells ( ). The
death and re-phagocytosis circuit expands the bacterial niche, leading to the formation
of organized macrophage aggregates termed granuloma, which is the hallmark of TB

infection ( )-

Maturation of TB granuloma is associated with the recruitment of additional cell types,
including T cells, B cells, dendritic cells, neutrophils, and fibroblasts (

)- All these cells shape the granuloma
environment and impact the outcome of host-pathogen interactions. For example,
interleukin-12 (IL-12) produced by macrophages drives differentiation of Th1 CD4+ T
cells, which in turn produce interferon-y (IFN-y) and tumour necrosis factor (TNF) to
enhance macrophage microbicidal activity (

). Th17 cells and CD8+ T cells can also protect the host from TB
but may do so via different pathways ( ). On the other hand,
interleukin-4 (IL-4) and interleukin-13 (IL-13) signalling mediated by Th2 CD4+ T cells
coordinates granuloma macrophages expressing E-cadherin to mediate macrophage
epithelial transformation ( ). Epithelial transformed
macrophages form tightly interdigitated cell membranes in structures like epithelial
cells. Although the epithelial granuloma confines infection to circumscribed areas
within the tissue, mycobacteria exploit this feature, as a barrier to prevent the

penetration of immune cells and chemicals, allowing bacterial expansion (

).

Uncontrolled Mtb growth leads to macrophage necrosis at the centre of the granuloma,

which releases viable bacteria into the extracellular milieu and facilitates Mtb growth

( )-
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Figure 1 The pathogenic life cycle of Mycobacterium tuberculosis (

)

Mycobacterium tuberculosis infection initiates when aerosol particles containing the
bacteria are inhaled and deposited in the lower lung of the host. Alveolar macrophages
phagocytose the bacteria and migrate to deeper tissues. The infected macrophages
recruit surrounding uninfected macrophages to aggregate into the organized
granuloma. In early stages of infection, bacteria expand infection by spreading into
newly arriving macrophages within the granuloma. As adaptive immunity develops,
participation of other immune cells, mainly lymphocytes, enhances macrophage
microbicidal activity and restricts bacterial growth. Uncontrolled infection, however,
leads to macrophage necrosis, forming a necrotic core that supports bacterial growth

and transmission to the next host.



Mtb escaping from the granuloma is a major contributor to host morbidity and is
essential for Mtb to exit the host to initiate a new cycle of transmission (

). Therefore, Mtb has evolved many strategies
to evade host immune response, from the time of macrophage entry, growth within
macrophages, to the final stages of inducing macrophage necrosis. The surface lipid
phthiocerol dimycocerosate (PDIM) on Mtb masks the pathogen-activated molecular
patterns (PAMPs) which helps Mtb avoid phagocytosis by microbicidal macrophages
through Toll-like receptor (TLR) signalling ( ). Mtb use another
surface lipid, phenolic glycolipid (PGL), to induce CC motif chemokine ligand 2 (CCL2)
signalling which recruits growth-permissive macrophages, allowing transport of
bacteria into deeper tissues ( ). Within the macrophage, Mtb
inhibits phagosome acidification or to tolerate acidified phagolysosomes to avoid
hydrolytic degradation ( ). The mycobacterial
ESAT-6 (6-kDa early secretory antigenic target) secretion system 1 (ESX-1)
permeabilises phagolysosome membranes and enables Mtb to translocate into the
cytosol, causing significant macrophage death ( ). ESX-1 also assists
expansion of Mtb within the host by manipulating granuloma formation through
induction of host matrix metalloproteinase 9 (MMP9) in epithelial cells (

)- Expression of MMP9 recruits
additional macrophages to promote granuloma formation, which is associated with
increased susceptibility to TB ( ). Mtb also promotes macrophage
apoptosis and necrosis through its intrinsic virulence factor, ESX-1, or from excess
proinflammatory cytokines produced by hyper-activated T-cells (

). These mechanisms make Mtb the paradigm of host-

pathogen adaptation.



1.3 Risk Factors Predispose People to Mycobacterial Infection

TB susceptibility varies widely among human populations (

)- In most cases, our immune system can effectively eliminate the Mtb
bacteria, leaving the host asymptomatic ( ). 5% - 15% of those
who are infected will develop active tuberculosis disease ( )-
Further evidence for variable host susceptibility is that BCG vaccination and other
environmental mycobacteria can cause severe clinical diseases in individuals who are
immunocompromised- either by rare genetic variants ( ) or
by environmental factors. Human immunodeficiency virus (HIV) is the strongest known
risk factor for TB infection, and HIV-associated TB accounts for an approximately 15%
share of TB-associated mortality ( ). Other
environmental TB risk factors include malnutrition, type 2 diabetes, tobacco smoke,

alcohol, and air pollution ( ).

Clinical case studies have increased our understanding of the host genetic risk factors
in mycobacterial infection and outcome. Patients susceptible to BCG or environmental
mycobacteria almost invariably have an underlying Mendelian immune disorder in one
of two broad categories: classical primary immunodeficiency or Mendelian
susceptibility to mycobacterial disease (MSMD) ( ). Primary
immunodeficiency is a genetic disorder that predisposes affected individuals to a
variety of infections, through a defect in development and/or functioning of the immune
system. Three primary immunodeficiencies are known to confer increased
susceptibility to mycobacterial infection: severe combined immunodeficiency, chronic
granulomatous disease, and anhidrotic ectodermal dysplasia with immune deficiency
(EDA-ID) ( )- Severe combined immunodeficiency is caused
by the absence of functional T cells, and patients acquire infections from poorly virulent
mycobacterial species, including BCG and some environmental mycobacteria, which
confirms the indispensable role of T cells in the host immune response against
mycobacterial infection ( ). Chronic
granulomatous disease is caused by genetic mutations in genes encoding the NADPH
oxidase complex ( ). These patients show reduced
production of reactive oxygen species (ROS) and reduced microbicidal activity of
phagocytes against bacterial and fungal infections ( ). EDA-ID

is characterized by abnormal development of ectodermal tissues alongside reduced



immune function, resulting from genetic mutations in the NF-kB pathway (

)- NF-kB is activated through phagocytic and T-cell
receptors, such as tumour necrosis factor (TNF) receptor, Toll-like receptor (TLR),
interleukin-1 receptor (IL-1R) ( )- Mycobacterial infection in EDA-ID

patients is thought to result from impairment of both innate and adaptive immunity

( )-

In contrast to primary immunodeficiencies that predispose patients to a wide range of
pathogens, MSMD patients are selectively susceptible to infections with avirulent
mycobacteria and some other intra-macrophagic pathogens, suggesting a specific
host immune response against the mycobacterial infection (

). MSMD can be caused by monogenic mutations, and 21
genes are associated with MSMD, IL12B, IL12RB1, IL12RB2, IL23R, JAK1, RORC,
ISG15, USP18, TYK2, IRF8, SPPL2A, IFNGR1, IFNGR2, IRF1, STAT1, TBX21, FING,
ZNFX1, CYBB, MCTS1, and NEMO ( ). Except ZNFX1, for
which the mechanism of MSMD is not yet understood ( ), all other 20
known genes function in the IL-12/IFN-y circuit, which mediates the feedback loop
between macrophages and T-cells to enhance macrophage microbicidal activity and

restrict mycobacterial growth ( ).

While most human susceptibility to TB is associated with adaptive immunity,

particularly the IL-12/IFN-y circuit, historical records indicate innate immunity itself

might be sufficient to control mycobacterial infection at early stages, and the innate
immune response also exhibited a wide range of variations among the population.
During hospital outbreaks in 1980’s, a subset of health care workers who were closely
exposed to TB patients remained tuberculin skin test negative, indicating elimination
of mycobacterial infection via innate immune responses without T cell priming (

). Other workers in the same circumstances converted from negative tuberculin
skin test to positive, and some of them went on to develop symptomatic TB (

)- Another example is the Libeck disaster of 1930, when 251 infants were given
BCG vaccinations contaminated with Mtb, resulting in 173 infants developing TB
symptoms and 72 deaths ( ). Despite the
high mortality, most of the infected infants eventually overcame the disease,

suggesting substantial innate resistance to TB ( ). Considerable



variation in clinical outcomes across individuals who received similar infection dose

also supports variation in TB susceptibility ( ).
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1.4 Genetic Studies on Animal Models Revealed Host Protective Mechanisms

against Mycobacterial Infection

The guinea pig has been used as a TB animal model for over 100 years. Guinea pigs
are hyper-susceptible to Mtb, following exposure to a small number of bacteria through
the aerosol route ( ). Established Mtb infection in guinea pigs forms
a granuloma with a central necrotic core and infiltration of lymphocytes, as seen in
human TB, indicating that the host-pathogen interactions in guinea pig mimic those
observed in humans ( ). This makes guinea pig a useful animal model
to evaluate pharmacokinetics of anti-TB treatments and effects of novel vaccines.
Rabbit is another widely used animal model of TB. In addition to necrotic granulomas
similar to those seen in human and guinea pig, rabbit infected with TB develop cavitary
lesions resulting in bronchial spread of Mtb, allowing the bacteria access to the external
environment which is necessary for transmission ( ).
For this reason, the rabbit has greater potential for the study of TB transmission
( ). Early studies in different inbred strains of rabbits
clearly revealed variation in TB susceptibility, again highlighting the impact of host
genetic factors ( ). Limited ability to perform genetic manipulations and
lack of immunological reagents have hampered the study of TB pathogenesis in guinea

pig and rabbit at genetic and molecular levels.

The mouse has been a preferred TB model for numerous practical reasons, such as
simple handling, low cost, various strains, and a wide range of available genetic and
immunological tools ( ). Studies on genetic knock-out mouse
model have revealed the significance of CD4+ T cells in host immunity against TB, as
well as the functions of cytokines such as TNF, IL-12, and IFN-y (

).
Differential susceptibility of inbred mouse strains to mycobacteria in combination with
the well annotated genome enables the mouse to be utilised as a model to identify
host genetic factors of mycobacterial infection through forward genetics (

). In
forward genetics, researchers identify the genetic basis of a trait without any prior
assumptions or bias about which genes are involved or how they might be functioning
( ). Forward genetic screening in mouse models have successfully

identified genes that determine host susceptibility to mycobacterial infection, including
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Slc11a1/Nramp1, Ipr1, and Icsbp1/IRF8, and has provided valuable insights into host

immune responses ( ).

Slc11a1 was the first gene involved in host resistance from mycobacterial infection that
was identified from mouse forward genetic screening ( ). Slec11a1
encodes a Fe?" and Mn?* efflux pump at the phagosome membrane in macrophages.
After the macrophage phagocytoses mycobacteria, Slc11a1 depletes metal ions from
the phagosome, thereby preventing mycobacteria from inhibiting phagolysosome
acidification ( ).
Another gene identified through mouse forward genetics, Ipr1, is upregulated upon
mycobacterial infection through interferon signalling ( ). The product of
Ipr1, Ifi75 (SP100 in human), is a transcription factor that eventually protects the host
by preventing necrotic macrophage death ( ). The last
isolated gene, Icsbp1/IRF8, is a transcription factor required for the development and
maturation of myeloid cells ( ). Mice with Icsbp1 mutation
show complete absence of granuloma formation and are hyper-susceptible to BCG,

confirming that macrophage is essential in host immunity against mycobacteria.

Despite considerable contributions to mycobacteria research, the mouse model of
mycobacterial infection has inherent limitations. The relevant mycobacterial species,
Mtb and BCG, are not natural mouse pathogens ( ). Most
commonly used mouse strains are fairly resistant to Mtb and can tolerate high bacterial
burden without signs of illness ( ). Granuloma-
like structures in most mouse strains are loosely organized aggregates without a
necrotic core, except for the C3HeB/Fed strain, which forms highly organized necrotic
granulomas ( ). These
discrepancies imply a difference in mycobacterial pathogenesis between mouse and

human.
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1.5 Zebrafish Was Developed as a New Model for TB Infection

The Ramakrishnan laboratory has developed the zebrafish-Mycobacterium marinum
(Mm) model to study pathological events in early mycobacterial infection (

)- Mm is a close phylogenetic relative of Mtb and can cause superficial
granulomas in humans which are indistinguishable from dermal Mtb lesions (

). Mm has a lower temperature for optimal growth and
causes only localized lesions on the cooler human skin, which makes it safer to be
studied in ordinary laboratory facilities ( ). Mm is also
a natural pathogen of zebrafish. Zebrafish infected with Mm develop TB-like
granulomas, suggesting similar host-pathogen interactions with human-Mtb (

). Zebrafish embryos have not yet developed adaptive immunity but still form
organized granulomas that undergo necrosis in response to Mm infection (

). Thus, the zebrafish larva provides the opportunity to dissect the specific
functions of innate immunity in mycobacterial pathogenesis. The larva’s optical
transparency enables detailed visualisation of infection dynamics in real-time (

). Combined with genetic manipulations of host and mycobacterial factors, the
zebrafish-Mm model has expanded our understanding of host resistance mechanisms
against mycobacteria. For example, the zebrafish-Mm model has shown that the
maintenance of an organized granuloma depends on recruitment of uninfected
macrophages in response to apoptotic cell death of infected macrophages (

). Such macrophage replenishment restricts
mycobacteria growing intracellularly by continued phagocytosis of apoptotic infected
macrophages. Correspondingly, mutations in myeloid growth factors, such as csfir
and irf8, deplete available macrophage supply, leaving infected macrophages to
undergo secondary necrosis ( ). This releases mycobacteria into the
extracellular milieu where they grow unfettered, and results in increased host

susceptibility.

The genetical tractability and fecundity of zebrafish make them ideal for forward
genetic studies ( ). Random mutagenesis followed by isolation of
hypersusceptible mutants has allowed researchers to identify multiple host genetic
factors in a variety of cellular pathways which impact the response of zebrafish
embryos to mycobacterial infection. The Ramakrishnan laboratory has investigated

several “hits” from forward genetic screen efforts.
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Forward screening on zebrafish has revealed snapc1b as a potential mechanism that
impacts macrophage replenishment to the granuloma ( ). snapc1b
encodes a transcription factor that regulates the expression of a lysozyme, cysteine
cathepsins. The isolated mutation in snapc1b leads to accumulation of undigested
particles within the lysosome, called lysosomal disorder (

). Macrophage lysosomal disorder impairs
macrophage migration capacity of being recruited to the granuloma ( ).
As the consequence, snapc1b mutation reduces the phagocytosis of infected apoptotic
macrophages by surrounding uninfected macrophages and accelerates granuloma

necrosis.

The zebrafish-Mm model also shed light on increased susceptibility caused by
dysregulated TNF signalling from the isolated /fa4h mutant ( ). TNF
protects the host from mycobacterial infection by enhancing macrophage microbicidal
activity and by inhibiting granuloma necrosis ( ). The
product of /ta4h catalyses the synthesis of proinflammatory eicosanoid leukotriene B4
(LTB4), which then upregulates the TNF level within the host. Disruption of /ta4h,
therefore, shifts the eicosanoid metabolism towards the production of anti-
inflammatory lipoxins, limiting inflammation and leading to intracellular overgrowth of
mycobacteria and macrophage death ( ). Further studies on lta4h,
showed that excess inflammation mediates increased susceptibility by another
mechanism. (

). Although excess Ita4h, or high-TNF status, displayed enhanced
mycobacterial control very early in infection, it also induces a novel programmed
necrosis. The findings that both insufficient and excess inflammation are detrimental
suggest a requirement of personalised TB therapies for hyper-susceptibility from each

case ( )-

Finally, forward genetic screening of the zebrafish-Mm model has identified mTOR as
a host mechanism to counteract mycobacterial virulence by regulating energy
metabolism ( ). mTOR integrates signals from nutrients, growth
factors, and other environmental factors to regulate cellular metabolism (

). In mMTOR-deficient macrophages, a mycobacterial virulence factor,

ESAT-6, can damage the mitochondrial membrane which sensitises macrophages to
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die at low bacterial burdens, promoting granuloma breakdown and host hyper-
susceptibility ( ). Intact mTOR boosts glycolysis and oxidative
phosphorylation upon infection, enabling macrophages to resist ESAT-6 mediated
death, thereby allowing pathogen-specific immune responses time to develop (

)- This study provides insight into active metabolic changes initiated by the

host in response to microbial attack.

Genetic studies in zebrafish have identified three major pathways of host innate
immunity against mycobacterial infection: by replenishing macrophages to maintain
the granuloma, by fine-tuning the proinflammatory signalling, and by general biological
processes, such as metabolism. In this work, we report characterization of a mutant
identified in a forward genetic screen which displays increased mycobacterial
susceptibility due to defects in N-glycosylation. As a post-translational modification
conserved in all eukaryotes, N-glycosylation transfers an oligosaccharide precursor
onto selected asparagine residues after newly synthesized polypeptides translocate
into the endoplasmic reticulum (ER) ( ).
Biosynthesis of the oligosaccharide precursor is catalysed by a series of ER-
membrane-associated glycotransferases known as Alg (Asparagine-linked
glycosylation) proteins ( ). Our results
showed that disruption of the Alg proteins confer increased susceptibility to
mycobacterial infection. N-glycosylation protects macrophages from infection-
mediated death by regulating proper protein folding within the ER. Defects of N-
glycosylation, therefore, induce the pathogenic unfolded protein response (UPR),
which sensitizes macrophages to apoptosis when challenged by mycobacterial
infection. Over 7000 proteins in humans are N-glycosylated ( ).
Those proteins are involved in almost all biological processes, including tissue
organization, cell recognition, and immune responses ( ). Defects of
glycosylation in humans cause congenital disorders of glycosylation (CDG),
associated with broad clinical features such as neurological disorders, developmental
abnormalities, and recurrent infection ( )- Our work suggests that N-
glycosylation protects macrophages from cell death upon mycobacterial infection by

its essential role in protein folding and trafficking in the ER.
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Chapter 2

Forward Genetic Screening to Isolate
Zebrafish Mutants with Increased Susceptibility

to Mycobacterial Infection
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2.1 Identification and Isolation of Phenotypic Mutants from a Mutagenic

Zebrafish Library

We performed a forward genetic screen of the Zebrafish Mutation Project (ZMP) library
to isolate zebrafish mutants with increased susceptibility to mycobacterial infection
( )- The ZMP library was established previously. Adult male
zebrafish were treated with the mutagen N-ethyl-N-nitrosourea (ENU) and were
outcrossed to wild-type females to generate F1 families (Figure 2A). ENU randomly
introduces point mutations during spermatogenesis ( ).
Therefore, the first outcross generates a set of progenies (F1) harbouring unique
heterozygous point mutations. Sperm of F1 were cryopreserved, and my colleagues
then utilised sperm samples to in vitro fertilise individual wild-type females to generate
F2 families. In theory, half of the F2 progeny will be heterozygous for the mutations
inherited from the paternal F1. F2 siblings were then randomly incrossed by my
colleagues, so that approximately 25% of the F3 larvae would be expected to be
homozygous for a given mutation. My colleagues and | infected the F3 larvae with
fluorescent Mm at 2 days post fertilisation (dpf) and assessed under microscopy at 5

days post infection (dpi).

The screen was designed to identify hypersusceptible mutants as judged by increased
bacterial burdens at 5 dpi ( ). To convert the spectrum of bacterial
burdens into a binary judgement, we took advantage of the fact that a heavy bacterial
burden in macrophages causes lysis of the infected macrophages, releasing bacteria
into the extracellular milieu and leaving their growth unfettered ( )-
Extracellular mycobacteria develop a distinctive morphology: an intertwined serpentine
rope-like structure, termed “bacterial cording” (Figure 2D and 2F) (

)- This is easily distinguished visually from the discrete mycobacterial “packets”
seen when the bacteria are growing within macrophages (Figure 2C and 2E). Corded
mycobacterial growth corresponds to the loss of macrophages by using transgenic
animals with fluorescent macrophages (Figure 2E-2J) (

)- Scoring the presence and absence of cording in the F3
generation has allowed us to identify hypersusceptible mutants (Figure 2K). We
therefore use bacterial cording as a binary and specific phenotype to identify and

isolate mutants in F3 larvae with increased susceptibility to mycobacterial infection.
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At least 120 larvae in a F3 clutch were scored. When the bacterial cording phenotype
presented in an F3 clutch with approximately Mendelian ratios (25%), the phenotype
was further confirmed by backcrossing the F2 adults to wild-type adults to generate an
F3 family (Figure 2B). Random sibling incrosses of F3’ individuals were then
performed, followed by infection and phenotype identification in the resulting F4’ larvae.
If the previously observed phenotype in the F3 clutch was caused by a single gene
mutation then, 50% of F3’ individuals would be expected to be heterozygous and 25%
of the F3’ random sibling cross would produce 25% homozygous mutant (F4’) with the

cording phenotype after infection.

| participated in the screening of nine isolated mutants with cording phenotype, by
performing random sibling incroses of F3’ individuals and confirming the existence of
the cording phenotype in F4'. Two of the isolated mutants were associated with
obvious developmental or morphological abnormalities. Other seven showed
negligible developmental defects, suggesting that most of the isolated mutations were
specific to the host innate immune response. Although we used a binary visual
judgement to identify hypersusceptible zebrafish embryos, the cording phenotype
within those nine mutants showed a spectrum in their cording onset timepoint, severity,
and distribution throughout the zebrafish larvae. This implied that induced mutations
impacted macrophage functions with multiple mechanisms, each of which shifted the

kinetics of mycobacterial infection in a different way.

Two such hypersusceptible mutants, which we named Kalamatianos (sa44476) and
Timba (sa45042), were selected for further study (Figure 3). Confirmatory testing
showed that in sibling incrosses approximately 25% of the larvae had the cording
phenotype, suggesting the increased susceptibility in both mutants was due to a single

recessive mutation.
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Figure 2. A forward genetic screen identified zebrafish mutants with altered

susceptibility to Mm infection

(A) Schematic diagram of the forward genetic screen, showing F3 larvae infected at 2
dpf. A pair of homologous chromosomes are represented with blue lines, while red
indicates the introduced mutation. In the F2 random sibling incross, only the scenario

where both parents are heterozygous is displayed.

(B) Schematic diagram of phenotype confirmation by backcrossing the corresponding
F2 and recovering the observed mutation in the F4’ generation. In the F3 random

sibling incross, only the scenario where both parents are heterozygous is displayed.

(C -D) Fluorescence images in tdTomato channel of wild-type (C) and mutant sibling
(D) fish at 5 dpi with equivalent bacterial inocula of Mycobacterium marinum

expressing td-Tomato fluorescent. Scale bar, 1 mm.

(E-J) Confocal micrographs with maximum intensity projections of infections in the
wild-type body (E, G, |) and mutant body (F, H, J) at 5 dpi in Tg(mfap4:YFP) animals
with equivalent bacterial inocula of Mycobacterium marinum expressing tdTomato
fluorescent. Channels of tdTomato (E-F, red), YFP (G-H, green) and merged (I-J) are

shown. Scale bar, 50 um.

(K) Mycobacterial cording in animals from a mutant carrier incross at 4 dpi. Numbers

on columns indicate animals per group.
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Figure 3. Isolated Kalamatianos and Timba mutants are hypersusceptible to

mycobacterial infection with bacterial cording

(A-B) Stacked bright field and fluorescent images of WT and Kalamatianos siblings at

5 dpi with equivalent bacterial inocula using M. marinum expressing wasabi.

(C-D) Stacked bright field and fluorescent images of WT and Timba siblings at 5 dpi

with equivalent bacterial inocula, using M. marinum expressing tdTomato.

Scale bar, 100 pm.
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2.2 Mutant Mapping of Kalamatianos

To identify the causative locus of the Kalamatianos mutant, my second supervisor
Elisabeth Busch-Nentwich and her colleagues performed exome sequencing on
phenotypic mutant larvae and wild-type siblings generated by a single pairwise cross.
Sequencing reads were aligned to the zebrafish reference genome and compared
between the two groups to identify polymorphic loci across the genome. For any
polymorphic loci that are unlinked to the casual locus, the alleles will be randomly
segregated between phenotypically mutant individuals and wild-type individuals due to
gene recombination. In contrast, polymorphic loci that are close to the causal mutation
are expected to co-segregate and be over-represented in the phenotypic group
( ). By comparing the allele frequency of each polymorphic locus
between the two groups, a 34 Mbp region of homozygosity (called the “mapping
interval”) that should contain the casual mutation was defined on chromosome 19 for

Kalamatianos (Figure 4A and 4B).

744 genes were annotated within the mapping interval. To further narrow down the
candidate region, | genotyped phenotypic individuals at selected single nucleotide
polymorphisms (SNPs) within the mapping interval to analyse the linkage between
those genetic loci and the bacterial cording phenotype. By identifying the
recombination breakpoints in phenotypic individuals, the mapping interval for
Kalamatianos was resolved to Chr19: 23,305,052-28,546,190, with 159 candidate
genes (Figure 4B). No nonsense or essential splicing variants were detected in the
resolved mapping interval, suggesting that the causal mutation was a missense

mutation or was intronic or intergenic.

Unfortunately, we found that the next generation of sibling crosses still gave the
bacterial cording phenotype with the Mendelian ratio, but the SNP alleles supposed to
be linked to the cording phenotype were virtually randomly distributed in the family,
suggesting the cording phenotype was due to a different mutation and not
Kalamatianos. | tried to retrieve the Kalamatianos mutant by in vitro fertilizing wild-type
females with cryopreserved sperm from the founder F1 male, followed by random
sibling incrosses of the family to test whether any cross would give phenotypic larvae

that retain the linkage between SNP markers and the cording phenotype. By testing
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24 crosses in total, 5 crosses gave approximately 25% phenotypic larvae, but none of

these 5 clutches showed any co-segregated SNP alleles in phenotypic groups.

We attribute this problem to a husbandry error. To maintain the mutant, we generally
outcross the parents of F3 that supposed to be mutant carriers to wild-type adults.
However, we accidentally outcrossing the siblings of the parents instead of the parents
themselves when maintaining the Kalamatianos. As the consequence, the later
cording phenotype | observed was caused by another existed mutants in the family
rather than Kalamatianos, since the animals were heavily mutagenized and previous

crossing did not separate the mutants thoroughly.
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Figure 4. Exome sequencing reveals the genomic areas associated with the bacterial

cording phenotype in Kalamatianos and Timba

(A and B) Loess fit curves for exome mapping analysis, plotting the fourth power of the
Euclidian distance (ED*) between allele frequencies in bulked phenotype sorted larvae
from Kalamatianos on the whole genome (A) and just chromosome 19 (B). Selected
SNPs for positional cloning are labelled with black lines and show the base locations

and corresponding recombination rates in phenotypic larvae.

(C and D) Loess fit curves for exome mapping analysis, plotting the fourth power of
the Euclidian distance (ED*) between allele frequencies in bulked phenotype sorted
larvae from Timba on the whole genome (C) and just chromosome 16 (D). Selected
SNPs for positional cloning are labelled with black lines and show the base locations

and corresponding recombination rates in phenotypic larvae.
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2.3 Mutant Mapping of Timba

Exome sequencing of the Timba mutant defined a 5 Mbp mapping interval on
chromosome 16 (chr16: 24,739,577-29,003,349) covering 148 annotated genes
(Figure 4C and 4D). Comparison of the sequencing reads within the mapping interval
between the phenotypic and wild-type sibling pools identified 458 variants in 113 genes.
11 of variants were predicted splice variants, and 81 were non-synonymous variants.
Three nonsense mutations were detected, in nr4a3, trim 35-29, and tbc1d31, but
previous studies by Constantinos Televantos had excluded all of them as being the

casual mutation.

The mapping interval contour of the mutant exhibited a sharp plateau, indicating that
the casual mutation was likely located near to the centromere, where recombination
never or seldom occurs ( ). Consistently, no
recombination was detected from genotyping of 171 phenotypically mutant individuals
and 554 non-phenotypic siblings (Figure 4D). Even though the genotyping of individual
larvae did not further resolve the mapping interval, these closely linked SNP alleles
could be used as reliable markers to genetically identify Timba mutants from wild-type
siblings. This allowed us to isolate two distinct phenotypes, enlarged liver and enlarged
microglia, which co-segregated with the mutation causing hypersusceptibility in Timba

as will be discussed in the next chapter (Figure 5).
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Figure 5. Enlarged liver and microglia are co-segregated with bacterial cording in

Timba

(A and B) Bright field images of wild-type (A) and Timba (B) larvae captured at 6 dpf.

Arrow heads, the liver area. Scale bar, 200 um.

(C and D) Bright field images of wild-type (A) and Timba (B) larvae captured at 5 dpf

with neutral red staining. Arrow heads, the microglia. Scale bar, 100 um.
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2.4 Discussion

An important lesson | learned from screening is that we underestimated the
heterozygosity of the zebrafish genome, and that is how we lost the Kalamatianos
mutant. From the crossing results we got, it is likely that the F1 founder of the
Kalamatianos family was heterozygous for more than one mutation affecting
susceptibility. As a consequence, a single outcross of the F1 cannot segregate these
mutations into separate families, and random F2 sibling incrosses may produce
multiple clutches that give phenotypic F3 larvae caused by different mutations from
each clutch. To avoid this in future, one resolution is to outcross each F2 and keep
each family separately. In addition, once we identify two pairs within the same family
that produce 25% phenotypic larvae, we can test whether the two pairs carry the same
mutation by crossing the male in one pair to the female in the other, and vice versa. If
both crosses still produce 25% phenotypic larvae, we can confirm the four adults in the

crosses are heterozygous for the same mutation.

Another consequence of zebrafish genome heterozygosity is the numerous variations
reported from exome sequencing, which could be minimised by sequencing on GO
founders so all natural variation could be recorded. High numbers of variants impeded
us in finding the candidate genes in Timba and Kalamatianos and pushed us to narrow
down the mapping intervals via positional cloning. As will be discussed in the next
chapter, the causal mutation of Timba was actually detected by exome sequencing,
but we were unable to prioritize it until we had utilized other bioinformatic approaches,
like gene expression profile analysis. In parallel with Timba, we sent five other isolated
mutants for RNA-seq, however the gene expression profiles of those were less
informative for identifying candidate genes. Overall, our forward genetic screening
programme suggested that the prioritization of candidate genes varies case by case

and requires multiple sources of information.

In addition to Kalamatianos and Timba, our screening has identified 29 other mutants
in total from 279 random mutagenized families. As our screening is not yet at saturation,
and adaptive immunity has not developed at the zebrafish larval stages, it is plausible
to estimate that 10% of the zebrafish genome is involved in zebrafish innate immunity

against mycobacterial infection. Ongoing screening and identification of candidate
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genes will greatly expand our understanding of host protection strategies against

mycobacterial infection.

The effectiveness of our screen can probably be attributed to the particular phenotype
that we selected to detect hypersusceptible mutants. Readily recognized, bacterial
cording enables us to binarily determine host susceptibility by microscopy, rather than
using continuously distributed phenotypes, such as bacterial burden or survival rates.
Indeed, we note that our screening so far only isolated one resistant mutant (in Seattle)
likely because wild-type mutants do not cord at the infection inocula we have been
using. One possible way around this might be to try to increase the inoculum to the
point where wild-type animals do exhibit cording. Alternatively, it is possible, but
unlikely, that random mutations rarely give rise to increased resistance in zebrafish,
since most humans are resistant to TB and clear the bacteria early often using innate

immunity, and from a variety of not very penetrant genes (

).
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Chapter 3

N-Glycosylation Protects Infected Macrophages

from Apoptosis by Regulating ER Homeostasis
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3.1 alg2 Was Isolated as The Candidate Gene in Timba

RNA-seq is increasingly used to aid in mutant mapping as it can detect alternative
splicing events, profile differential gene expression, and potentially offer clues
regarding the molecular mechanisms of the isolated phenotypes (

). We utilised RNA-seq to continue the mutant mapping process on
Timba. In addition to validating variations in coding sequences identified by exome
sequencing, differentially expressed genes were extracted for gene ontology (GO)
enrichment analysis. The analysis revealed a GO pattern that was distinct from that for
any of the 5 other mutants (Supplementary Table). In Timba, differentially expressed
genes were enriched in glycosylation, ER to Golgi protein transportation and ER stress
response. Overlaying the GO analysis on the exome sequencing data, we prioritized
an N-glycosylation gene, alg2, as N-glycosylation occurs in the ER and Golgi and is
involved in protein folding, trafficking within cells, and secretion. alg2 was upregulated
two-fold in Timba. We reasoned that this was probably due to a compensatory
feedback effect of reduced alg2 function. A recent publication had found that alg2
mutants in medaka, another genetically tractable model teleost fish, also displayed
enlarged livers (Figure 5B) (microglia were not assessed) ( ), further

supporting our search for alg2 mutations as the cause of our observed phenotypes.

Two missense mutations in the alg2 gene were present in the Timba mutant, causing
the changes R193C and K277N. While R193C was detected in other mutant families
and therefore a common variant, K277N was likely introduced by ENU mutagenesis
(Figure 6A). Therefore, the K277N mutation was likely the critical mutation if indeed
alg2 mutation was the cause of Timba susceptibility. To confirm alg2 was the causal
gene of Timba, we created an alg2 GO CRISPR in wild-type animals and showed that
the crispants had all the phenotypes we observed in Timba: increased susceptibility,
enlarged liver, and enlarged microglia (Figure 6B, 6F and 6J). Furthermore, recessive
mutants of a frameshift alg2 allele, cu71, generated by CRISPR, phenocopied the
Timba mutant (Figure 6C, 6G and 6K). Performing a non-complementation test by
crossing Timba carriers with frameshift alg2 allele carriers, we found that the
compound heterozygote phenocopied the Timba mutant as well (Figure 6D, 6H and
6L). This verified that the three specific phenotypes in Timba were caused by the single

alg2 mutation.
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Figure 6. Mutations in alg2 result in increased susceptibility to mycobacterial infection,

enlarged liver and enlarged microglia

(A) Schematic of Alg2. The causal mutation K227 in Timba is marked in red. Blue

rectangles, functional domains.

(B-D) Mycobacterial cording in animals from alg2 crispants (B), alg2°®*""* incross (C),

and alg2™™m@* x alg2°v7'"* cross (D) at 4 dpi. Numbers on columns indicate animals per
group.

(E-H) Bright field images of wild type (E), alg2 crispants (F), alg2®""“"(G), and
alg27mbaleu7(H) at 6 dpf. Arrowheads, the liver region. Scale bar, 200 pm.

(I-L) Bright field images of wild type (l), alg2 crispants (J), alg2“’Vev’'(K), and
alg2™™mpaleu7l(|) at 6 dpf in neutral red staining. Scale bar, 100 pym.

(M and N) Ribbon diagrams of Alg2 predicted by AlphaFold (identifier AF-F1QPS1-F1)

coloured by confidence (M) or domains (N).

(O) Ribbon diagram of glycosyl transferase family 1 domain in Alg2 aligned with
published crystal structure of Corynebacterium glutamicum mannosyltransferase PimB’
in complex with GDP-Mannose (PDB entry, 30KA). The K277 residue and GDP

molecule are labelled.
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While there are no published experimentally obtained Alg2 structures in any species,
AlphaFold predicts the Alg2 structure with high confidence, especially two domains,
the glycosyltransferase subfamily 4-like N-terminal domain and the glycosyl
transferase family 1 domain, suggesting the conservation of glycosyltransferases
across organisms (Figure 6M and 6N). This allowed us to align the AlphaFold model
of Alg2 with the published crystal structure of a mannosyltransferase from
Corynebacterium glutamicum (Figure 60). Consistently, the Alg2 glycosyl transferase
family 1 domain, where the K277N mutant resides, perfectly matches with the
mannosyltransferase. Moreover, the alignment suggested that the Lys residue at the
277 amino acid interacts with GDP during Alg2 catalysation. Therefore, the K277N
missense mutation likely disrupts Alg2 function due to the loss of GDP binding

capability.
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3.2 Disruption of Early Steps of N-Glycosylation Intrinsically Sensitizes

Macrophages to Mycobacterial Infection

N-glycosylation starts in the ER with the transfer of a uniform oligosaccharide precursor
(N-glycan) to newly synthesized peptides ( )- The biosynthesis of N-
glycan is catalysed by a sequence of glycosyltransferases, including Alg2, to assemble
monosaccharides onto a dolichol phosphate group at the ER membrane in a stepwise
process (Figure 7A). N-glycans are then covalently linked to particular asparagines (N)
in membrane and secreted proteins. After the protein is correctly folded, attached N-
glycans undergo further modification, followed by protein transportation from the ER to
the Golgi.

To confirm that the alg2 mutations confer increased mycobacterial susceptibility due
to N-glycosylation defects, we created GO CRISPR knockouts in genes encoding three
other enzymes in N-glycan biosynthesis: dpagt?, which catalyses the first step of N-
glycosylation, alg? and alg11, which separately catalyse the steps upstream and
downstream of alg2 (Figure 7A). All three crispants phenocopied the alg2 mutant,
exhibiting enlarged liver and microglia in the uninfected state and bacterial cording

upon infection (Figure 7B-7J).
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Figure 7. alg2 mutant conferred increased susceptibility, enlarged liver and enlarged

microglia due to loss of function of early steps of N-glycosylation

(A) Early steps of N-glycosylation. Biosynthesis of N-glycans initiates from the dolichol
phosphate resident on the cytoplasmic face of the ER membrane. The first step of N-
glycosylation is catalysed by DPAGT1, transferring N-acetyl glucosamine-1-phosphate
(GIcNAc-1-P) from UDP-GIcNAc to generate Dol-P-P-GIcNAc. A series of other
mannosyltransferases including ALG1, ALG2, and ALG11, extend Dol-P-P-GIcNAc to
Dol-P-P-GIcNAc:Mans before being flipped across the ER membrane to the luminal
side. Subsequently, four mannose residues and three glucose residues are added to
form the uniform N-glycan precursor, Dol-P-P-GIcNAc.ManyGlcs, which is transferred
to newly synthesized membrane or secreted proteins within the ER lumen at specific
Asparagine (N) sites. The N-glycans undergo further modifications in the ER and are

then matured and diversified in the Golgi.

(B) Mycobacterial cording in animals from dpagt1, alg1, and alg11 crispants at 4 dpi.

Numbers on columns indicate animals per group.

(C-F) Bright field images of wild type (C), dpagt1 crispants (D), alg1 crispants (E), and
alg11 crispants (F) at 6 dpf. Arrowheads, the liver region. Scale bar, 200 um.

(G-J) Bright field images of wild type (G), dpagt1 crispants (H), alg1 crispants (l), and
alg11 crispants (J) at 6 dpf in neutral red staining. Scale bar, 100 um.
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We next asked how N-glycosylation defects might cause the death of infected
macrophages. Previous work from the lab had identified several ways that infected
macrophages can suffer accelerated death. First, a defect in macrophage
development or proliferation causes the shortage of available macrophages to migrate
into the granuloma and hence granuloma breakdown. Cellular integrity of the
granuloma is maintained by a continual replenishment of new macrophages engulfing
apoptotic macrophages ( ). This keeps mycobacteria within
macrophages and restricts their growth. In circumstances of suboptimal macrophage
supply, however, apoptotic macrophages that are not phagocytosed will undergo
secondary necrosis, releasing the bacteria into the extracellular environment. Previous
work in the lab has shown that deficiency in the myeloid growth factor colony
stimulating factor-1 receptor (CSF-1R) causes susceptibility in this manner (

). Notably, CSF-1R processes a highly glycosylated extracellular region,
suggesting that defective CSF-1R could explain our observed hypersusceptibility
phenotype ( ). Using a zebrafish macrophage reporter transgene
line Tg (mpeg1: YFP), we enumerated macrophages in uninfected alg2 mutants and
wild-type siblings. Despite macrophage morphology differences, both groups had the
same amounts of macrophages at a 3 dpf baseline (Figure 8A-8B, 8E-8F, 8l). In
contrast, uninfected CSF-1R mutants had decreased macrophages at this timepoint
( )- At 5 dpf, the number of macrophages was not diminished in mock-
infected alg2 mutant animals, but significantly depleted in infected mutant animals
(Figure 8C-8D, 8G-8H, 8l). Thus, accelerated death of alg2 mutant macrophages is
not caused by an inadequate pool of uninfected macrophages to replenish the

granuloma.

In addition to reduced numbers of macrophage, lysosomal storage disorders can
impede macrophage migration, and result in a failure to adequately replenish the
granuloma ( )- The enlarged microglia in N-glycosylation deficient
animals were similar to ones observed with lysosomal storage disorders (

)- Lysosomal storage diseases are caused by the accumulation
of substrates inside lysosomes due to defects in lysosomal enzymes that would digest
them ( )- In vertebrates, the majority of lysosomal enzymes are N-
glycosylated in order to be recognized by specific receptors in the Golgi and delivered
to lysosomes ( )- Therefore, the enlarged
microglia in N-glycosylation deficient animals could be due to the lack of functional

lysozymes. In support of this reasoning, we checked the lysosome using LysoTracker
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staining, and confirmed that N-glycosylation defects induce enlarged lysosomes
(Supplementary Figure). However, we ruled out lysosomal storage disorder as the root
cause of infected macrophage death by showing that individual infected macrophages
displayed accelerated death before they became part of granuloma formation around
3 dpi (Figure 8E-8H).

Based on the finding that the lysosomal disorder was independent of increased
susceptibility, we then hypothesized that N-glycosylation is required for macrophages
to mount an effective microbicidal response against mycobacteria, as a deficit in
macrophage microbicidal activity results in macrophage death with mycobacterial
cording ( ). To test that, we infected the zebrafish

larvae with derp Mm, which is attenuated by defective growth in individual

macrophages (

). As Jderp Mm is unable to replicate within macrophages, the
reduction of intra-macrophage burdens of Aerp bacteria, therefore, evaluates the host

microbicidal activity. If N-glycosylation exerts protection via its macrophage

microbicidal activity, we should observe an overall higher intracellular Aerp Mm in alg2

mutant zebrafish larvae, compared to wild-type with the same bacterial inoculate. With

respect to this reasoning, the alg2 mutant embryos infected with Z4erp Mm had a higher

percentage of macrophages with high intracellular bacterial burdens (Figure 8J). Thus,
N-glycosylation defects do compromise the ability of macrophages to kill the

mycobacteria.

We next asked if this microbicidal defect was responsible for their accelerated death.
If so, then dying macrophages must die with an increased bacterial burden. To test
this, we took time-lapse images of infected zebrafish to capture in real-time the death
of infected macrophages in relation to intra-macrophage bacterial burden. To assess
bacterial burdens in dying macrophages, we used blue fluorescent Mm to infect N-
glycosylation deficient macrophages and wild-type siblings in the Tg(mfap4:YFP)
background with fluorescent macrophages. Macrophage death was monitored by the
disappearance of YFP signal reflecting plasma membrane disintegration. In 2 dpi
animals, over a 6-hour imaging period, 2-fold more macrophages died in N-
glycosylation deficient animals, as expected (Figure 8K). Quantification of the bacterial

fluorescence revealed a lower, rather than increased bacterial burden in dying
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macrophages in the N-glycosylation deficient animals (Figure 8L). Together, these
results showed that while N-glycosylation defects do compromise macrophage
microbicidal burdens, it is not the cause of accelerated death. The primary cause of
their death is that N-glycosylation defects sensitize the macrophages to mycobacterial

infection.
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Figure 8. N-glycosylation defects sensitize mycobacterial to mycobacterial induced

cell death

(A-H) Confocal maximum intensity of wild-type (WT) (A-D) and alg2’ sibling (E-H)
expressing Tg(mpeg1:YFP) at 1 and 3 dpi uninfected or infected with Mm, showing
early macrophage death occurs only in infected alg2’. Macrophages (green) and Mm

(red) are shown. Scale bar, 50 um.

(1) Quantification of trunk macrophage number in animals from alg2*" incross at 1

and 3 dpi. Symbles indicate mean values for each group. Error bars represent SEM.

(J) The percentage of macrophages scored as either having more than five, or less

than or equal to five derp Mm in alg2 mutant zebrafish verses wild-type control
embryos. Numbers above the columns indicate scored macrophages per group.
(K) Quantification of macrophage death events from a 6-hour time lapse imaging on

WT animals and alg2 crispants at 2 dpi. Numbers on the column indicate the

detected macrophage death events and total macrophages within the imaging.

(L) Quantification of bacterial burden when macrophage death occurs from the 6-
hour time lapse imaging in (I). Bacterial burden is indicated from the sum Mm (red

channel) fluorescent intensity within the macrophage surface.

Statistical analysis, (J) Fisher’'s exact test, (L) two-tailed, unpaired t-test.
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N-glycosylation sites are present in around 70% of proteins, and 70% of these sites
are N-glycosylated ( ; ). These proteins,
including extracellular matrixes, membrane receptors, and cytokines, participate
extensively in diverse biological processes, such as cell recognition, growth,
differentiation, immunity, and programmed cell death (

). Therefore, we asked if N-glycosylation-deficient
macrophages' sensitivity to mycobacterial infection was due to the dysfunction of the
macrophage itself (intrinsic mechanism), or the loss of function of cells surrounding
infected macrophages that might support the macrophage survival upon infection
(extrinsic mechanism). To address this question, we utilised THP-1 cells, human
leukaemia monocytes that can be differentiated into macrophages and are used to
study macrophage-mycobacterium interactions ( ).
N-glycosylation can be pharmacologically inhibited by tunicamycin, which targets
dpagt1 and blocks the first step of N-glycosylation ( )
(Figure 7A). We infected the cells with Mm at a multiplicity of infection (MOI) of 1 for 3
hours as described ( ) and then treated them with
tunicamycin or control (DMSO) for 2 days before assessing cell death by microscopy
after incubation with SYTOX, a membrane impermeant nucleic acid dye that labels
dying cells (Figure 9A-9D). Mm infection of DMSO-treated cells displayed the expected
slight increase in death and tunicamycin treatment of uninfected cells also exhibited
only a slight increase in death (Figure 9A-9C, 9E). However, tunicamycin treatment of
infected cells caused a 4-fold increase in death by 2 days (Figure 9D, 9E). This
experiment confirms that the protective effect of N-glycosylation is through a
macrophage-intrinsic mechanism. In addition, it confirms the zebrafish findings in
human macrophage, pointing to the conserved significance of N-glycosylation in
mycobacterial infection across species, even though individual glycoproteins appear
to be distinct to the phylogenetic class of model organisms, as suggested by

bioinformatic analyses ( )-
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Figure 9. N-glycosylation defects confer increased macrophage death via the cell-
intrinsic mechanism

(A-D) Stacked bright field and fluorescent images of THP-1 cells after differentiated
with PMA, with Hoechst (blue) and Sytox (green) staining (A-B) combined with Mm
(red) infection (C-D). Scale bar, 100 um.

(E) Quantification of Sytox staining positive cells verses total Hoechst staining
positive cells in each treatment group. Each dot represented the average of four
random selected views from one 24-well. Statistics, one-way ANOVA with Tukey’s

post-test.
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3.3 N-Glycosylation Defects Induce the Unfolded Protein Response (UPR)

Stimulated by Mycobacterial Infection

Our results together showed that N-glycosylation defects make macrophage unable to
tolerate mycobacterial infection. Taken together with the enriched GO terms
suggesting global trafficking defects (Supplementary Table), we wondered whether
defects in N-glycosylation disrupted cellular homeostasis and sensitised macrophages
to mycobacterial infection. N-glycans affect glycoprotein folding by altering the
biophysical properties of proteins ( ). Meanwhile, they serve as
signals to localise the folding machinery and indicate folding status by cooperating with
chaperones in the ER. These chaperones recognize N-glycans and retain proteins
within the ER until proper folding occurs and the proteins are ready to be transported
to Golgi ( ).
Glycoproteins that fail to fold are marked with specific truncated N-glycans, which are
eventually retro-translocated into the cytoplasm for proteasomal degradation (

). Therefore, defects or inhibition of N-glycan synthesis broadly disrupt
glycoprotein quality control processes and cause accumulation of unfolded protein in
the ER, leading to ER stress.

The cellular signalling to ER stress is called the unfolded protein response (UPR),
which is activated by three receptors on the ER membrane in metazoans, Inositol-
Requiring Enzyme 1 (IRE1), Eukaryotic Translation Initiation Factor 2 Alpha Kinase 3
(EIF2AKS, also called PERK), and Activating Transcription Factor 6 (ATF6) (

, Figure 10A). In homeostasis conditions, those three receptors are bound
with the chaperone binding immunoglobulin protein (HSPAS, also called BIP) and
maintained in their inactivated forms (

). Overload of unfolded or misfolded proteins during ER stress releases
HSPAS5 from those receptors to allow IRE1 and PERK homodimerization and ATF6
translocation to the Golgi for UPR signalling. The three branches of UPR signalling
have pleotropic and redundant downstream pathways, but they all attempt to restore
the homeostasis by reducing the protein synthesis and enhancing protein folding
capability ( ). Prolonged UPR however, moves the cell's fate to
apoptosis by activating the Bcl-2 family, BAX and BAK, which oligomerize at the
mitochondrial outer membrane to mediate its permeabilization (

). This eventually induces cytochrome c release and the assembly of
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apoptosome to activate caspases to cleave cellular proteins ( )

In addition to N-glycosylation defects that may induce ER stress and UPR signalling,
mycobacterial infection has also been reported to induce UPR in granulomas, which
consist predominantly of macrophages ( ). We
therefore hypothesized that N-glycosylation defects specifically killed infected
macrophages while sparing uninfected ones because infection and glycosylation
defects together compounded the ER stress on the macrophage, leading to a more
pronounced UPR and accelerated apoptosis. To test this, we assessed three selected
UPR effectors in zebrafish larvae using quantitative reverse transcriptase PCR (RT-
gPCR). xbp1, which is alternatively spliced by Ire1 activation (termed xbp1-t for all
isoforms and xbp1-s for the spliced form); atf4 (with the zebrafish orthologue called
atf4a), which is upregulated by Eif2ak3 activation; and ddit3, which encodes the
common downstream effector of all three branches of UPR (

(Figure 10B-10E). In wild-type animals, upregulation of these UPR effectors of
mycobacterial infection was nearly imperceptible. This is probably owing to the
employment of whole-animal samples in our analysis, which obscured the UPR within
infected macrophages, considering only 100 macrophages in animals with over a
million cells. In N-glycosylation deficient animals, however, UPR was significantly
upregulated and further enhanced with Mm infection. The synergetic effect of N-
glycosylation defects and mycobacterial infection on UPR induction was also
confirmed by testing DDIT3 expression in THP1 cells, which showed 16-fold
upregulation when N-glycosylation was inhibited by tunicamycin, 8-fold upregulation
with Mm infection, and 150-fold upregulation in combination (Figure 10F). Overall, the
RT-gPCR results in vivo and in vitro indicated the greatly increased UPR induction
when mycobacterial infection and N-glycosylation defects were combined. It also
suggested a threshold effect: macrophages can tolerate a smaller amount of UPR
caused by N-glycosylation defects in the absence of infection but proceed to cell death

when challenged with both disruptions.
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Figure 10. N-glycosylation defects upregulate UPR

(A) Signalling of unfolded protein response. Overload of unfolded proteins or misfolded
proteins in the ER recruit protein chaperon HSPAS5 (also known as BIP), which causes
HSPAS5 to release from IRE1, EIF2AK3 (PERK), and ATF6, three transmembrane
proteins on the ER, and activates unfolded protein response. (1) Homodimerization of
IRE1 functions as an RNase to degrade mRNA through regulated IRE1-dependent
decay (RIDD) and reduce protein translation. Meanwhile, IRE1 induces alternative
splicing XBP1 mRNA. Spliced XBP1 encodes the transcription factor that upregulates
UPR target genes involved in ER homeostasis. (2) Activated EIF2AK3 form

homodimers and phosphorylate eukaryotic translation initiation factor 2 subunit-o

(elF2a), reducing the overall mRNA translation. Selective genes, such as ATF4, are
preferentially translated in the presence of phosphorylated elF2a. ATF4 then
upregulates UPR target genes in protein folding, ER associated degradation, and
ER/Golgi biogenesis. (3) Released HSPAS5 binding from ATF6 exposes the ATF6 Golgi
localization signal. Transported ATF6 is processed in Golgi to activate the transcription
of UPR target genes in ER protein folding homeostasis. One of the redundant effects
of the three UPR signals is the upregulation of DDIT3 (also known as CHOP or
GADD153).

(B-E) Quantification of RT-gPCR on whole zebrafish larvae collected at 5 dpf. Fold
change of each tested gene is normalised to actb2. Symbols represent the mean of
two technical replicates of each biological replicate samples. Each biological replicate
sample composes of 6 zebrafish larvae. Statistical analysis, one-way ANOVA with

Sidak’s multiple comparison test.

(F) Quantification of RT-qPCR from THP-1 cells at 2 dpi infected with Mm at 1 MOI.
Fold change of each tested gene is normalised to EF1A. Symbols represent the mean
of two technical replicates of each biological replicate samples. Each biological
replicate sample composes of cells collected from one well in a 24-well plate. Statistical

analysis, two-tailed, unpaired t-test.
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3.4 UPR is Sufficient to Induce Mycobacterial Infected Macrophage Death

If N-glycosylation defects sensitize macrophages to mycobacterial infection because
of enhanced UPR, then the susceptibility should be rescued by blocking UPR signalling.
However, we were unable to block UPR signalling in alg2 deficient animals, because
prolonged UPR to apoptosis appear to be complex and redundant. We first knocked
out ddit3 by GO CRISPR, since the transcription factor DDIT3 being downstream of all

three arms and thought to have a key role (Figure 11A) (

). However, even though cloning of the ddit3 region from the
knock-out animals confirmed that gene editing had occurred, and RT-qPCR showed
downregulation of ddit3 expression (Figure 11B). trib3, a gene directly regulated by
ddit3 was still expressed at the same level as wild-type, suggesting that UPR signalling
was not disrupted in the ddit3 knock-out, probably due to unknown redundancy in the
signalling pathway (Figure 11C) ( ). We then sought to inhibit the
receptors on ER to block the initiation of UPR. As Hspa5 sequesters all the three UPR
initiation molecules, Ire1, Eif2ak3, and Atf6 during ER homeostasis, we injected mRNA
encoding hspab into the zebrafish embryos at the 1-cell stage, expecting that
overexpression of Hspa5 promotes its binding to Ire1, Eif2ak3, and Atf6 and prevents
UPR activation. The hspad mRNA was tagged with a P2A peptide and Superfolder
GFP to indicate the expression (see Material and Methods). We observed very little
GFP expression, indicating that the injected RNA was not robustly expressed. Even
removing the P2A peptide and Superfolder GFP to shorten the mRNA, we did not
improve the expression, and there was no downregulation of UPR signalling (Figure
11D-11G). An alternative approach to completely block UPR is to CRISPR knock-out
Ire1, Eif2ak3 and Atf6 altogether. However, we were concerned about the efficiency of
CRISPR editing when knocking out multiple genes simultaneously, since the amount
of each guide RNA gets diluted with the number of genes being knocked out. Instead,
we decided to overexpress grina (also termed tmbim3) to inhibit Ire1 in combination
with the Eif2ak3 CRISPR (Figure 11A). Although this genetic modification brought
atf4a expression in N-glycosylation deficient animals back to baseline, indicating that
the eif2ak3 knock-out was successful, the expression of xbp7 in both total and spliced
isoforms remained unchanged, indicating that grina overexpression was ineffective in
blocking Ire1 activity (Figure 11H-11J). Consequently, in N-glycosylation deficient
animals, overexpression of grina combined with eif2ak3 knock-out only showed slight

downregulation of ddit3, and no reduced macrophage death upon infection (Figure
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11K). Overall, the robustness and redundancy of UPR signalling impeded us to block
UPR, which may imply a the strong requirement for the macrophage to undergo cell

death under these circumstances.

Since we were unable to test if UPR is necessary for the increased susceptibility, we
asked if UPR is sufficient for the phenotype by inducing UPR through a method
independent of N-glycosylation. If UPR is not the cause of infected macrophage death,
we would predict no increased mycobacterial susceptibility in animals with normal N-
glycosylation where UPR is induced by different perturbations. In eukaryotes, the co-
translational insertion of membrane proteins with multiple transmembrane domains at
ER is facilitated by an intramembrane chaperone called the PAT complex, which
comprises Asterix and CCDCA47 (

(Figure 12A). Cells that lack the PAT complex fail to assemble membrane proteins and
manifest ER stress ( ). We utilized CRISPR to create ccdc47 GO
crispant zebrafish embryos. Consistent with the finding that ccdc47 mutant mice are
embryonic lethal ( ), approximately two thirds of knockout
zebrafish embryos had developmental deformations, such as oedema and twisted
spine. The fact that the remaining third were without overt defects was likely due to
mosaicism, a feature of GO crispants. Despite these larvae being partial mutants, they
had enlarged livers and RT-qPCR confirmed UPR upregulation (Figure 12B-12G).
They were also hypersusceptible to infection with bacterial cording (Figure 12 H). Thus,
UPR is sufficient to confer increased mycobacterial susceptibility independent of N-

glycosylation defects.
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Figure 11. Attempt to block UPR was impeded by the complicated and redundant

signalling

(A) Summary of the UPR signalling in inducing apoptosis via BAX/BAK activation. Blunt
arrows indicate the inhibitory modification, while sharp arrows indicate the previous

molecule activates or upregulates its downstream molecule.

(B-C) Quantification of RT-qPCR to measure the effect of ddit3 CRISPR knock-out at
5 dpf.

(D-G) Quantification of RT-gPCR to measure the effect of Hspa5 overexpression in

zebrafish embryos from alg2*- incross at 5 dpf.

(H-K) Quantification of RT-gPCR to measure the effect of eif2ak3 CRISPR knock-out
combined with Grina/Tmbim3 overexpression in zebrafish embryos from alg2*- incross
at 5 dpf.

(B-K) Fold change of each tested gene is normalised to actb2. Symbols represent the
mean of two technical replicates of each biological replicate samples. Each biological
replicate sample composes of 6 zebrafish larvae. Statistical analysis, one-way ANOVA

with Sidak’s multiple comparison test.
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Figure 12. Genetic Induction of UPR independent of N-glycosylation is sufficient to

confer increased susceptibility to mycobacterial infection

(A) lllustration of the function of CCDCA47 in assisting the insertion of multi-
transmembrane proteins. CCDC47 and Asterix compose the PAT complex, which bind
to the first transmembrane domain of proteins with multiple transmembrane domains
after its release from the Sec61 translocon. This binding protects the hydrophilic

transmembrane domain from hydrophobic lipid bilayer and promotes its assembly.

(B-C) Bright field images of wild-type (B) and ccdc47 crispants (C) at 6 dpf. Scale bar,
200 pm.

(D-E) Quantification of RT-gPCR on UPR target genes in whole zebrafish embryos
infected with Mm at 5 dpi. Fold change of each tested gene is normalised to actb2.
Symbols represent the mean of two technical replicates of each biological replicate
samples. Each biological replicate sample composes of 6 zebrafish larvae. Statistical

analysis, two-tailed, unpaired t-test.

(H) Mycobacterial cording in animals from wild-type and ccdc47 crispants. Numbers

on columns indicate animals per group.
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3.5 UPR Accelerates Pathogenic Apoptosis in Mycobacterium-infected

Macrophages

We next asked how upregulated UPR was killing mycobacterium-infected
macrophages. Prolonged UPR causes apoptotic death, which can occur through
multiple pathways, all of which converge on BAX/BAK (Figure 11A). In zebrafish, no
orthologue of BAK has been annotated, but there are two paralogues of human BAX,
baxa and baxb. A baxa/baxb double mutant ( ) rescued bacterial
cording induced by alg2 mutants (Figure 13A). We further confirmed the rescue of
macrophage death by enumerating macrophages in Tg(mpeg1:YFP) transgene lines
with fluorescent macrophage reporter (Figure 13B). Upregulated UPR can activate
BAX/BAK by transcriptional inhibition of BCL2 via DDIT3 (Figure 11A). Accordingly,
overexpression of zebrafish bcl2a (orthologue of human BCL2) also rescued
macrophage numbers in alg2 mutants at 2 dpi (Figure 13C), although we can only
induce the bcl2a overexpression transiently and did not rescue cording phenotype at
4 dpi. Moreover, mutation of baxa/baxb also prevented cording in ccdc47 knock-out
animals, confirming that accelerated death of mycobacterium-infected macrophages
experiencing UPR was caused by BAX-mediated apoptosis. (Figure 13D). Finally,
previously our lab identified a noncanonical function of baxa (but not baxb) in mediating
by a nonapoptotic form of programmed cell death, where Baxa interacts with ER
ryanodine receptors to promote Ca?* flow from the ER to mitochondria to cause
mitochondrial Ca?* overload and thereby death ( ). Here we found that
neither baxa nor baxb single mutants rescued mycobacterial susceptibility in N-
glycosylation deficient animals, consistent with UPR sensitising macrophage death by
promoting intrinsic apoptosis via the mitochondrial insertion of either baxa or baxb
activation (Figure 13E and 13F).

Under wild-type conditions, mycobacteria induce apoptosis of the macrophages they
reside in ( ). Mycobacteria
profit from this apoptosis as the dying cell gets engulfed by one or more new arrivals
into the granuloma, thus increasing intracellular bacterial growth and expansion into
new macrophages ( ). The secreted virulence factor ESAT-6, a
membranolytic protein promotes mycobacterium-mediated apoptosis. ESAT-6 is a
substrate of the ESX-1 and permeabilizes phagolysosomes, a key virulence attribute

( ). ESAT-6 was also ascribed to cause
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mitochondrial damage ( )- Although
morphologically similar to apoptosis, we have shown that ESAT-6-mediated
macrophage death is BAX-independent, suggesting that ESAT-6’s mitochondrial
damaging activity may bypass the need for BAX in apoptosis of infected macrophages.
Therefore, we asked if the activation of BAX/BAK by UPR compounds ESAT-6
mediated mitochondrial death or whether it overrides the need for ESAT-6. We found
that UPR induced macrophage death even in ESAT-6 (AESX-1) deficient infection

(Figure 13G). Thus, N-glycosylation defects shift the macrophage apoptosis mode into
a BAX-dependent, ESAT-6-independent manner, which eventually result in an

accelerated death.

Finally, we found that N-glycosylation deficient macrophages died even when infected
with a mycobacterial mutant in Erp, a virulence factor that is specifically required for
growth in macrophages (

). (Figure 14A). This suggested that N-glycosylation defects
rescued the normally compromised Mm mutant to replicate within the host. Similarly,
we found that the non-pathogenic mycobacterium, M. smegmatis (M.smeg), which is
a saprophytic mycobacterium and does not grow in macrophages ( )
also killed macrophages (Figure 14B). Only heat-killed Mm did not kill N-glycosylation
deficient macrophages (Figure 14C). Together these results suggest that killed
mycobacteria put less of a stress on the macrophages perhaps because they are
rapidly degraded in lysosomes. Conversely, even bacteria that grow very little induces
basal cellular responses dependent on N-glycosylation in macrophage to control the
infection. In other words, N-glycosylation defects confer a broad-spectrum

susceptibility to pathogenic and non-pathogenic mycobacteria.
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Figure 13. Under circumstances of UPR, mycobacteria induce macrophage apoptosis

independent of virulence factor ESAT-6

(A) Mycobacterial cording in animals from baxa*", baxb*" incross, combined with alg2
WT or alg2 GO crispants, at 4 dpi.

(B) Quantification of trunk macrophage number in animals from baxa*", baxb*" incross,
combined with alg2 WT or alg2 GO crispants at 0-4 dpi. Symbles indicate mean values

for each group. Error bars represent SEM.

(C) Quantification of trunk macrophage number in animals from alg2*" incross at 2 dpi
with or without Bcl2a overexpression. Statistical analysis, one-way ANOVA with

Sidak’s multiple comparison test.

(D) Mycobacterial cording in animals from baxa*", baxb*- incross, combined with
ccdc47 WT or ccde47 GO crispants, at 4 dpi.

(E) Mycobacterial cording in animals from baxa*" incross, combined with WT or alg2

GO crispants, at 4 dpi.

(F) Mycobacterial cording in animals from baxb*" incross, combined with WT or alg2

GO crispants, at 4 dpi.

(G) Mycobacterial cording in animals from alg2*- incross at 4 dpi infected with WT Mm
or AESX-1 Mm.

Numbers on columns indicate animals per group.
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Figure 14. N-glycosylation protects host from macrophage death induced by

pathogenic and non-pathogenic mycobacteria

(A) Mycobacterial cording in animals from alg2*- incross at 4 dpi. Numbers on columns

indicate animals per group.

(B-C) Quantification of trunk macrophage number in animals from alg2*- incross at 2

dpi. Statistical analysis, one-way ANOVA with Sidak’s multiple comparison test.
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3.6 Discussion

We isolated alg2 as the candidate gene involved in host susceptibility to mycobacterial
infection through its essential role in N-glycosylation. Defects in N-glycosylation induce
the UPR, which sensitizes macrophages to pathogenic and non-pathogenic

mycobacteria and accelerates infected macrophage apoptosis by activating BAX.

Both defects of N-glycosylation and mycobacterial infection induce UPR. However, we
observed accelerated macrophage death only when N-glycosylation deficient animals
are infected with live mycobacteria, suggesting that macrophages can tolerate the
UPR upregulated by either factor alone. The combination of N-glycosylation defects
and mycobacterial infection, therefore, pushes the UPR beyond a threshold where
macrophage decide to enter apoptosis. Extensive macrophage apoptosis reduces
macrophage supply to phagocytose the mycobacteria, releasing mycobacteria into the
extracellular environment where potentiates their growth. Our findings suggest that, in
addition to its canonical role in protein folding and quality control, ER N-glycosylation
also mitigates the UPR induced by mycobacterial infection, enabling macrophages to

survive under mycobacterial burden and promoting the control of infection.

We used THP-1 cells to confirm that death occurred through cell-intrinsic mechanisms.
It should be noted that the THP-1 cell results have not excluded the additional role of
macrophage extrinsic factors. This can be achieved by testing the macrophage specific
alg2 expressing line, alg2’- Tg(mfap4:alg2), or by performing parabiosis to compare
alg2 mutant and wild-type macrophages in the same environment. However, our
findings strongly suggest that the primary factor for increased susceptibility is due to

macrophage intrinsic mechanisms.

We showed that dysregulated UPR is pathological to mycobacterium-infected
macrophages and causes accelerated apoptosis. Generally, UPR is thought to be host
protective and is required for organism development ( ). For example,
the IRE1-XBP1 branch of UPR promotes liver development and B-cell differentiation

into plasma cells, and the ATF6 branch is involved in mesoderm fate specification and
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cone photoreceptor function ( )- Dysregulated UPR, on the other
hand, is associated with multiple diseases due to cell apoptosis, such as type 1
diabetes, and neurodegenerative diseases ( ). Therefore, the UPR
must be tightly regulated within a threshold to exert its normal function but avoid
activating apoptosis. We still do not fully understand how the UPR is regulated, but
studies have suggested that macrophages might actively adjust the UPR to fit the ever-
changing environments. Upon TLR activation, UPR signalling in macrophage is
required to produce proinflammatory cytokines, such as IL-6, IL-8, and TNF (

). From those studies, upregulation of UPR is a
macrophage defence strategy for eliminating invading pathogens. In alg2 or ccdc47
mutants, however, already upregulated UPR makes such a protective mechanism

pathogenic, as it accelerates macrophage apoptosis and benefit mycobacteria instead.

Some studies incubated cell culture with ESX-1 secreted components and suggested
that ESAT-6 and another ESX-1 protein, EspC, elevates UPR in macrophages (
). However, we find that AESX-17 Mm still induce N-

glycosylation deficient macrophage death. The discrepancy may come from the
utilised approaches. Incubating cell culture with purified mycobacterial virulence
factors does not induce the same cellular responses as natural infection. It is also
possible that the induced UPR and apoptosis they observed could have resulted from
the residual detergent in the ESAT-6 preparations, as our lab has found for other
activities attributed to ESAT-6 ( )- N-glycosylation deficient animals
were susceptible to non-pathogenic M.smeg, suggesting that upregulation of UPR
upon mycobacterial infection is a host autonomous response independent of bacterial

virulence factors.

Why do cells upregulate UPR only in response to live mycobacterial infection? One
plausible explanation is that the UPR response is mediated by pathogen-associated
molecular patterns (PAMPs) that specifically signify microbial viability, called vita-
PAMPs. Two identified vita-PAMPs, bacterial mRNA, and cyclic dinucleotide
adenosine monophosphate (c-di-AMP) are sensed by MyD88 and STING signalling
separately ( ). However,
Mm infection in Myd88 or Sting deficient zebrafish under N-glycosylation defects did
not rescue the cording phenotype, implying the vita-PAMPs were not the initiator of

UPR. Alternatively, the UPR may be simply induced by transcriptional reprogramming
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in response to live mycobacteria. Transcriptional reprogramming overloads newly
translated protein into ER, which exacerbates the UPR and results in cell apoptosis. If
this is true, RNA-seq should reveal a stronger immune response of live mycobacteria

than heat-killed bacteria.

Finally, this work provides insight into the mode of mycobacterium-induced
macrophage death. Upregulated UPR sensitizes infected macrophages to death
through intrinsic apoptosis, relying on baxa/baxb activation and independent of
mycobacterial ESAT-6. In contrast, in wildtype macrophages the lower rate of death is
independent of baxa/baxb and dependent on ESAT-6. Apoptotic death of
mycobacterium-infected macrophages is a pathogenic event, promoting mycobacterial
growth (Davis 2009). One can imagine that the macrophages when invaded by
bacteria, try not to die by inhibiting apoptotic pathways, principally BAX/BAK. The
mycobacteria then induce an apoptotic form of death using the virulence factor ESAT-

6. However, this is not as effective as BAX-mediated apoptosis.

In preliminary work, | have shown that N-glycosylation defects also sensitise
macrophages to Salmonella enterica serovar Typhimurium. Typically, Salmonella
cause macrophage pyroptosis. Instead of BAX/BAK activation, pyroptosis is mediated
by the activation of caspase-1, which then activates gasdermin-D (GSDMD) and
permeabilize plasma membrane (

). Host N-glycosylation defects, shifted Salmonella induced macrophage death to
intrinsic apoptosis, as evidenced by our finding that baxa/baxb mutant rescued
macrophage death in N-glycosylation deficient zebrafish embryos, suggesting that
apoptosis is preferentially induced under dysregulated UPR. In homeostasis, on the
contrary, BAX/BAK is tightly inhibited for cell survival, which pushes pathogens to
induce alternative approaches in order to increase pathogenicity. It will be interesting
to determine how BAX is inhibited in response to bacterial infections, when other

assaults to the cell such as inhibiting cellular replication activate it.
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Macrophages can tolerate upregulated UPR conferred by N-glycosylation defects, until
infected with mycobacteria. The synergistic effects of N-glycosylation defects and
mycobacteria eventually cause macrophage apoptosis through baxa and baxb. As
described earlier, we hypothesized the UPR induced by Mm leads to the transcriptional
reprogramming of macrophage. Transcriptional reprogramming may occur in response
to any perturbations. Therefore, N-glycosylation defects may confer increased
susceptibility to other intracellular bacteria. In support of this, my preliminary
experiments have shown that Salmonella accelerated macrophage death in alg2
mutant zebrafish dependent on baxa and baxb. To further test the hypothesis, | will
test 1) whether Salmonella infection induces UPR, and 2) whether other intracellular
bacteria, such as E. coli, upregulates UPR and showed increased susceptibility when

N-glycosylation is inhibited.

Clinical evidence suggests that N-glycosylation defects confer increased susceptibility
to other infections. In humans, genetic defects in various steps along glycan
modification pathways is associated with a disease called congenital disorders of
glycosylation (CDG) ( ). Patients with CDG usually have multi-
systemic manifestations, including growth failure, developmental delay, facial
dysmorphisms, coagulation and endocrine abnormalities ( )- While
the name of CDG as well its clinical study focuses on developmental and neurological
abnormalities, some CDGs have a well-defined immunological phenotype (

). For example, The CDG caused by mutations in
PMM2 gene (PMM2-CDG), which encodes the enzyme for the formation of GDP-
mannose during N-glycosylation, showed 20% of infantile mortality contributed to
infection ( )- Similarly, MAN2B2-CDG, which is caused by disrupted
mannose metabolism, has an immunodeficiency phenotype ( ).
Only four cases of ALG2-CDG and twelve cases of ALG11-CDG have been reported.
One of the cases died from pulmonary infection, whereas others lack detailed
immunological records (

). In addition, in a cohort study with 39 ALG1-CDG patients, 28%
presented immune-related phenotypes ( ). Other CDGs with
immunological defects include ALG12-CDG, ATP6AP1-CDG, EXTL3-CDG, FUTS-
CDG, G6PC3-CDG, JAGN1-CDG, MOGS-CDG, PGM3-CDG, SLC35C1-CDG,
SLC37A4-CDG, ALG14-CDG, ATP6AP2-CDG, C1GALT1C1-CDG, COG6-CDG,
DOLK-CDG, GALNT3-CDG, MGAT2-CDG, SLC39A8-CDG, and VPS13B-CDG

( )-



61

For most CDGs, it is unclear why patients manifest immunological disorders. Genome-
wide analysis in the fibroblasts from CDG patients show that affected cells have
chronic ER stress, and UPR related genes are moderately induced ( ).
Therefore, upregulate UPR probably is a causal factor of immunological phenotypes
in CDG patients. However, defects of specific glycosylated proteins or immunological
functions may attribute to immunodeficiency phenotypes in CDG patients as well. For
example, PGM3-CDG is caused by mutations for the synthesis of UDP-GIcNAc, a
building block for glycosylation, ( ), which
is required for T cell activation through a NF-kB subunit c-Rel (

)- As the consequence, PGM3-CDG causes recurrent bacterial and fungal
infections ( )- In another example, SLC35C1-CDG is caused by
defects in the transport of GDP-fucose from the cytoplasm to the Golgi for glycan
modification, which negatively impacts the biosynthesis and function of selectin ligands
sialyl-Lewis* on the leukocytes ( ). Sialyl-Lewis*
mediates the migration of leukocytes from the bloodstream to sites of infection through
binding to the E-selectin and P-selectin expressed on endothelial cells (

). SLC35C1-CDG patients, therefore, display leukocyte adhesion
deficiency (LAD) ( ). Since the leukocytes cannot
be efficiently recruited to infection sites, LAD patients are subject to recurrent and
severe bacterial infections ( ). In summary, glycosylation
defects confer immunodeficiency by multiple mechanisms. Fostering research on the
immunological impacts on glycosylation may elucidate the pathophysiological

mechanisms and develop target therapies.

We showed that defects in early steps of N-glycosylation confer increased
susceptibility to mycobacterial infection. All dpagt1, alg1, alg2, and alg11, the
glycosylation enzymes we targeted, are responsible for the assembly of the
oligosaccharide GlcsMangGIcNAc., which is uniformly attached to newly synthesized
polypeptides within the ER. In Golgi, however, N-glycans are diversified by various
glycotransferases and glycosidases ( ). Further modification and
maturation of N-glycans in Golgi results in a vast range of different N-glycan structures.
Remarkably, identical copies of the same protein can present variations in N-glycans
at the same N-glycosylation sites ( ). The variation in N-glycans of

a glycoprotein may arise from protein conformation, substrate availability, sugar
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metabolism, glycol-enzyme distribution, and catalytic kinetics ( )-
Despite these observations, our understanding remains limited of the regulatory
mechanisms governing N-glycan structure, and how these structures influence
glycoprotein functions. Furthermore, are N-glycans on a given protein identical across
the human population? If variability exists, is this an additional layer affecting

susceptibility to TB, or any other diseases, beyond genetic differences?

In the last decades, studies on glycobiology have significantly advanced by the
development of chemistry, genetics, and computational sciences. Nowadays we have
methods such as glycan-recognizing probes to target specific glycans, glycosylation
mutants of cultured cells to elucidate the glycosylation processes, mass spectrometry
or nuclear magnetic resonance spectroscopy to analyse glycan structure, and
glycoinformatics to profile the glycans (

). However, unlike
the central dogma, which delineates the flow of genetic information from DNA to RNA,
to protein, we have not yet discovered such kind of paradigms in glycobiology. As the
consequence, it is still challenging to precisely manipulate the glycan structure on
specific glycoproteins, or to connect the glycan alternation with specific biological
phenotypes. Not merely a source of energy, glycans together with nucleotides,
proteins, and lipids, shape the evolution, development, functioning, and survival of all
natural biological systems. Understanding the function of this essential macromolecule

in health and disease will expand our insight into the cell, the nature, and ourselves.
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5.1 Zebrafish Husbandry

Zebrafish embryos and larvae of the wild-type AB strain (Zebrafish International
Resource Center, ZIRC), TL strain (ZIRC), or of mixed AB/TL backgrounds were used
in experiments. The alg2®’" mutant line (this work), baxa™; baxb™"® mutant line (
), and Tg(mpeg1:YFP)"?® fluorescent reporter line (
), were maintained in the AB strain. The alg2"™? were generated

in the TL strain and maintained in mixed AB/TL backgrounds.

Zebrafish husbandry was performed with the Guidance on the operation of the Animals
(Scientific Procedures) Act (ASPA) issued by the UK Home Office. Zebrafish were
maintained in buffered reverse osmosis water systems under a 14-hr light/10-hr dark
cycle. Zebrafish larvae were fed paramecia twice daily, while juvenile and adult
zebrafish were fed at least twice a day with dry food and brine shrimp. Zebrafish
embryos were collected and maintained in reverse osmosis water supplemented with
0.18 g/L Instant Ocean containing 0.25 pg/mL methylene blue. From 1 dpf, larvae to
be used in experiments were transferred to E2/2 medium containing 0.003% PTU (1-

phenyl-2-thiourea, Sigma). Throughout development larvae were incubated at 28.5°C.

5.2 Generation of zebrafish crispants by GO CRISPR

Four non-overlapping RNA nucleotides per target gene were designed to target all
annotated isoforms in GRCz11 zebrafish assembly. Sequences were selected based
on predicted on-target efficiency and likelihood off-target effects provided by IDT
Custom Alt-R CRISPR-Cas9 guide RNA design tool.

Pre-synthesised Alt-R CRISPR-Cas9 RNA nucleotides (crRNA) (IDT) were obtained
and dissolved to 200 uM in nuclease-free duplex buffer (IDT). Transactivating crRNA
(tracrRNA) (IDT) was dissolved to 200 uM in TE buffer. 6 pL crRNA was then mixed
with 6 uL tracRNA and 8 pL duplex buffer followed by 95°C incubation for 5 minutes.
The products (sgRNA) were stored at -20°C.
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On the day of utilization, 1 pL (61 pmol) Alt-R s.p. Cas9 Nuclease V3 (IDT) protein was
mixed with 5 uL Cas9 buffer (20 mM HEPES, 150 mM KCL, pH 7.5) and 1.5 uL of 4
sgRNA targeting the same gene. The mixture was then incubated at 37°C for 10
minutes to assemble the sgRNA/Cas9 complexes, and supplemented with 1% phenol

red.

1-3 nL sgRNA/Cas9 complexes were delivered to 1-2 cell stage zebrafish embryos by
microinjection at 200 hPa for 0.5 to 2 seconds. Injected embryos were checked for
toxicity at 4, 24 and 48 hours post fertilisation. The CRISPR knock-out was confirmed
by HRM analysis (see below).

5.3 Bacterial Strains

Mycobacterium marinum M strain (ATCC #BAA-535) transformed with
pmsp12::tdTomato or pmsp12::mWasabi, Mycobacterium marinum M strain’s mutant
derivatives AESX-1 and Aerp, or Mycobacterium smegmatis mc?155 strain
transformed with pmsp12:tdTomato ( ), were
grown at 33°C under hygromycin B selection in 7H9 medium supplemented with oleic
acid, albumin, dextrose, and Tween-80. Single cell suspensions of M. marinum were
prepared as previously described ( )- This involves passing growing
cultures through a syringe and filtration. Filtrate was pelleted, resuspended, and then

divided into aliquots which were stored in -70°C.

For heat-killed M. marinum infection, aliquots of M. marinum was heated at 80°C for

20 minutes before injection.

5.4 Zebrafish Infection

Zebrafish Larval infection was performed as previously described ( ).
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2 dpf larvae were dechorionated manually or with <0.5 mg/mL pronase (Sigma-Aldrich)
and then anesthetized with fish water containing 0.025% tricaine (Sigma). Larvae were
injected at 225-250 hPa for 0.5 second via the caudal vein using single-cell
suspensions supplemented with phenol red sodium salt (£ 1% w/v diluted in PBS,
Sigma) to deliver ~100 — 250 bacteria per 3 — 5 nL injection. Inoculum were confirmed

by injecting onto Middlebrook 7H10 agar plates.

5.5 Neutral Red Staining

5 dpf zebrafish larvae was replaced in E2/2 media containing 0.0005% Neutral Red
(Sigma) and incubated at 28.5°C for 5 hours. Then replaced in clean E2/2 media for

10 minutes for microscopy.

5.6 Microscopy

Widefield fluorescence microscopy was performed as previously described (

). Bacterial burdens were measured with a Nikon Eclipse Ti-E inverted
microscope using a 4x objective and running a fluorescent pixel counts macro in
ImagedJ (National Institutes of Health) ( ). Bacterial cording was
manually determined under a 10x objective and macrophages were counted manually

using a 20x objective.

Laser scanning confocal microscopy was performed as described ( )-
Anesthetized larvae were embedded in 1.5% low melt agarose (TopVision) on optical-
bottom plates (MatTek). Imaging was performed with a Nikon A1R confocal
microscope using a 20x objective and the Galvano or Resonant scanners. 20 ym
optical sections were combined to generate 20-40 z-stacks. For time-lapse microscopy
of zebrafish, imaging was taken at 27°C using a microscope incubator (Okolab), using
acquisition intervals of 3 minutes for 6 hours. Acquired images were processed using

the denoising Al feature in the Elements software (Nikon). Surfaces of macrophages
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were created in Imaris (Bitplane) for fluorescent quantification. The numbers of dying

macrophages were counted manually.

5.7 Exome Mapping and Linkage Analysis

Single pairs of mutant carriers were crossed for each mutation. Embryos were infected
with Mm at 2 dpf and sorted at 7 dpf. Based on their bacterial cording phenotype, 30
cording embryos were collected into a phenotypically mutant pool and 30 non-cording
embryos were collected into a phenotypically wild-type pool. DNA isolation and library

preparation were performed as previously described ( ).

Exome sequencing was performed on the pools of phenotypically mutant and
phenotypically wild-type siblings. Sequencing reads were aligned to the GRCz10
zebrafish genome assembly and then the Mutation Mapping Analysis Pipeline for
Pooled RNA-seq (MMAPPR) pipeline was used to locate potential causal mutations
( )- MMAPPR identified polymorphic loci across the pools, then
assessed the differences in allelic frequency at these loci between phenotypic and
non-phenotypic pools. The differences in allelic frequency for each identified
polymorphic locus were measured as Euclidean Distance ( ). Loess
regression was used to generate a mapping interval spanning the genomic region
harbouring the potential causative mutation. The mapping interval was further resolved
through identification of genomic regions with conserved homozygosity across all

recombinant phenotypic animals.

Using the same sequencing reads, single nucleotide polymorphisms (SNPs) were
called by GATK. SNPs found in mutants and located within exome mapping peaks
were used to design genotyping assays (

)- Additional zebrafish larvae from the pairwise in-cross of mutant carrier adults

were infected, sorted by cording phenotype, and genotyped to perform linkage analysis.
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5.8 Genotyping

Zebrafish larvae were collected in 96-well plates and genomic DNA was extracted
through the addition of 50 L lysis buffer (25 mM NaOH, 0.2 mM EDTA) and incubation
at 95°C for 30 minutes. 50 pL neutralisation buffer (40 mM Tris-HCI) was then added

to samples.

Animals were genotyped by Kompetitive Allele-Specific PCR (KASP) assay or High-
Resolution Melt (HRM) analysis of PCR products from the extracted genomic DNA as

described.

The KASP genotyping assay is based on competitive allele-specific PCR combined
with a fluorescence-reading report for the identification of single nucleotide
polymorphisms (SNPs) ( )- The assay utilises two allele specific forward
primers and a common reverse primer. Allele specific forward primers contain 5
overhang sequences which each is complement to a fluorescence tagged sequence.
The fluorescent agents are quenched until they are integrated onto the amplicons as
the reaction proceeds. At the end of PCR, samples are measured by fluorescence and

clustered as homozygous wild-type, homozygous mutant, and heterozygous.

For each KASP reaction, 4 yL genomic DNA sample was mixed with 4 yL KASP-TF
Mastermix (LGC Biosearch) and 0.14 pL mixed primers (12 mM each of forward
primers and 30 mM common reverse primer). Plates were read on CFX connect

thermocycler (BioRad) and analysed using CFX manager (Biorad).

The HRM analysis generates DNA melt curve profiles to compare with given control
samples and classify genotypes ( ). For 10 yL HRM reaction, 2 yL
genomic DNA sample was mixed with 5 pL Precision Melt Supermix (BioRad), and 0.2
mM each of primres. Plates were read on CFX connect thermocycler (BioRad) and

analysed on Percision Melt Analysis Software (BioRad).
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5.9 RNA-seq

A single pair of alg2 heterozygous zebrafish adults were crossed and 3 dpf embryos
were collected. Single frozen embryos were lysed in 110 pyL buffer RLT (Qiagen)
supplemented with 1% B-Me (Sigma) by shaking with 5 mm stainless steel beads
(Qiagen). Then 180 pL of AMPure XP beads (Stem Cell Institute) were added and total
nucleic acid was extracted as previously described ( ). Each embryo
was genotyped with a KASP assay using the DNA present in the total nucleic acid
extracts. Based on genotyping results, total nucleic acid from single embryos was

combined into 4 mutant replicates and 4 wild-type replicates, each a pool of 8 samples.

Genomic DNA was eliminated from total nucleic acid samples using DNase I treatment
(Thermo). Sequencing libraries were prepared using a TruSeq Stranded mRNA
Sample Prep Kit (lllumina). Libraries were pooled and sequenced on the NextSeq 500
PE75 platform. Raw reads were aligned to the GRCz11 zebrafish genome using STAR
and counted using the Ensembl 102 annotation. DESeq2 was used for differential
expression analysis ( ). Differentially expressed genes with p-values

less than 0.05 were used for Gene Ontology enrichment analysis (PANTHER) (
).

5.10 RNA injection

Zebrafish bcl2a, hspab and grinab coding sequences were cloned into pCS2 plasmid
with Kozak sequence at 5’ end. For bcl2a gene, the stop codon was replaced by a P2A
sequence and superfolder GFP to verify its expression during embryonic development.
The recombinant plasmids were then linearised by PCR, and the expression RNA was
in vitro transcribed by SP6 mMESSAGE mMACHINE kit (Ambion) and purified by LiCl
precipitation. On the day of injection, in vitro transcribed RNA was diluted into 200 ng/

uL supplemented with 1% phenol red before delivering 1-3 nL to one-cell-stage

zebrafish embryos.



70

5.11 THP-1 Cell Culture and Infection

Monocytic human THP-1 cells (ATCC) were grown at 37°C, 5% CO- in RPMI medium
(Sigma-Aldrich) supplemented with 10% FBS (Gibco), L-glutamine (Gibco), Penicillin,
and Streptomycin (complete RPMI). To differentiate  THP-1 monocytes into

macrophages, cells were seeded at 5x10° cells/mL in 24-well optical bottom plates

(Perkin Elmer or MatTek) and stimulated with 100 nM PMA Phorbol 12-myristate 13-
acetate (Sigma-Aldrich) for two days. The resulting adherent cells were then supplied
with complete RPMI and rested for two days. During infection, cells were washed with
antibiotic-free complete RPMI and infected with single-cell suspensions of Mm for four

hours in a 33°C, 5% CO. incubator. Then cells were washed with antibiotic-free
complete RPMI and kept in 33°C, 5% CO: incubator for two days. For measuring cell
death, cells were stained with 50 nM Sytox® Green (Thermo) and 1 ug/mL Hoechst

for 15 minutes before visualize using a Nikon Ti-E inverted microscope fitted with 20x
objective and 4 arbitrary images per well were captured with NIS Elements (Nikon). In
experiments with pharmacological compounds, 10 mg/mL Tunicamycin or 0.5%

DMSO were supplemented in cell culture for six hours prior to infection.

5.12 RNA-extraction and RT-qPCR

Anesthetized zebrafish larvae were cut at tail before transferring onto dry ice and were
stored at -70°C. The tails were collected for genotyping. Based on genotyping results,
samples were combined. Zebrafish embryo or THP-1 cell RNA was extracted by
utilisation of RNeasy Mini Kit (Qiagen). The concentration of RNA samples was
measured by NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific). 1 pg of
total RNA were reverse transcribed by utilisation of PrimeScript 1st strand cDNA
Synthesis Kit (Takara Bio). For each 20 yL RT-gPCR reaction, 2 uyL cDNA sample was
mixed with 10 yL Power SYBR Green PCR Master Mix and 1 mM each of primers.
Plates were read on CFX connect thermocycler (BioRad) and analysed by AACq

calculation method.
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Supplementary Table
False
Upload Upload Raw
GO TermID GO Biological Process Term Discovery
(124) expected P-value
Rate
G0:0009298 GDP-mannose biosynthetic process 3 0.02 5.52E-06 1.77E-03
GO0:0019673 GDP-mannose metabolic process 3 0.03 8.25E-06 2.40E-03
G0:0048280 vesicle fusion with Golgi apparatus 3 0.04 2.14E-05  5.07E-03
G0:0009226  nucleotide-sugar biosynthetic process 5 0.08 3.98E-08  2.99E-05
oligosaccharide-lipid intermediate
G0:0006490 3 0.06 4.38E-05  9.85E-03
biosynthetic process
G0:0009225 nucleotide-sugar metabolic process 5 0.12 2.70E-07 1.35E-04
G0:0006891 intra-Golgi vesicle-mediated transport 5 0.13 3.78E-07 1.79E-04
retrograde vesicle-mediated transport, Golgi
G0:0006890 5 0.16 9.21E-07  3.95E-04
to endoplasmic reticulum
endoplasmic reticulum to Golgi vesicle-
G0:0006888 . 12 0.43 6.90E-14  3.10E-10
mediated transport
GO0:0007030 Golgi organization 7 0.31 5.25E-08 3.64E-05
G0:0048193  Golgi vesicle transport 17 0.86 6.66E-17 6.00E-13
GO0:0006487  protein N-linked glycosylation 4 0.23 1.12E-04 2.20E-02
G0:0034976 response to endoplasmic reticulum stress 7 0.53 1.51E-06 5.44E-04
GO0:0006486 protein glycosylation 7 0.94 5.61E-05 1.23E-02
G0:0043413 macromolecule glycosylation 7 0.94 5.61E-05 1.20E-02
G0:0009100 glycoprotein metabolic process 9 1.28 7.57E-06  2.27E-03
GO0:0070085 glycosylation 7 1 8.22E-05 1.68E-02
G0:0010256 endomembrane system organization 8 1.15 2.64E-05 6.09E-03
GO0:0016192  vesicle-mediated transport 25 3.95 2.46E-13 7.39E-10
G0:0009101  glycoprotein biosynthetic process 7 1.12 1.64E-04 3.14E-02
G0:0006886 intracellular protein transport 11 1.78 2.35E-06 8.14E-04
G0:0046907 intracellular transport 21 3.63 1.24E-10 2.79E-07
G0:0015031  protein transport 17 3.03 1.34E-08 1.34E-05
G0:0045184  establishment of protein localization 18 3.45 1.43E-08 1.17E-05
G0:1901137  carbohydrate derivative biosynthetic process 11 2.2 1.63E-05 4.08E-03
G0:0051649  establishment of localization in cell 21 4.42 3.97E-09 5.10E-06
GO0:0071705 nitrogen compound transport 19 4.31 7.33E-08 4.71E-05
G0:1901135  carbohydrate derivative metabolic process 14 3.41 9.87E-06  2.61E-03
G0:0008104  protein localization 18 4.62 9.76E-07 3.99E-04
GO0:0070727  cellular macromolecule localization 18 4.63 1.00E-06 3.93E-04
GO0:0044281  small molecule metabolic process 19 4.95 5.95E-07 2.68E-04
G0:0071702  organic substance transport 20 5.76 1.36E-06 5.10E-04
organonitrogen compound biosynthetic
GO0:1901566 17 4.97 1.10E-05  2.83E-03
process
GO0:0051641  cellular localization 23 6.74 2.61E-07 1.38E-04



72

Continued
False
Upload Upload Raw
GO TermID GO Biological Process Term Discovery
(124) expected P-value
Rate
G0:0033036 macromolecule localization 19 5.98 8.96E-06 2.52E-03
G0:0006810  transport 35 125 1.40E-08 1.26E-05
G0:0051234  establishment of localization 36 13.09 1.30E-08 1.47E-05
GO0:0051179 localization 36 14.28 1.16E-07 6.97E-05
G0:1901576  organic substance biosynthetic process 29 11.83 4.93E-06 1.64E-03
G0:0044249  cellular biosynthetic process 28 11.43 7.53E-06  2.34E-03
GO:0009058 biosynthetic process 29 12.01 9.44E-06 2.58E-03
organonitrogen compound metabolic
G0:1901564 35 16.95 2.00E-05  4.87E-03
process

G0:0006807 nitrogen compound metabolic process 41 22.73 9.75E-05 1.95E-02
GO:0071704  organic substance metabolic process 46 26.51 6.42E-05 1.34E-02
GO0:0009987  cellular process 89 59.86 1.73E-07 9.74E-05
G0:0008150  biological_process 112 80.96 2.34E-10 4.21E-07
CLASSIFIED Unclassified 12 43.04 2.34E-10 3.51E-07

Supplementary Table. Gene ontology enrichment analysis on biological processes of
all differentially expressed genes in Timba mutant at 3 dpf relative to wild-type siblings

as determined by RNA-seq. Gene ontology database release date, 2024-01-17.
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Supplementary Figure
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Supplementary Figure 1. N-glycosylation defects caused accumulation of molecules

within the macrophage lysosomes and displayed lysosomal disorders.

(A-B) Confocal micrographs with maximum intensity projections of the hindbrain in
wild-type (A) and alg2 mutant (B) Tg (mfap4:YFP) zebrafish embryos with LysoTracker
staining at 5 dpf.

(C-D) Confocal micrographs with maximum intensity projections of the caudal
hematopoietic tissue (CHT) in wild-type (A) and alg2 mutant (B) Tg (mfap4:YFP)

zebrafish embryos with LysoTracker staining at 5 dpf.

(E-F) Quantification of LysoTracker Fluorescent normalised to macrophage volume in
the hindbrain (E) or causal hematopoietic tissue (CHT) (F) in wild-type and alg2 mutant
Tg(mpaf4:YFP) zebrafish embryos at 5 dpf. Statistical analysis, two-tailed, unpaired t-

test.

Scale bars, 50 um.
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N-glycosylation defects confer increased macrophage death via the
cell-intrinsic mechanism

N-glycosylation defects upregulate unfolded protein response (UPR)
Attempt to block UPR was impeded by the complicated and
redundant signalling

Genetic Induction of UPR independent of N-glycosylation is sufficient
to confer increased susceptibility to mycobacterial infection

Under circumstances of UPR, mycobacteria induce macrophage
apoptosis independent of virulence factor ESAT-6

N-glycosylation protects host from macrophage death induced by

pathogenic and non-pathogenic mycobacteria
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REAGENT or RESOURCE SOURCE IDENTIFIER
Optical-bottom tissue culture plates
96-well (half area) black plate with transparent bottom Greiner Bio-One Cat# 675090

VisiPlate 24-well black plate with clear bottom

24-well No. 1.5 coverslip, 13 mm glass diameter,
uncoated plate

Perkin Elmer

MatTek

Cat# 1450-606

Cat# P24G-1.5-13-F

Bacterial and virus strains

M. marinum M strain transformed with
pmsp12::mWasabi

M. marinum M strain transformed with
pmsp12::tdTomato

AESX1 M. marinum M strain transformed with
pmsp12::tdTomato

Aerp M. marinum M strain transformed with
pmsp12::tdTomato

M. smegmatis mc?155 strain transformed with
pmsp12:tdTomato

Takaki et al., 2013

Takaki et al., 2013

Pagan et al., 2015

Takaki et al., 2013

Conrad et al.,
2017

Derivative of ATCC # BAA-535

Derivative of ATCC # BAA-535

Derivative of ATCC # BAA-535

Derivative of ATCC # BAA-535

Derivative of ATCC # mc?155

Chemicals, peptides, and recombinant proteins

BD Difco Middlebrook 7H9 broth (dehydrated)
Middlebrook 7H10 agar base

L-leucine

Calcium pantothenate

Remel OADC Enrichment
RPMI 1640 medium
Gibco Phenol-free RPMI
Instant Ocean Salt

PTU (1-phenyl-2-thiourea)

Tango Buffer (10x)
Phenol Red Sodium Salt

Pronase
Tricaine (ethyl 3-amonobenzoate, methanesulfonic acid

salt)

TopVision Low Melt Agarose

Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich
Fisher Scientific
Sigma-Aldrich
Thermo-Fisher
ZM Systems

Sigma-Aldrich

Thermo Fisher
Sigma-Aldrich

Sigma-Aldrich

Fisher Scientific

Thermo Fisher

Cat# DF0713-17-9
Cat# M0303

Cat# L8000;

CAS: 61-90-5

Cat# C8731;
CAS: 137-08-6
Cat# 11903262
Cat# R7509
Cat# 11835030
N/A

Cat# P7629;
CAS: 103-85-5
Cat# BY5

Cat# P5530;
CAS: 34487-61-1

Cat# P5147;
CAS:9036-06-0

Cat# 10743661;
CAS: 886-86-2

Cat# R0801
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
PMA (Phorbol 12-myristate 13-acetate) Sigma-Aldrich gitg 1P6155§15 -;29-8
Accutase Sigma-Aldrich Cat#: A6964
SYTOX Green Nucleic Acid Stain Thermo Fisher Cat# S7020
AMPure XP beads for PCR Purification Beckman Coulter Cat# A63881

Precision Melt Supermix

KASP V4.0 2X Master Mix

BioRad

LGC Biosearch

Cat# 172-5112

Cat# KBS-1016-002

Power SYBR® Green PCR Master Mix Thermo Fisher Cat# 4368708
Alt-R Sp Cas9 Nuclease V3 IDT 1081058
Critical commercial assays
. . . New England

Gibson Assembly Cloning Kit BioLabs Cat# E5510S
mMessage mMachine T7 Transcription Kit Thermo Fisher Cat#t AM1344
Experimental models: Cell lines

Cat# TIB-202,

THP-1

ATCC

RRID:CVCL_0006

Experimental models: Organisms/strains

Zebrafish (Danio rerio): wild type AB strain

Zebrafish: TL strain

Zebrafish: Tg(mpeg1:YFP)w200

University of
Cambridge
University of
Cambridge
Roca and
Ramakrishnan,
2013

Wellcome Trust

ZDB-GENO-960809-7

ZDB-GENO-990623-2

ZDB-ALT-130130-3

] . a45042
Zebrafish: alg2® Sanger Institute N/A
Zebrafish: alg2°"! This work N/A
Oligonucleotides
alg2s245042 forward primer for genotyping by KASP
GAAGGTGACCAAGTTCATGCTCAACCGCTACGAAC This work N/A
GCAAAAAG
alg2"T forward primer for genotyping by KASP
GAAGGTCGGAGTCAACGGATTCAACCGCTACGAAC  This work N/A
GCAAAAAT
alg2 reverse primer for genotyping by KASP This work N/A

TGCTAATGCTTGTAATGCCAATGGC



81

Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Alt-R crRNA Dr.Cas9.ALG2.1.AA
AGTCAATTGGCCCTCGATAC

Alt-R crRNA Dr.Cas9.ALG2.1.AB
TAGTTAAGTAGATCATGCGC

IDT

IDT

N/A

N/A

Alt-R crRNA Dr.Cas9.ALG2.1.AC
GCACCACCTATACCCAGATC

Alt-R crRNA Dr.Cas9.ALG2.1.AE
CTCGGTGGACTCCTCCCTGA

Forward primer for genotyping alg2 AA mutagenesis by
HRM
CATTTCCCTGACCAGCTACTG

Reverse primer for genotyping alg2 AA mutagenesis by
HRM
GGCTGTTGACTAGAATGCGATC

Forward primer for genotyping alg2 AB mutagenesis by
HRM
GTGTGTGTGGGCGATTGG

Reverse primer for genotyping alg2 AB mutagenesis by
HRM
TCTCCACTAAAGAGCACGAGA

Forward primer for genotyping alg2 AC mutagenesis and
alg2°“’ mutant by HRM
GTTCCTGTCAGGACAGTATGG

Reverse primer for genotyping alg2 AC mutagenesis by
HRM
GATCTGAACACTACATCCACGAGA

Forward primer for genotyping alg2 AE mutagenesis by
HRM
CACACTGACGTCCTTTATCCCTC

Reverse primer for genotyping alg2 AE mutagenesis by
HRM
GTTCGTAGCGGTTGATCGAC

Alt-R crRNA Dr.Cas9.DPAGT1.1.AA
CTGATTACACCCTGTGACTC

Alt-R crRNA Dr.Cas9.DPAGT1.1.AC
ATCCCCAAAAGGAGACGGAA

Alt-R crRNA Dr.Cas9.DPAGT1.1.AE
AAGCACTGTAAGAATGGAAC

Alt-R crRNA Dr.Cas9.DPAGT1.1.AF
TTGATGATCAGAGGAACAAC

Forward primer for genotyping dpagt? AA and AE
mutagenesis by HRM
GACACCTGAATTTAACTCTTGTTTC

Reverse primer for genotyping dpagt? AA and AE
mutagenesis by HRM
TGAGGAAACCGTTGACACTTC

IDT

IDT

This work

This work

This work

This work

This work

This work

This work

This work

IDT

IDT

IDT

IDT

This work

This work

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Forward primer for genotyping dpagt? AC mutagenesis
by HRM
CTTCACTAACTTTGGCAACACTG

Reverse primer for genotyping dpagt? AC mutagenesis
by HRM
CCATCACACTCACCCAGGTC

Forward primer for genotyping dpagt1 AF mutagenesis
by HRM
TAATACAATACATATATTAGTACAGTAG

Reverse primer for genotyping dpagt? AF mutagenesis
by HRM
AATGCACCCAAGTGCAGAC

Alt-R crRNA Dr.Cas9.ALG1.1.AA
CCATTTGAACGTTTGCGTGC

Alt-R crRNA Dr.Cas9.ALG1.1.AB
CCATAATGGCTCTAAGTCAT

Alt-R crRNA Dr.Cas9.ALG1.1.AD
GAAGCTATTTGGATGTCTCT

Alt-R crRNA Dr.Cas9.ALG1.1.AE
GGATACAATGTCACCATAAT

Forward primer for genotyping alg7 AA mutagenesis by
HRM
AGCCAGTGGACTAAAGGGAC

Reverse primer for genotyping alg? AA mutagenesis by
HRM
TGATACTGCATGCGAGGACTG

Forward primer for genotyping alg7 AB mutagenesis by
HRM
GCCGTATCAGGGGAAACCAG

Reverse primer for genotyping alg? AB mutagenesis by
HRM
GTGCTTCACTTACCATTTTGCCAA

Forward primer for genotyping alg?7 AD mutagenesis by
HRM
ATGGCCCTTGAGAATAATCCAAC

Reverse primer for genotyping alg? AD mutagenesis by
HRM
CTTCCCTCATTGCACTAGTGAC

Forward primer for genotyping alg?7 AE mutagenesis by
HRM
AGTCCTCGCATGCAGTATCATG

Reverse primer for genotyping alg? AE mutagenesis by
HRM
TGCGAAGAAGTGCATGCGA

Alt-R crRNA Dr.Cas9.ALG11.1.AA
CGTAGTCTACACGGGTGATC

This work

This work

This work

This work

IDT

IDT

IDT

IDT

This work

This work

This work

This work

This work

This work

This work

This work

IDT

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Alt-R crRNA Dr.Cas9.ALG11.1.AC
CTTCCCCAATTGGAACATCC

Alt-R crRNA Dr.Cas9.ALG11.1.AD
CCACCCAGATAGCGGAACAC

Alt-R crRNA Dr.Cas9.ALG11.1.AE
GGTCAATTCCACCTGGACTT

Forward primer for genotyping alg77 AA mutagenesis by
HRM
TTGCACTGCAGGTACCAAGATG

Reverse primer for genotyping alg71 AA mutagenesis by
HRM
AATCGTCTCCGTGCTCCATC

Forward primer for genotyping alg71 AC mutagenesis by
HRM
CTCCGAACCGCACCAGTG

Reverse primer for genotyping alg71 AC mutagenesis by
HRM
ACAGAGACCAGACTGTGACAC

Forward primer for genotyping alg71 AD mutagenesis by
HRM
TGACCGAGTTTGTTCCAGATCTC

Reverse primer for genotyping alg71 AD mutagenesis by
HRM
CCGTGCTGATGGTTGGATAGTG

Forward primer for genotyping alg71 AE mutagenesis by
HRM
CTGCTGTATGGCCTGGCTG

Reverse primer for genotyping alg?71 AE mutagenesis by
HRM
CCACACTGGTGCGGTTC

Alt-R crRNA Dr.Cas9.EIF2AK3.01
CAAGCAGTGGGACCTGGACG

Alt-R crRNA Dr.Cas9.EIF2AK3.02
TGGAGTAACAATACGTCCTC

Alt-R crRNA Dr.Cas9.EIF2AK3.03
GAGCTGTGAGGCCTCGCAAC

Alt-R crRNA Dr.Cas9.EIF2AK3.04
AGGCACCAAGTGGAGAAACG

Forward primer for genotyping eif2ak3 01 mutagenesis
by HRM
AATCGCAGCTCTGGATCCTC

Reverse primer for genotyping eif2ak3 01 mutagenesis
by HRM
CTCTGGTTTGCTGAGGCTTG

Forward primer for genotyping eif2ak3 02 and
03mutagenesis by HRM
GCGGTGGGCTGCAGTC

IDT

IDT

IDT

This work

This work

This work

This work

This work

This work

This work

This work

IDT

IDT

IDT

IDT

This work

This work

This work

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Reverse primer for genotyping eif2ak3 02 and
03mutagenesis by HRM This work N/A
GAAGCCTGCGGGTGTTTC
Forward primer for genotyping eif2ak3 04 mutagenesis
by HRM This work N/A
TTGTTCCGGAGATTCAGTCC
Reverse primer for genotyping eif2ak3 04 mutagenesis
by HRM This work N/A
TCCGTCTCCTCCTGGATAACAC
Forward primer for zebrafish DDIT3 RT-gPCR .
CAGGAGCTGACGGATCAAAAC This work NA
Reverse primer for zebrafish DDIT3 RT-qPCR .
CGGGTGTTGACCAGTCTTTC This work NA
Forward primer for zebrafish xbp7-s RT-qPCR .
GGGTCTTCTGAGTCCGCAGCAGG This work NA
Reverse primer for zebrafish xbp71-s RT-gPCR .
CCAGGGCTGTGAGTATCCATG LA e
Forward primer for zebrafish xbp1-t RT-qPCR .
CACAGACAGCAAGAGACAGAAA This work NA
Reverse primer for zebrafish xbp1-t RT-gPCR .
GCCTGTTCTCAACGTGAAGT This work NA
Forward primer for zebrafish atf4a RT-gPCR .
CAAGATGAGCACACTGAGGTTC This work NA
Reverse primer for zebrafish atf4a RT-gPCR .
CGGGTCTGGAGTATGGTTTAG This work NA
Forward primer for human DDIT3 RT-qPCR .
ACCTCCTGGAAATGAAGAGGAAG This work N/A
Reverse primer for human DDIT3 RT-gPCR .
CAGTCAGCCAAGCCAGAGAA LIS AL
Software and algorithms
NIS Elements (5.21) Nikon N/A
IMARIS (8.2) Bitplane N/A
Prism (versions 8 and 10) GraphPad N/A
ImageJ http_s://lmagej.nlh.g N/A
ov/ij/
Fluorescent Pixel Count Macro (Image J) Takaki et al., 2013  N/A
Photoshop Adobe N/A
lllustrator Adobe N/A
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Table of Contributions

Figure Contributor(s) Contribution Page
Elisabeth M Busch-Nentwich participated the ZMP
Elisabeth M Busch-Nentwich to generate the mutant library.

Figure 2 Antonio J Pagan, Antonio J Pagan and Constantinos Alexandros o
Constantinos Alexandros Televantos performed the generation of F2, F3
Televantos family, and isolated hypersusceptible mutatnts in

F3.

Antonio J Pagan and Constantinos Alexandros
Elisabeth M Busch-Nentwich, Televantos prepared the zebrafish samples for
lan Sealy, exome sequencing.

Figure 4 Richard White Elisabeth M Busch-Nentwich, lan Sealy, and 2
Antonio J Pagan, Richard White analysed exome sequencing results,
Constantinos Alexandros performed SNP callings, and designed KASP
Televantos assay primers for Kalamatianos and Timba

mutants.
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