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Abstract

Background: Clonal hematopoiesis of indeterminate potential (CHIP), a potential precursor to
myelodysplastic syndrome (MDS), affects over 10% of adults over 65. Loss-of-function ten-
eleven-translocation methylcytosine dioxygenase 2 (TET2) variants are common in CHIP and
associate with epigenetic dysregulation, inflammation, and cardiovascular disease. Although
neutrophils are sensitive to epigenetic dysregulation and contribute to many cardiovascular
diseases, the effects of TET2-deficiency on neutrophils have not been characterized. We

hypothesize that TET2-deficiency dysregulates gene expression and function in neutrophils.

Methods: With informed consent and ethics approval, serum and peripheral blood (PB) were
collected from CHIP subjects and controls. RNA was extracted from whole PB and mRNA
expression of two representative neutrophil granule genes, myeloperoxidase (MPO) and
lactotransferrin (LTF), were assessed using quantitative reverse-transcriptase polymerase chain
reaction (QRT-PCR). MPO and LTF serum protein titers were quantified with enzyme-linked
immunosorbent assays (ELISA). Additionally, the Tet2f1o¥fox \yay-iCre mouse model was used to
investigate the effects of Tet2-deficiency on neutrophils. Motility and phagocytosis were
assessed through a Staphylococcus aureus phagocytosis assay. RNA sequencing (RNA-seq) was
performed to analyze transcriptomic differences in Tet2-deficient neutrophils at baseline and
after stimulation with S. aureus-derived lipoteichoic acid (LTA). DESeq2 and g:Profiler were

used for differential expression analysis and functional annotation, respectively.

Results: CHIP subjects had increased serum protein titers of MPO (p=0.006) and LTF (p=0.001)

compared to controls, but MPO and LTF mRNA expression did not differ significantly. Tet2-



deficient murine neutrophils exhibited impaired phagocytosis (p=0.034) and motility (p=0.004).
Genes related to motility, the interferon response, and neutrophil development were dysregulated
in Tet2-deficient murine neutrophils. Overall, the results suggest that Tet2-deficiency affects

neutrophil gene expression and function.

Discussion: This study addresses a gap in the literature by investigating the effects of TET2-
deficiency on neutrophils. Since high MPO titers associate with cardiovascular disease, elevated
MPO serum protein titers in CHIP subjects may exacerbate comorbidities. While Mpo was not
overexpressed in Tet2-deficient murine neutrophils, they exhibited features associated with
MDS, such as overexpression of interferon response genes and impaired neutrophil function. We
suspect that dysfunctional Tet2-deficient neutrophils may also contribute to increased

susceptibility to infection, and call for confirmation through human population studies.
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Chapter 1: Introduction

CHIP is a hematological disorder characterized by the disproportionate expansion of a
mutant hematopoietic clone present at a variant allele frequency (VAF) > 2% in the peripheral
blood?2. CHIP arises when a hematopoietic stem cell (HSC) acquires a leukemia-associated
driver mutation, one of the most common being TET24°. TET2 plays a role in epigenetic
regulation by oxidizing methylcytosine to mark it for removal®. Loss-of-function TET2 variants
are frequently found in MDS and acute myeloid leukemia (AML) and are predicted to be early
hits in leukemogenesis’*!. HSCs carrying loss-of-function TET2 variants show myeloid-skewed
differentiation, increased self-renewal, and resistance to apoptosis which enables them to
outcompete their wildtype counterparts*?*4, Individuals who carry CHIP mutations have 10
times greater risk of developing leukemia®®® and recent studies have revealed unexpected
associations between TET2-mutant CHIP (TET2-CHIP) and atherosclerotic cardiovascular
disease!’'®, Moreover, CHIP is prevalent among elderly individuals, affecting 10-20% of adults
over 651819 To provide context, Statistics Canada estimated that there were 6.6 million

Canadians over 65 in 2019 (Table 17-10-0005-01, https://doi.org/10.25318/1710000501-enq)

which means that between 660,000 and 1,320,000 Canadians would be predicted to carry CHIP
mutations. Given its widespread prevalence and association with numerous diseases, we

investigated the pathogenesis of TET2-CHIP.

The current understanding of TET2-CHIP is primarily based on findings from the Tet2-
knockout murine model®. Tet2-deficient macrophages/monocytes (M®) are hyper-inflammatory
and exacerbate atherosclerotic cardiovascular disease and heart failure in murine models®20:2L,
Although many leukocyte populations can carry TET2 mutations, research to date has focused on

the role of Mds in disease development, while other leukocytes remain poorly characterized'*22,


https://doi.org/10.25318/1710000501-eng

This study focused on neutrophils because they bear the second highest mutation burden in
TET2-CHIP (following M®s)?2, are the most abundant leukocyte in adults®, and are involved in
the pathogenesis of many cardiovascular and inflammatory diseases?*?. Furthermore, MDS
patients are susceptible to infection and their neutrophils exhibit impaired immune function?’28,
As CHIP can be a precursor to MDS?7, we sought to investigate the origins of this neutrophil
dysfunction. We suspected that TET2-deficient neutrophils may contribute to comorbidities

associated with CHIP and MDS.

Given that TET2 is recurrently mutated in MDS?, we used the Tet2/1o¥fox yiay-iCre
conditional mouse knockout model® to investigate the neutrophil dysfunction phenotype
associated with MDS. Bacterial infections, particularly those involving Gram-positive bacteria,
are common in MDS?°° so we performed in vitro phagocytosis assays using Staphylococcus
aureus to evaluate the phagocytic function and motility of Tet2-deficient neutrophils. Moreover,
we performed bulk RNA-seq on isolated bone marrow neutrophils to explore transcriptomic
changes associated with Tet2-deficiency. We compared gene expression between Tet2-deficient
neutrophils and controls under baseline conditions and after stimulation with S. aureus derived
lipoteichoic acid (LTA).

We also quantified expression of neutrophil genes in PB samples from CHIP subjects
because CHIP associates with epigenetic dysregulation®! which is predicted to disrupt neutrophil
development and function®2. A bulk RNA-seq study analyzing whole PB from CHIP subjects and
controls previously found that mRNA expression of neutrophil granule genes were significantly
upregulated in CHIP subjects® (Figure 1). We aimed to validate those findings using qRT-PCR
and serum ELISA. We focused on key targets such as MPO which can contribute to disease

when inappropriately expressed3®3#,



In summary, this study aimed to address a gap in the literature by performing
transcriptional and functional analyses in CHIP subjects and knockout mouse models to

characterize how TET2-deficiency impacts neutrophil gene expression and function.
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Figure 1. Upregulation of neutrophil granule genes in CHIP subjects

Bulk RNAseq was performed on PB samples collected in PAXGene RNA tubes from 30 CHIP
subjects and controls (TET2 = 12, DNMT3A = 8, Other CHIP = 1, No CHIP = 9). Neutrophil
granule genes are outlined in red. MPO and LTF, neutrophil granule genes with known biological
significance were among the differentially expressed genes. ~ indicates p < 0.10, while * indicates
p < 0.05. Figure adapted from Cook et al. 2018, with permission from the authors.



Chapter 2: Literature Review

2.1 The evolving understanding of CHIP

Healthy hematopoiesis is polyclonal, whereby thousands of HSCs produce a trillion
mature blood cells each day®. In disorders of clonal expansion such as CHIP, a mutated HSC
outcompetes wildtype HSCs and dominates hematopoiesis, passing its mutations on to billions of
progeny, collectively referred to as its clone®3. Clonal expansion occurs when an HSC acquires

somatic mutations granting growth or survival advantages?*°123%,

CHIP is a type of clonal expansion defined by the presence of a mutant clone in the
peripheral blood at a VAF of 2% or greater??. In diseases of clonal expansion, clone size often
correlates with disease severity?. The 2% cut-off of CHIP was assigned because it associated
with comorbidities and it also was the limit at which standard genome sequencing approaches
could reliably detect variants®. While CHIP is detectable in 10-20% of individuals over 65, more
sensitive deep sequencing approaches have detected smaller clones in up to 95% of individuals
over 50, however these small clones may not have any or as much biological significance!®%’.
There are some closely related terms such as age-related clonal hematopoiesis (ARCH) and
clonal hematopoiesis (CH) that include clones with VAF < 2%, but this report focuses on
“CHIP” (VAF > 2%).

The main risk factor for CHIP is age!>!®. This could be due to the accumulation of
mutations over time in HSCs due to replication errors and genotoxic environmental exposures.
CHIP may not emerge until old age because HSCs acquire mutations slowly; they divide
infrequently and have robust DNA repair mechanisms that correct most mutations®, For
example, C:T base pair transitions are associated with age-related mutagenesis® and this is

thought to be due to the accumulation of spontaneous 5-methylcytosine (5-mC) deamination



mutations over the individual’s lifespan®®4!. Additionally, aging exerts a selective pressure for
HSCs that retain their self-renewal ability*?>. TET2 and DNA methyltransferase 3A (DNMT3A)
are commonly mutated in CHIP and these variants often have potent effects on HSC biology

such as increasing self-renewal potential and reducing apoptosis®#344,

There is evidence that CHIP can be a precursor to MDS or AML. Multiple mutations are
needed to trigger malignant transformation, and CHIP may be the first hit in this process*’.
Genes like TET2 and DNMT3A, which are commonly mutated in CHIP, are also recurrently
mutated in malignant conditions such as MDS and AML®%%°, One study showed that HSCs
carried many of the same mutations as the leukemic cells, thereby suggesting that the malignant
clone arose from a mutated HSC*®. Interestingly, these pre-leukemic HSCs were still capable of
contributing to hematopoiesis, thus they may reside in patients for a long time without causing
symptoms*®. This may explain the sudden presentation of AML as the disease process could
remain unnoticed until the HSC acquires enough mutations to trigger malignant transformation®’.
In one striking example where subjects were sequenced then followed, somatic CHIP variants
were detected in healthy subjects nearly a decade before they were diagnosed with AML?,
These findings corroborate the population-based studies which found that CHIP was associated

with 10 times greater risk of developing hematological malignancy*>.

Further supporting the model of CHIP as a pre-leukemic state, TET2 mutations have been
reported to synergize with other oncogenic mutations34>%°, TET2 mutations co-occurring with
CD117 KIT receptor tyrosine kinase (KIT) mutations were associated with mastocytosis in
humans and mice*®. Experiments in mouse models that express the AML1-ETO fusion
oncoprotein showed that Tet2 inactivation had a synergistic effect and accelerated the

development of leukemia®. Interestingly, the order in which mutations are acquired also



influences the disease phenotype®. One study analyzed patients that had both TET2 and Janus
Kinase 2 (JAK2) mutations and they found that patients who acquired the JAK2 mutation first
had an excess of erythrocytes®. In contrast, patients who acquired the TET2 mutation first
exhibited an abundance of platelets and were less responsive to targeted anti-JAK2 therapies®.
This finding underscores the importance of studying CHIP mutations with a comprehensive
scope that considers the overall mutation landscape and interactions with other variants. Taken
together, there is strong evidence suggesting that CHIP mutations are early hits that prime HSCs
for leukemogenesis.

Up until 2014, TET2- and DNMT3A-associated clonal expansion had primarily been
considered in the context of hematological malignancies, however a large sequencing study
made the surprising finding that this disorder was also associated with cardiovascular disease®®.
They found that CHIP was associated with 2 times greater risk of coronary heart disease and 2.6
times greater risk of ischemic stroke®. Although the risks of malignancy and cardiovascular
disease are increased, not all carriers go on to develop these diseases, hence the authors coined
the term “CHIP” to note the “indeterminate potential”*>’. The discovery drew attention towards
investigating comorbidities associated with CHIP and the mechanisms through which they arise.
Subsequent studies found that CHIP is associated with rampant and dysregulated inflammation
which potentially contributes to disease development!’182° Recently, there has been much
excitement around CHIP and many groups have explored associations between CHIP and
inflammatory and cardiovascular diseases. Retrospective cohort studies with thousands of
participants show that pulmonary disease®!, deep vein thrombosis®?, atherosclerotic
cardiovascular disease>!” and related complications such as myocardial infarction®>*” and

stroke!>!’ are associated with CHIP. Smaller exploratory studies have reported that CHIP



associates with diabetes®, gastroesophageal reflux disease, and thyroid dysfunction®, and is a
disease-modifying factor in vasculitis®*, and valvulopathy®. In summary, CHIP has emerged as a
risk factor for many comorbid diseases and it would be beneficial to investigate the pathogenesis

to gain a better understanding of its “indeterminate potential”.

2.2 Epigenetic dysregulation in CHIP

DNMT3A and TET2, the most commonly mutated genes in CHIP, code for enzymes that
respectively, add or remove 5-mC marks associated with transcriptional suppression®31:5657,
DNMTS3A is a de novo methyltransferase that establishes methylation marks on DNA®®8, On the
other hand, TET? iteratively oxidizes 5-mC to produce 5-hydroxymethylcytosine (5-hmC), 5-
formylcytosine and finally 5-carboxycytosine which can then be removed through base excision
repair and replaced with unmethylated cytosine® (Figure 2). The removal of 5-mC is predicted

to enable expression®’. Together, DNMT3A and TET2 maintain the DNA methylation code®.

NH; NH; OH NH,
~SN DNMT3A i ~N TET2 N
N“"0 N0 0
H H H
Cytosine 5-methylcytosine 5-hydroxymethyl
cytosine
=
| I
O NH; O NH,
HO SN TEm SN
Base Excision | | /g 4 |
Repair /g
N O N 0
H H

5-carboxylcytosine 5-formylcytosine

Figure 2. Epigenetic modification of cytosine by DNMT3A and TET2

DNMT3A methylates cytosine creating 5-mC. TET2 oxidizes 5-mC first to 5-hydroxymethyl
cytosine, then to 5-formylcytosine and finally to 5-carboxylcytosine. 5-carboxylcytosine is
removed through base excision repair and replaced with an unmethylated cytosine. Together
DNMT3A and TET2 regulate cytosine methylation.

7



It follows that loss-of-function DNMT3A and TET2 variants associate with aberrant
methylation patterns and dysregulated transcription®4®1, Although DNMT3A and TET2 have
opposing enzymatic functions, mutations in either gene have similar effects; HSCs carrying
either mutation exhibit a differentiation block and increased self-renewal which provides them a
significant fitness advantage in the bone marrow niche>*%2, These functional changes are
predicted to contribute to leukemogenesis*’.

Currently there is a gap in the understanding of how these mutations contribute to
leukemia development: inactivation of DNMT3A and TET2 are associated with altered
methylation patterns and the phenotypes associated with these mutations are known, but it
remains unclear how these epigenetic changes lead to dysfunction. Loss-of-function TET2
variants are associated with reduction of 5-hmC, particularly at enhancer sites®®, but the
transcriptional effects are not fully understood. Further complicating the mechanism, the TET2
enzyme is known to recruit other epigenetic regulators which also influence gene expression®,
On the other hand, loss-of-function DNMT3A variants associate with increased methylation in
some regions and decreased methylation in others®. This finding seems counter-intuitive, but it
is possible that there is a complex mechanism regulating methylation and some feedback loops
may have become dysregulated with the loss of DNMT3A. Furthermore, DNMT3A is predicted to
have a role in defining the boundaries of “methylation canyons” which are conserved genomic
regions with low methylation®. Loss of Dnmt3a was associated with expansion of the canyons
and inappropriate gene expression in murine HSCs®®. These studies show that loss of TET2 or
DNMT3A can have widespread effects on the DNA methylation landscape, thus the pathogenesis

of TET2- or DNMT3A-mutant CHIP could be quite complex.



In addition, there is extensive crosstalk between pathways involving DNA methylation
and histone methylation; therefore the disruption of DNA methylation patterns may perturb
histone methylation®”8, For example, there is a strong correlation between DNA methylation
and the methylation of histone 3 at lysine 9 (H3K?9), both of which are associated with repression
of transcription®. Studies in mammalian embryonic stem cells and plant models have revealed
some mechanisms underlying this association. DNA methylation may promote histone
methylation in nearby regions as certain H3K9 methyltransferase enzymes recognize methylated
DNA and are recruited to those regions’™. On the other hand, DNA methylation may also follow
histone methylation because some histone methyltransferase complexes can recruit DNA
methyltransferases like DNMT3A and DNMT3B":. These findings demonstrate that DNA and
histone methylation patterns are mechanistically interconnected, which suggests that aberrant
DNA methylation patterns associated with CHIP could disrupt histone methylation patterns,
further dysregulating transcription. Further studies exploring associations between epigenetic and
transcriptional changes would be an important step towards understanding the mechanism of

how CHIP mutations translate to changes in function.

2.3 The role of TET2-deficiency in disease

TET2-inactivating mutations are predicted to contribute to the development of leukemia
by promoting clonal expansion. Evidence from mouse models shows that Tet2-deficient HSCs
have increased self-renewal and proliferative capacity and skewing of differentiation toward the
granulocyte-monocyte lineage, thereby leading to a disease phenotype similar to chronic
myelomonocytic leukemia (CMML) in humans®’2, These mice show splenomegaly and an
abundance of neutrophils and monocytes®. Another study suggested that TET2-deficiency could

be a primary driver of this CMML-like phenotype by using RNA-interference to reversibly



downregulate TET2 expression; they showed that the aberrant self-renewal and proliferation
phenotype in TET2-deficient HSCs was corrected after TET2 expression was allowed to return to
normal levels®3. Together these findings highlight the importance of TET2 as a regulator of HSC

function and show how loss of TET2 could promote disease development.

The pro-inflammatory effects of TET2-CHIP are well characterized and while TET2-
CHIP has primarily been thought of as a driver of inflammation, there is evidence that the
relationship may be bi-directional (Figure 3)124473, Tet2-deficient HSCs have a selective
advantage in environments with high levels of inflammatory mediators like tumour necrosis
factor alpha (TNFa), because they can withstand the inflammatory stress while wildtype HSCs
undergo apoptosis'?#4. It was predicted that as the clones expand, the intensity of the
inflammation will increase, further amplifying the selective advantage for the mutant HSC”. In
effect, the CHIP clone is modifying the bone marrow environment to facilitate its own

expansion.
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Figure 3. Synergistic relationship between inflammation and clonal expansion
Inflammation provides a selective advantage to CHIP-mutant HSCs allowing them to expand in
the bone marrow. The CHIP-mutant HSCs then produce hyper-inflammatory leukocytes which
further exacerbate the systemic inflammation. Thus, inflammation and clonal expansion work in a
synergistic cycle. Reproduced from Cook et al. 202072 with permission from co-authors.
Mechanistic studies analyzing how Tet2-deficiency drives inflammation have primarily
been performed in Tet2-deficient mouse models and have identified M®s as major contributors
to the dysregulated inflammation'®2%747 Tet2 controls expression of pro-inflammatory
cytokines in macrophages’ and plays a role in the resolution of inflammation by recruiting
histone deacetylases to the 116 promoter’®. Notably, Tet2-deficient peritoneal macrophages
exhibit constitutive release of inflammatory mediators without a triggering stimulus. Other
studies have also shown that NOD-like receptor protein 3 (NLRP3) inflammasome activity is

upregulated in Tet2-deficient M®s!®20, Together, these studies demonstrate the importance of
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TET2 as a regulator of inflammation, and when TET?2 is inactivated, the resulting inflammation
may contribute to comorbidities.

Some studies have also provided evidence of causality between Tet2 inactivation,
inflammation, and cardiovascular disease. Fuster and colleagues performed bone marrow
transplants with wildtype and Tet2-deficient HSCs on atherosclerosis-prone mice and found that
mice receiving Tet2-deficient HSCs had higher concentrations of inflammatory cytokines and
developed more severe disease'®. Moreover, they showed that administration of NLRP3
inhibitors reduced disease severity, thereby suggesting that inflammation is driving disease
progression'®. Corroborating these mouse model findings, another study found that TET2-CHIP
was associated with elevated serum concentrations of inflammatory cytokines and increased risk
of atherosclerotic disease!’. Taken together, these results convincingly support a model where

TET2-CHIP leads to increased inflammation which then contributes to atherosclerotic disease.

In addition to the well characterized association between atherosclerosis and TET2-
CHIP, there is also mechanistic evidence supporting associations between TETZ2 inactivation,
pulmonary disease, and heart failure. Potus et al. reported that loss-of-function TET2 variants
were enriched in pulmonary arterial hypertension (PAH) patients and that PAH developed
spontaneously in Tet2-deficient mice®!. They suggested that elevated interleukin-(1L) 1P levels
are central to the pathology because treatment with antibodies targeting IL-1p reduced disease
severity®!. Another group reported that mice receiving Tet2-deficient HSC transplants showed
increased expression of 111b, pathological cardiac remodelling, and reduced cardiac function;
these disease symptoms were also mitigated with NLRP3 inhibitor treatment?°. These

independent studies of atherosclerosis, PAH, and heart failure all reached the same conclusion
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that Tet2-deficiency-associated inflammation, particularly involving the NLRP3-1L-1f pathway,
drives comorbid diseases!820°1,

The finding that inflammation promotes comorbid diseases associated with CHIP has
implications for potential interventions. There are plenty of anti-inflammatory drugs including
antibodies targeting cytokines like IL-1f, but they can have severe side effects such as increased
susceptibility to infection’®. Interestingly, a follow up analysis to a major clinical trial showed
that individuals with TET2-CHIP benefited more from the cardioprotective effects of an anti-IL-
1B antibody compared to matched non-CHIP controls’’, which raises the possibility that the
benefits of these anti-inflammatory therapies may outweigh the risks in high risk populations like

TET2-CHIP carriers.

While many studies have found that TET2-CHIP is associated with cardiovascular
disease, a recent case study of a family with germline TET2 mutations did not find an increased
incidence of atherosclerotic disease nor elevated levels of inflammatory cytokines and
chemokines’®. This finding was quite surprising because the current literature suggests that the
cardiovascular disease association would be stronger due to the increased mutational
burden®t"18, A possible explanation is that these individuals might have developed
compensatory mechanisms to offset the effects of the TET2 mutation. These conflicting findings
point to the need to study CHIP more in humans because much of the mechanistic knowledge
comes from knockout mouse models.

Another limitation is that CHIP research has focused on M®s in disease development
while neglecting other leukocytes. Although neutrophils are the most numerous leukocyte in the
peripheral blood and bear the second highest mutation burden in TET2-CHIP (following M®s)?,

the effects on TET2-deficiency on this population have not been characterized. As neutrophil
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dysfunction plays a role in cardiovascular and inflammatory diseases, we are interested in
investigating whether TET2-deficient neutrophils also have a role in CHIP-associated

comorbidities?*28,

2.4 Neutrophil development

Neutrophil development is a multi-stage process in which specific genes need to be
expressed at the appropriate stages®*’°. HSCs produce common myeloid progenitor cells which
can differentiate into myeloblasts, the earliest cells in the granulocyte lineage?>®. Myeloblasts
progress through the following differentiation stages: promyelocyte, myelocyte, metamyelocyte,
banded cells, and segmented cells (Figure 4). Segmented cells develop into polymorphonuclear

leukocytes which are released into the peripheral blood®.

Segmented Polymorpho
Stage Myeloblast Promyelocyte  Myelocyte Metamyelocyte Banded cell € cell nuclear
leukocyte
translit:?ption C/EBPa C/EBPa C/EBPa C/EBPa C/EBPa C/EBPR C/EBPR
C/EBPe C/EBPe C/EBPS C/EBPS
factors
Granules being Azurophilic Azurophilic Specific Specific Gelatinase Secrf-:»tory Secr.etory
roduced Granules Granules Granules Granules Granules Vesicles Vesicles
P (MPO) (MPO) (LTF) (LTF) (MMP2) (SCAMP) (SCAMP)
. Bone Bone Bone Bone Bone Bone Peripheral
Location
marrow marrow marrow marrow marrow marrow blood

Figure 4. Stages of neutrophil development

Myeloblasts are the earliest cells committed to the granulocyte lineage. Myeloblasts progress
through the following developmental stages: promyelocyte, myelocyte, metamyelocyte, band cell,
segmented cell and finally they are released into the peripheral blood as polymorphonuclear
leukocytes. The transcription factor C/EBPa is expressed during the early stages of development,
C/EBP¢ during intermediate stages, and C/EBPf, C/EBPS, in the final stages of development.
Neutrophil granules are produced during specific developmental stages with azurophilic granules
being the earliest, followed by specific granules, gelatinase granules and secretory vesicles. MPO
and LTF are key proteins contained in azurophilic and specific granules, respectively.
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Two transcription factors, CCAAT/enhancer binding protein alpha (C/EBPa) and epsilon
(C/EBP¢) have important roles in directing neutrophil development®!. CEBPa expression begins
early in neutrophil development and is highly expressed in all developmental stages until the
segmented cell and PMN stage where CEBPa expression ceases®>81:82. C/EBPa is essential for
driving granulocytic differentiation as Cebpa-deficient mice are unable to produce neutrophils;
instead they generate immature myeloid cells that are arrested at an early stage of
differentiation®:82, While C/EBPa is responsible for initiating differentiation, C/EBPe is
expressed only during the intermediate myelocyte and metamyelocyte stages and is essential for
neutrophil maturation because it directs differentiation towards neutrophils rather than other
granulocytes®-, C/EBPe also shuts down the proliferative program which is characteristic of
immature progenitors while upregulating expression of granule proteins such as LTF and
collagenase®®®*, After the metamyelocyte stage, CEBPe expression ceases and other transcription
factors are upregulated to allow for the final stages of differentiation?®, Taken together, these
studies suggest that tightly regulated control of gene expression is critical in neutrophil
development.

Epigenetic regulation plays an important role in orchestrating the neutrophil
developmental program?32€_ Grassi and colleagues analyzed neutrophil development using a
multimodal approach involving transcriptomic profiling, epigenetic analysis, and functional
assays®2. They found that histone acetylation patterns dynamically change during development to
allow expression of genes at appropriate times®2. While they predict that dynamic histone
acetylation is the main regulatory mechanism, DNA methylation was found to have a modest

role in regulation of expression, mostly in a repressive capacity>2. Other studies have shown the
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importance of DNA methylation in regulating neutrophil function8®, Based on these studies, we
hypothesize that TET2-CHIP-driven epigenetic dysregulation may disturb neutrophil function.
Following the report by Grassi et al. in 2018, a subsequent study explored correlations
between the transcriptome and proteome during neutrophil development’®. As neutrophils
mature, metabolic functions including transcription, translation, and mitochondrial activity
decrease while immune effector functions such as chemotaxis, generation of reactive oxygen
species, and granule release are developed”®. For example, neutrophils show increasing surface
expression of chemotactic receptors including C-X-C motif receptor (CXCR) 1 and CXCR2
during later stages of development’®. An important implication of these findings is that mMRNA
expression may not correlate with protein abundance within mature neutrophils. For example,
MPO is one of the most abundant proteins in neutrophils, but mature neutrophils do not express
MPO mRNA; rather MPO was synthesized at an early developmental stage’®. Neutrophil granule
proteins like MPO are potent and have important anti-microbial functions, but to limit collateral
damage to the host, expression of these granule proteins is regulated through a principle called

“targeting by timing”, discussed in detail below®* %,

2.5 Neutrophil granule biology

Neutrophils can release granules containing cytotoxic and microbicidal proteins in
response to pathogens and other danger signals. These granules are essential for neutrophil
effector function and individuals with deficiencies in granule proteins are vulnerable to recurrent
infections®-°. There are four types of granules and they are synthesized during different stages
of development: azurophilic granules are synthesized first, followed by specific granules, then
gelatinase granules, and finally secretory vesicles®®8°!, The “targeting by timing” principle

states that the expression of each set of granule proteins is separated temporally and only one
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type of granule is synthesized at a time327°8%8_Transcription factors and epigenetic mechanisms
regulate the timing of expression and coordinate this process®>2. The expression of genes related
to azurophilic granules is regulated primarily by C/EBPa and growth factor independent 1
transcriptional repressor (GFI-1)%%4. The former cooperates with granulocyte colony stimulating
factor (G-CSF) to upregulate expression of azurophilic granule proteins, while the latter
downregulates expression®%, C/EBPe is responsible for activating the expression of specific
and gelatinase granules, while secretory vesicles are regulated by transcription factors expressed
at the terminal stages of neutrophil differentiation’®%3, These studies show the complexity of the
system that regulates granule synthesis and we suspect that the epigenetic dysregulation
associated with CHIP could disturb this process.

Each granule type serves different functions and are mobilized under different
conditions®1, Azurophilic granules contain potent bactericidal and oxidative agents including
MPO, defensins, and serine proteases’®®, The majority of azurophilic granules fuse with the
phagosome to destroy the microbes, but some are also exocytosed®. Some of the proteins in
azurophilic granules, especially MPO and neutrophil elastase, have the potential to cause severe
tissue damage, so these granules are only released in response to strong stimuli**#8°1, Specific
granules have the next highest threshold for mobilization, followed by gelatinase granules, and
lastly secretory vesicles®!. Specific granules and gelatinase granules contain bactericidal
enzymes including LTF and cytochrome b558, as well as metalloproteinases and collagenases
which facilitate movement through the extracellular matrix’*®8, Readily released secretory
vesicles contain many transmembrane receptors for chemokines and inflammatory mediators that
prime the neutrophil for activation and chemotaxis’®®8. Currently, the mechanism controlling the

different thresholds for exocytosis is not fully understood, but it is believed to be based on the
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density of membrane fusion proteins, actin, and microtubule attachments on the granule
membrane®. This system controlling granule exocytosis enables neutrophils to respond
proportionately to the severity of the threat, thereby limiting collateral damage to the host while

effectively fighting off the infection.

2.6 The essential role of neutrophils in innate immunity

Neutrophils form the backbone of the innate immune system and are essential for
effective immunity against bacterial and fungal pathogens?>%. Individuals with neutropenia or
neutrophil dysfunction are at an increased risk of developing serious and potentially life-
threatening infections?>. In addition to releasing granules, neutrophils employ numerous other
mechanisms to fight against infection including phagocytosis and the release of neutrophil
extracellular traps (NETs)®. However, the first step in the response to severe infections is
increasing neutrophil production to meet the increased demand for effector cells®”%,

During severe infections, inflammatory cytokines and growth factors, such as IL-6 and
G-CSF, are released to activate emergency granulopoiesis which results in the rapid production
of neutrophils®’-1%, It was thought that initiators of emergency hematopoiesis were primarily the
HSCs and leukocytes at the site of infection®>1%2, HSCs express pattern recognition receptors,
including the Toll-like receptor (TLR) family, allowing them to directly detect and respond to
infectious threats by increasing production of myeloid cells®®1%?, Meanwhile, macrophages and
other leukocytes at the site of infection would be activated and express IL-6, further stimulating
myelopoiesisi®. Evidence has emerged that endothelial cells also play a critical role in initiating
emergency granulopoiesis; they detect pathogens with TLRs and produce G-CSF in response®.
This finding suggests that endothelial cells act as sentries, setting off the alarm to tell HSCs to

increase neutrophil production when they detect invading pathogens®. When these signals reach
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the bone marrow, they trigger a transcriptional switch in HSCs and progenitors®’. Inflammatory
cytokines downregulate the expression of CEBPa, the master regulator of steady state
hematopoiesis, and upregulate CCAAT/enhancer binding protein beta (CEBPS) which is the
primary transcription factor in emergency granulopoesis®’. The downregulation of C/EBPa
reduces its inhibitory effects on cell proliferation while C/EBPJ promotes granulocytic
differentiation; together these changes allow for increased production of neutrophils®’.

While emergency granulopoiesis is essential in the immune response against
infections, Meisel and colleagues suggested that it may also contribute to leukemogenesis in
TET2-deficient hosts®, Tet2-deficient mice exhibited a dysregulated emergency response to
infection, leading to a CMML-like phenotype with excessive myeloproliferation and
splenomegaly®. The mechanism appears to involve over-stimulation of the I1L-6 signalling
pathway in granulocyte-monocyte progenitors (GMPs): Tet2-deficient GMPs are sensitized to
IL-6 due to increased surface expression of the IL-6 receptor and this is compounded by the
elevated levels of IL-6 associated with Tet2-deficiency’1%. The dysregulated proliferation of
inflammatory Tet2-deficient leukocytes may exacerbate inflammation, potentially contributing to
the development of comorbid diseases.

After the neutrophils are produced, they migrate to the site of infection. G-CSF, and the
chemokines C-X-C motif ligand (CXCL) 1 and CXCL2 are involved in this mobilization
processt®1%, The bone marrow expresses the chemokine CXCL12 to control the release of
neutrophils into the system, but during infections, G-CSF downregulates expression of the
CXCL12 receptor in neutrophils, enabling them to leave the bone marrow%. Then the
neutrophils navigate to the site of infection through CXCL1 and CXCL2 gradients!®1%, As

neutrophils approach the site of infection, they encounter inflammatory cytokines including
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TNFa and IL-1p which activates the neutrophils and increases expression of integrins and
adhesion molecules involved in extravasation®1%, After extravasation, the neutrophils home in
on the precise location of the pathogen for phagocytosis, but they need to navigate through
multiple chemotactic gradients, including those produced by endothelial cells, other leukocytes,
and pathogens'®”-1%, Mechanistic studies have shown that neutrophils prioritize pathogen-
specific chemotactic signals such as N-formyl-methionyl-leucyl-phenylalanine (fMLP), over
host-derived chemokines like CXCL21%71% The phosphatidylinositol 3-kinase and p38 mitogen-
activated protein kinase signalling pathways are involved in translating the chemotactic signals
to directional migration®7-1%°,

Depending on the severity of the infection, neutrophils will respond using different
means®>11%111 Neutrophils tend to use degranulation and phagocytosis to fight pathogens, but
during severe infections, neutrophils can resort to neutrophil extracellular trap release (NETosis)
whereby they expel fibrous structures of decondensed chromatin coated with microbicidal
proteins!'®1 These structures help to contain the infected region by ensnaring and degrading
bacteria and toxins'!°. While NETs have an important role in immunity, they have also been
implicated in the pathogenesis of numerous diseases including atherosclerosis®, thrombosis®?,
and acute kidney injury'?. Recently Wolach et al. demonstrated NETosis was dysregulated in
individuals with JAK2V61"F-mutant CHIP and this increased their thrombosis risk®. Neutrophils
isolated from these patients were primed for NETosis and epidemiological analysis showed that
25% of individuals with JAK2V8"F-mutant CHIP had thrombotic events®2. This was the first
study that reported the involvement of neutrophils in the CHIP disease process, and it showed

that neutrophil dysregulation can contribute to disease development. However, JAK2V1F only
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accounts for a small fraction of CHIP cases, while the effects of common mutations, like TET2,

on neutrophils have not yet been characterized.

Although TET2-deficiency has not been directly studied in neutrophils, there are reports
of neutrophil dysfunction in MDS?"?8, a hematological malignancy where TET2 is frequently
mutated*®. Neutrophils isolated from MDS patients show impaired chemotaxis and bactericidal
function; these defects in neutrophil function are thought to contribute to the increased risk of
infection associated with MDS?*%, Given that TET2-deficiency associates with epigenetic
dysregulation which likely disrupts neutrophil function®?, it is possible that inactivating TET2

mutations may contribute to the dysfunctional neutrophil phenotype observed in MDS patients.

2.7 Hypothesis and experimental aims

Overall, the literature suggests that TET2 mutations may perturb neutrophil biology,
potentially predisposing to disease. Epigenetic mechanisms important in regulating neutrophil
development and function are predicted to be disrupted in TET2-CHIP31%, Furthermore,
although neutrophils are essential in innate immunity and play a role in many cardiovascular and
inflammatory diseases, they have not been characterized in TET2-CHIP. This study addresses a
gap in the literature by investigating the effects of TET2-deficiency on neutrophils. We
hypothesized that TET2-inactivating mutations dysregulate neutrophil gene expression and
function. The experimental aims are as follows: Aim 1: Validate the neutrophil granule signature
by performing gRT-PCR and serum ELISA on samples from CHIP subjects and controls, Aim 2:
Assess functional differences between Tet2-deficient and control murine neutrophils, Aim 3:

Assess transcriptomic differences between Tet2-deficient and control murine neutrophils.
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Chapter 3: Materials and Methods

3.1 CHIP subject cohort

Four hundred and seventeen adults over the age of 65, that did not have hematological
malignancies at the time of recruitment, were recruited from Baycrest and Sunnybrook Hospitals
in Toronto, Ontario. Informed written consent was obtained from all participants and the study
received approval from research ethics boards at Queen’s University, Baycrest Hospital, and
Sunnybrook Hospital (ethics approval number: 6014336, Appendix A). Upon enrollment, PB,
serum, and clinical data including complete blood counts were collected from each participant.
PB samples were collected in PAXGene DNA and RNA tubes (Qiagen, Hilden, Germany).
Serum samples were obtained from aliquots of blood collected for routine blood tests, separated
by centrifugation.

To determine the CHIP status of the participants, a custom, pan-myeloid lon Torrent
DNA sequencing panel was used to detect mutations in 48 CHIP genes®!® (ThermoFisher
Scientific, Waltham, MA). Participants were classified by mutation status: No CHIP, TET2-
CHIP, DNMT3A-CHIP, and Other CHIP. No CHIP was defined as having no detectable
deleterious CHIP gene variants, or they were present at VAF < 2% in the PB. TET2-CHIP and
DNMT3A-CHIP were defined as having a deleterious mutation in the respective gene at a VAF >
2% in the PB, while Other CHIP was defined as having a deleterious CHIP mutation other than
TET2 or DNMT3A at a VAF > 2% in the PB.

To validate the enriched neutrophil granule signature!, PB samples from 18 individuals
not in the RNA-seq cohort were selected for gRT-PCR analysis (Appendix Table S1). Serum
samples from 64 individuals were analyzed with ELISA (Appendix Table S2), with 23 of the 64

individuals from the RNA-seq cohort and 16 from the gRT-PCR cohort.

22



3.2 RNA extraction and quantification of neutrophil gene expression

RNA was extracted from PB samples using a PaxGene Blood RNA kit (Qiagen, Hilden,
Germany) following the manufacturer’s instructions and stored at -80°C. 60ng of RNA was
converted to complementary DNA (cDNA) using the M-MuLV Reverse-Transcriptase kit (New
England BioLabs, Ipswich, MA) following the manufacturer’s protocol and the cDNA products
were stored at -20°C. THP-1 cells (American Type Culture Collection, Manassas, VA) were
selected as calibrator samples for the qRT-PCR experiments because they express LTF and MPO
at moderate levels'*, RNA was extracted from a sample containing approximately 1 million
cells using the RNeasy Mini Kit, following the manufacturer’s protocol (Qiagen, Hilden,

Germany). cDNA was made and stored as described above.

LTF and MPO mRNA expression in PB samples were quantified using qRT-PCR. gRT-
PCR was performed using the Fast SYBR Green qPCR kit (Applied Biosystems, Foster City,
CA) on a StepOne machine (Applied Biosystems, Foster City, CA) following a standard protocol
(Appendix Table S3). Each 20 uL reaction contained: 1 uLL cDNA, 10 uL SYBR Green Master
Mix, 1 pL forward primer, 1 puL reverse primer, and 7 pL distilled water. Primers used are listed

in Appendix Table S4.

Fold change was calculated using the delta-delta cycle threshold (AACT) method®®. The
housekeeping genes beta actin (ACTB) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were used to establish reference levels of mMRNA expression and control for
differences in RNA quantity between samples. THP-1 cells were included in each batch and the
fold changes in MPO and LTF expression were calculated relative to this calibrator. All samples

were run in duplicate and average fold change was reported.
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3.3 Serum ELISA for MPO and LTF proteins

The Human MPO Instant ELISA Kit (Invitrogen, Carlsbad, CA) and Human LTF ELISA
Kit (Sigma, St. Louis, MO) were used to quantify MPO and LTF serum protein titers. Assays
were performed according to the manufacturer’s instructions except for the MPO ELISA where
samples were diluted 1 to 25 instead of 1 to 50. The VersaMax microplate spectrophotometer
(Molecular Devices, San Jose, CA) was used to quantify the colorimetric reaction (450nm target
wavelength and 650nm background). All samples were run in duplicate and the average optical

density was compared to standards to infer the protein concentration.

3.4 Tet2-deficient mouse model

With ethics approval from the Queen’s University Animal Care Committee (Protocol
number 2017-1724, Appendix B), the Tet2"" Vav-iCre conditional murine knockout model was
used to investigate the effects of Tet2-deficiency on neutrophils. C57BL/6 mice with LoxP sites
flanking the 3" exon of the Tet2 gene (Tet2"" (stock number 017573, Jackson Laboratory, Bar
Harbor, ME) were crossed with C57BL/6 mice expressing Cre recombinase from the Vavl-
promoter (stock number 008610, Jackson Laboratory, Bar Harbor, ME) to create Tet2™ Vav-
iCre*"” mice (Tet2-KO). In Tet2-KO mice, all hematopoietic cells are predicted to be Tet2-
deficient because exon 3, which encodes half the Tet2 protein, has been excised from the Tet2
gene®. This knockout model shares some similarities with TET2-CHIP in humans because most
inactivating mutations occur within exon 3 of the human TET2 gene®. Age and sex-matched

Tet2" Vav-iCre” mice were chosen as the Tet2-sufficient controls (Tet2-FF).

Ear punches collected for genotyping were digested in 150 puL of TNES plus proteinase K
(Qiagen, Hilden, Germany) lysis solution in a 54°C water bath overnight. 100 uL of the digested

ear punch solution was mixed with 5 pL. of 5M NaCl and 73.5 puL of isopropanol, then DNA was
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pelleted by centrifugation. After washing with 70% ethanol, the DNA was re-suspended in 50 pL
TE buffer (Invitrogen, Carlsbad, CA). Genotyping was done using Platinum Taq DNA
Polymerase High Fidelity (Invitrogen, Carlsbad, CA), following the manufacturer’s protocol
(details in Appendix Table S5). Genotyping primers recommended by Jackson Laboratories were
used (Appendix Table S6). PCR parameters are described in Appendix Table S7. PCR products
were run on a 2% agarose gel for 40 minutes at 120 volts and visualized using the Amersham
Imager 600 (GE Life Sciences, Marlborough, MA). Genotypes were assessed as follows: Tet2-
floxed-allele product is 430bp while the wildtype allele is 250bp; Vav-iCre positive allele is
236bp while the wildtype allele is 324bp.
3.5 Murine neutrophil isolation and serum collection

Bone marrow was extracted from the femurs and tibias of experimental animals (2 — 3
months old) using a protocol modified from Amend and colleagues!'®. Experimental animals
were euthanized by CO, asphyxiation, followed by cardiac puncture and cervical dislocation in
accordance with a protocol approved by Animal Care Services at Queen’s University (Protocol
number 2017-1724). PB collected from the cardiac puncture was centrifuged at 1000 xg for 10

minutes at 4°C to isolate serum which was then stored at -80°C.

Femurs and tibias were extracted, cleaned and placed in ice cold Ca?*, Mg?*-free
phosphate-buffered saline (PBS) solution (GE Life Sciences, Marlborough, MA) with 1%
penicillin/streptomycin (GE Life Sciences, Marlborough, MA). The epiphysis of each bone was
removed and the marrow was pelleted by centrifuging at 10,000 xg for 10 seconds at 4°C. Then
bone marrow cells were resuspended in ice cold Ca?*, Mg?*-free PBS solution with 2% fetal
bovine serum (FBS) (Sigma, St. Louis, MO) and 1mM ethylenediaminetetraacetic acid (EDTA)

(Sigma, St. Louis, MO). The suspension was filtered through a 70 pum strainer (ThermoFisher
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Scientific, Waltham, MA) and kept on ice. A 200 uL aliquot of the suspension was taken for
flow cytometry analysis on the MacsQuant Analyzer 10 (Miltenyi Biotec, Bergisch Gladbach,

Germany).

Bone marrow neutrophils were isolated using a mouse neutrophil negative
immunomagnetic selection kit (catalog number 19762, Stem Cell Technologies, Vancouver,
Canada), according to the manufacturer’s instructions. In brief, an antibody cocktail targeting all
bone marrow populations except neutrophils was added to the bone marrow suspension.
Biotinylated secondary antibodies and magnetic beads were added, then the suspension was
exposed to a magnet leaving an enriched population of neutrophils in suspension. The neutrophil

isolation process takes about 4 hours on average.

Flow cytometry was performed to assess purity and viability. Shortly after isolation,
neutrophils were stained with CF-Blue-labelled Annexin-V and propidium iodide (PI) (catalog
number: ab214485, Abcam, Cambridge, U.K.) to assess apoptosis. The viability assay was
performed according to the manufacturer’s instructions. Briefly, 100,000 cells were resuspended
in 100 puL of Annexin-V binding buffer and stained with 5 uLL of PT and 5 pL of Annexin-V CF
Blue labelled antibody for 15 minutes at room temperature in the dark. An unstained sample and
a sample heated for 2 minutes at 85°C were used as the negative and positive controls,
respectively. Results were analyzed using Flowing Software 2 (Turku Centre for Biotechnology).

To assess purity, neutrophils were stained with allophycocyanin (APC) labelled
antibodies against integrin subunit alpha M (CD11b) (clone M1/70.15.11.5, Miltenyi Biotech,
Bergisch Gladbach, Germany) and fluorescein isothiocyanate (FITC) labelled antibodies against
lymphocyte antigen 6 complex locus G6D (Ly6G) (clone REA526, Miltenyi Biotech, Bergisch

Gladbach). Ly6G is a neutrophil-specific surface marker®>!’, while CD11b is expressed by
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many innate immune cells including macrophages and neutrophils'!®, CD11b and Ly6G are often
used in combination to detect neutrophil populations in flow cytometry!® and was recommended
by the manufacturer of the mouse neutrophil isolation kit. To verify flow cytometry results, the
neutrophil suspension was smeared on a slide, stained with hematoxylin and eosin (H & E), then
analyzed by a hematopathologist.
3.6 Evaluating phagocytosis and motility through time-lapse imaging

Phagocytic function and motility of neutrophils from Tet2-KO and Tet2-FF mice was
assessed through an in vitro phagocytosis assay adapted from a published protocol*?°.
Immediately following isolation, an aliquot of approximately 1 million neutrophils was taken
and centrifuged at 400 xg, for 10 minutes at room temperature with slow acceleration. The pellet
was resuspended in 1 mL of clear RPMI (ThermoFisher Scientific, Waltham, MA) with 10%
mouse serum, 150 nM Mitotracker Deep Red to stain mitochondrial DNA (catalog number:
M22426, ThermoFisher Scientific, Waltham, MA), and 2 drops of Nuc Blue to stain nuclear
DNA (catalog number: R37605, ThermoFisher Scientific, Waltham, MA) yielding a final
concentration of 1x10° neutrophils/mL of media. Neutrophils were incubated in the imaging
solution at room temperature for 10 minutes, then 500 uL of the suspension was loaded onto a
35mm glass bottom imaging plate (catalog number: P35G-1.5-14-C, Mattek corporation,
Ashland, MA). 5 x10° green fluorescent protein (GFP) labelled Staphylococcus aureus were
added to the neutrophil suspension to achieve a 10:1 bacteria:neutrophil ratio. Time lapse
imaging was performed using the SP8-X confocal scanning microscope (Leica, Wetzlar,
Germany). Images were captured from 4 independent fields of view every 15 seconds for 30

minutes. Samples were imaged in a randomly determined order (i.e. Tet2-KO vs. Tet2-FF first).
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Analysis was performed using the FIJI and TrackMate extensions for ImageJ
v1.52p?+122. Nuc Blue staining highlighted the multi-lobular morphology of the nucleus and
complemented the flow cytometry data in verifying that the cells were neutrophils. Since the
neutrophil cytoplasm stained strongly for the MitoTracker Deep Red, the fluorescent signal was
used to approximate the neutrophil’s cell boundaries. Colocalization of GFP labelled bacteria
with the Red MitoTracker fluorescence was interpreted as a phagocytosis event (Figure 5). The
semi-automated process of quantifying co-localization involved three stages: identifying the area
occupied by neutrophils, identifying GFP-signals from individual bacteria, and evaluating
whether the signals overlap. More details can be found in Appendix C. To normalize data
between experiments, the number of bacteria phagocytosed per neutrophil was divided by the
ratio of S. aureus to neutrophils since this ratio was positively correlated with phagocytosis rates
(Appendix Figure S1).

Motility analysis was performed using the TrackMate module!?2, Briefly, the module
searches through each time frame and identifies neutrophils based on size and MitoTracker
fluorescence intensity. Each neutrophil was tracked through adjacent time frames based on their
positions in the current and previous frame, thus proposing a trajectory over time (Figure 6).

Then average velocity was calculated for each neutrophil.
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Figure 5. Representative image of neutrophils from Tet2-FF mice phagocytosing GFP-labelled S. aureus

This is an image that shows the merged Nuc Blue, MitoTracker Deep Red and GFP fluorescence.
The neutrophils fluoresce red and blue from MitoTracker and Nuc Blue respectively, while S.
aureus express GFP from a construct and fluoresce green. S. aureus associated-GFP signals can be
seen colocalizing with fluorescence from neutrophils, and this was interpreted as phagocytosis.

Figure 6. Representative motility analysis image

Neutrophils fluoresce red from the MitoTracker dye. The TrackMate module identified neutrophils
(highlighted with a purple circle) based on fluorescence intensity and shape parameters and
tracked their movement from frame to frame. Each line represents the trajectory of a neutrophil
over the 30 minute experiment.

29



3.7 Stimulation of neutrophils with S. aureus-derived lipoteichoic acid

To explore the transcriptomic differences between Tet2-KO and Tet2-FF neutrophils in
their activated state, S. aureus-derived LTA (catalog code: tlrl-pslta, InvivoGen, San Diego, CA)
was selected as a stimulus since it simulates the activation of neutrophils during the in vitro
phagocytosis assay previously done. LTA is a cell wall component in Gram-positive bacteria and

a TLR2 agonist that activates the NF-«kB pathway and triggers an inflammatory phenotype!?%12°,

Previous studies have used LTA to stimulate human, but not mouse neutrophils?312¢,
The concentration of LTA used ranged from 100 ng/mL to 10 pg/mL, with higher concentrations
showing more pronounced differences in expression!?124127 Tg determine the optimal
conditions for LTA stimulation in mouse neutrophils, pilot experiments were performed. 111b
and Tnfa expression were measured by qRT-PCR and used (primers listed in Appendix Table
S8) as an indicator of activation, since they are well characterized target genes of the nuclear
factor kappa B (NF-kB) pathway®2. Stimulation with 10 pg/mL of LTA induced significant
upregulation of inflammatory cytokine expression suggesting robust activation, thus this

concentration was used for subsequent experiments (Appendix Figure S2).

The duration of LTA stimulation was also optimized, using 1, 3, 6, 9, and 12 hour time
points. Previous studies showed that longer stimulation yielded greater changes in expression',
but this needed to be balanced with the neutrophils’ short life spans'?. For each time point,
apoptosis was assessed through flow cytometry using Annexin-V Pl staining and activation was
assessed through 111b and Tnfa mRNA expression and Cd11b surface expression. Cd11b
translocates to the surface upon stimulation with inflammatory cytokines or microbial

products®?12412°; since this could be detected with flow cytometry, it was a fast and
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complementary method to verify neutrophil activation in addition to inflammatory cytokine

expression.

The 1 hour time point was ruled out because the neutrophils failed to show upregulation
of inflammatory cytokines Tnfa and 111b which suggests that not all activation-associated
transcriptional changes have occurred yet (Appendix Figure S3). The 9 and 12 hour time points
were ruled out because over 30% of the population was in early or late apoptosis (Appendix
Figure S4). The 3 and 6 hour time points both showed evidence of neutrophil activation based on
inflammatory gene expression (Appendix Figure S3), and Cd11b surface expression (Appendix
Figure S5), and viability at both time points was similar (Appendix Figure S4). Taken together,
the data suggests that the 3 and 6 hour time points were both good options, however the 6 hour
time point was chosen since other studies analyzing LTA stimulation in human neutrophils have

treated neutrophils for 6 hours or 8 hours?3125127,

3.8 Bulk RNA-seq sample collection

Four Tet2-KO and Tet2-FF pairs were selected for the experiment. To account for age
and sex as confounding variables, only 2.2 month old male mice were selected. However,
validation qRT-PCR will be done in both females and males. Neutrophils were isolated using the
previously described negative immunomagnetic selection protocol (see section 3.5), then divided
into three treatment groups: baseline, LTA stimulation or vehicle (Figure 7). Baseline was
evaluated as the neutrophil physiological resting state and RNA was isolated immediately

following isolation.

The LTA stimulation group were treated with PBS with 2% FBS and 10 pug/mL of S.
aureus LTA for 6 hours prior to extracting RNA. To account for transcriptional changes due to

the 6 hour treatment time, a vehicle group was included where neutrophils were treated with PBS
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with 2% FBS and 1% water for 6 hours prior to RNA extraction. A total of 24 samples were
collected with 4 replicates per treatment group. Viability was assessed through flow cytometry

with Annexin-V, Pl staining, and purity was assessed through Cd11b, Ly6G flow cytometry and

H & E staining.
Tet2-KO Tet2-FF
n =4 for
both
genotypes
Isolate Isolate
neutrophils & neutrophils ;
L L& oL L
BaseA|ine Veiticle BaseAIine Ver‘iicle
LTA LTA
Stimulation Stimulation

Figure 7. Bulk RNA-seq experimental design

We selected 4 age and sex-matched pairs of Tet2-KO mice for the experiment. Neutrophils were
isolated and divided into 3 treatment groups: baseline, LTA stimulation and Vehicle. In the
baseline group, we extracted RNA immediately after isolating neutrophils. In the LTA Stimulation
group we treated neutrophils with PBS with 2% FBS and 10ug/mL of S. aureus LTA for 6 hours
before extracting RNA. In the vehicle group, neutrophils were treated with PBS with 2% FBS and
1% water for 6 hours before RNA extraction.

Neutrophil RNA was collected in TRIzol reagent (Invitrogen, Carlsbad, CA) and stored
at -80°C until extraction. An aqueous/organic phase extraction with chloroform (ThermoFisher
Scientific, Waltham, CA) was performed to extract the RNA from Trizol and the aqueous layer
containing the RNA was processed using the RNeasy Mini kit (Qiagen, Hilden, Germany)

following the manufacturer’s instructions. RNA aliquots were made for quality control checks

using qRT-PCR and the Bioanalyzer RNA 6000 Nano kit (Agilent, Santa Clara, CA).
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3.9 Library preparation and sequencing

Libraries were prepared using the QuantSeq 3> mRNA-Seq library prep kit for [llumina
(Lexogen, Vienna, Austria) with 300ng of RNA input. A 3’ poly-A tail capture approach for
library generation was chosen to facilitate quantification of mRNA transcripts. A limitation was
that non-coding RNAs may not be captured, however it is better suited for detecting shorter and
low abundance transcripts°. In this approach, instead of using random hexamer primers, oligo-
deoxythymidine (oligo-dT) primers were used for first strand synthesis, thus 3’ bias was
predicted in the sequencing coverage®.

Single-end, 75bp read length, bulk RNA-seq with 130 million reads was performed on
the Illumina NextSeq platform at the Queen’s Cardiopulmonary Unit core facility. Twenty-four
3> mRNA libraries were sequenced with an average of 6 million reads per library. Unfortunately,
the indexing barcode malfunctioned for one sample: only 8000 reads were assigned to that
library and 6 million reads were left unassigned. The failed library and unassigned reads were

dropped from analysis.

3.10 Alignment of reads and creating gene count tables

The sequencer output was de-multiplexed, fastq files were generated, reads were aligned,
and a gene count table was created. Read alignment was performed on the Queen’s Center for
Advanced Computing computer cluster. Raw fastq files were analyzed using the FastQC module

to check read quality (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed

March 19", 2020). Read quality was high in all libraries, but the FastQC results suggested that
the poly-A tails of transcripts were captured in the reads (Appendix Figure S6). Since potential

adaptor sequences were detected in some samples (Appendix Figure S6C), raw fastq files were
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processed through Cutadapt, an adaptor trimming software!3t, After trimming the reads, the

suspected adaptor sequences were removed.

Spliced Transcripts Alignment to a Reference (STAR) was chosen as the alignment tool
because it performs well with 3> mRNA libraries and was recommended by the manufacturer of
the library prep kit'*2. STAR aligned the trimmed fastq files to the current mouse genome
assembly, GRCm38!33, using the GENCODE VM23 annotation®* to produce gene count tables
and bam/bai files. Read alignment of Tet2 was visualized using Integrative Genomics Viewer
(IGV)*34 Read coverage was dense near the 3’ end of the transcript, as expected (Appendix
Figure S7A). In Tet2-KO mice, exon 3 was predicted to be excised and no reads aligned to exon
3 (Appendix Figure S7B).

3.11 Data pre-processing

Prior to analysis, data was inspected for sequencing depth, skewness of distribution,
Spearman correlation, outliers, and batch effects (Appendix Figure S8). The libraries had
different sequencing depths and the data had a prominent positive skew, but this was not an issue
since the DESeq2 analysis program contains algorithms that adjust for these factors**>!3, One
library was flagged as an outlier for having a relatively low Spearman correlation compared to
the other samples (Appendix Figure S8D). This sample had poor amplification during the library
generation step, so it was excluded from analysis since the difference could be due to a technical
issue. No other outliers or batch effects were identified, so the 22 remaining samples were passed

to DESeq2 for differential gene expression analysis.

3.12 Differential gene expression analysis
Differential gene expression and pathway enrichment analyses were performed using

DESeq2™® and g:Profiler respectively'®’. Four comparisons were made through DESeq2:
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1. Comparing Tet2-KO vs. Tet2-FF neutrophils while adjusting for the treatment group as a
covariate.

2. Subgroup analysis focusing on differences between LTA-treated Tet2-KO and Tet2-FF
neutrophils.

3. Subgroup analysis focusing on differences between “baseline” Tet2-KO and Tet2-FF
neutrophils.

4. Comparing LTA-treated and vehicle-treated neutrophils to verify LTA-induced

activation.

For each comparison, lists of significantly upregulated and downregulated transcripts
were generated and passed to g:Profiler for functional enrichment analysis'®’. Benjamini-
Hochberg multiple testing correction®*® was applied using a significance threshold of adjusted p-
value (padj) < 0.10. Differential expression results were visualized using volcano plots. Scripts

used can be found in Appendix D.
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Chapter 4: CHIP subjects show signs of dysregulated neutrophil granule
biology

4.1 MPO and LTF mRNA expression in CHIP and No CHIP subjects

MPO and LTF expression, as measured by qRT-PCR, did not differ significantly between
CHIP (n =14) and No CHIP (n = 4) subjects (Figure 8). However, stratifying the CHIP group by
mutation subtype (TET2, DNMT3A, or Other CHIP) revealed that LTF expression was
significantly higher in the Other CHIP subgroup than the No CHIP controls (p = 0.016, Mann-
Whitney) (Figure 8D). Potential confounding variables, age and absolute neutrophil count, were
investigated (Appendix Table S1). They were similar between the Other CHIP and No CHIP
groups suggesting that they did not confound the association. Although there was a significant
difference in one of the subgroup analyses, the predominant negative result in the overall CHIP
versus No CHIP comparison was unexpected as a previous bulk RNA-seq pilot study had found
that MPO and LTF mRNA expression were upregulated in CHIP subjects®. One limitation of
these JRT-PCR results was that it may have been underpowered to detect significant differences

in expression given the high variability in MPO and LTF expression.

36



>
w

1000 - ns 1000 ns
A
c5 s o e cc 800-
5% T s 7 :
C O 600- e % 600~
S g g5 5
O Wi 400~ O X 400-
© 2w
o 8 A oK~
LL S 200 L g 200 -
- AlA
(o] ADGA |
0 ! ! 0 T A|
No CHIP CHIP No CHIP CHIP
CHIP Mutation Status CHIF Mutation Status
C D -
| |
1000 - ns 800 - ns
1
- o ns
S o s00d o T £5 s00d | l ©
8% ol T N
c 9 600 = 2
c 2 < Q. 400+ ©
O 4004 | & O 5
39 3 & 200
o C K~ 7]
L 200+ W
= > s ol T o
0 1 1 1 1 0 (? 1 1 1
0‘2§ «ém <& 0‘2§ c..‘z‘8 45& <& c}z‘<2
A & & A > &
o o)
CHIP Mutation Status CHIP Mutation Status

Figure 8. MPO and LTF expression in CHIP subjects and controls

qRT-PCR was performed on RNA extracted from PB samples collected from 4 No CHIP, 5 TET2,
4 DNMT3A, and 5 Other CHIP subjects. GAPDH and ACTB were used as housekeeping genes. Fold
change is relative to expression in the THP-1 cell line. A) There was no significant difference in
MPO expression between the CHIP (n=14) and No CHIP (n=4) group. B) LTF expression did not
differ significantly between CHIP subjects and controls. C) There were no significant differences
in MPO expression between the CHIP subgroups and the controls. D) Stratifying by mutation
subtype, LTF was upregulated in the Other CHIP group (p =0.016) while the TET2 and DNMT3A
groups did not show a significant differences in LTF expression compared to controls. * indicates
p < 0.05, ns indicates not statistically significant, Mann-Whitney.
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4.2 Serum protein titers of MPO and LTF were elevated in CHIP subjects

While MPO and LTF mRNA expression did not differ significantly, MPO and LTF
serum protein titers were significantly higher in CHIP subjects (n = 51) compared to No CHIP
controls (n = 13) (p = 0.006 and p = 0.001 respectively, Mann-Whitney) (Figure 9). Median
MPO titers were approximately 3 times higher in CHIP subjects than controls while median LTF
titers were 2.5 times higher. Stratifying by mutation subtype, TET2 and Other CHIP subjects had
significantly higher MPO serum protein titers than No CHIP controls (p = 0.007 and p = 0.017
respectively, Mann-Whitney), while DNMT3A subjects showed a trend approaching significance
(p = 0.057, Mann-Whitney) (Figure 9C). Each CHIP subgroup had significantly higher LTF
serum protein titers than No CHIP controls: TET2 vs. No CHIP, p = 0.010, DNMT3A vs. No
CHIP, p = 0.009, and Other CHIP vs. No CHIP, p = 0.002 (Mann-Whitney) (Figure 9D). Median
age and absolute neutrophil count were similar among all groups, thus it was unlikely that they
explained the observed difference. The results showed that CHIP mutations were associated with

increased serum protein titers of MPO and LTF, but the underlying mechanism was unclear.
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Figure 9. CHIP subjects had greater MPO and LTF serum protein titers than controls

MPO and LTF ELISA was performed on serum samples from 13 No CHIP, 15 TET2, 22 DNMT3A
and 14 Other CHIP subjects. Samples that had titers below the threshold of detection were
assigned a protein titer of zero. A) MPO titers were significantly higher in the CHIP subjects
(n=51) compared to controls (n=11) (p=0.006). B) LTF titers were significantly higher in CHIP
subjects compared to controls (p=0.001). C) Stratifying by CHIP mutation subtype, we found that
MPO titers were significantly higher in TET2-CHIP and Other CHIP subjects compared to controls
(p=0.007 and p=0.017 respectively) while DNMT3A-CHIP subjects showed a trend approaching
significance (p=0.057) D) LTF titers were significantly higher in all CHIP subgroups compared
to controls. # indicates p < 0.10, * indicates p< 0.05, ** indicates p < 0.01, *** indicates p <
0.001, Mann-Whitney test.

Linear regression analysis indicated that there was no significant correlation between the
MRNA expression and serum protein titers of MPO or LTF (Appendix Figure S9). This was

consistent with the “targeting by timing” principle as azurophilic and specific granule proteins
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like MPO and LTF were predicted to be synthesized early in development and mature PB
neutrophils were not expected to have high MPO and LTF mRNA expression®, In fact, a study
profiling the neutrophil proteome and transcriptome found that mRNA expression did not
correlate with protein expression of neutrophil granule proteins in mature neutrophils’®.
Furthermore, there were many steps between mRNA transcription and release of granule proteins
into PB, thus there could be other factors (i.e. protein stability or granule release) that affect
serum protein titers.

Interestingly, there was a positive correlation between LTF serum protein titers and CHIP
VAF (n = 51) (Figure 10). Although the correlation was weak (R? = 0.095), it suggested a dose-
dependent effect. Subjects with high MPO or LTF serum protein titers tended to have higher
mutation burdens, either carrying multiple CHIP mutations or having a CHIP clone with VAF >
0.10. These findings are consistent with reports that higher CHIP mutation burden associates

with more severe functional dysregulation®'’.
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Figure 10. LTF serum protein titers correlated with CHIP clone VAF

51 samples were included in this linear regression model comparing serum protein titers and CHIP
VAF. LTF serum protein titers were positively correlated with CHIP VAF (p = 0.028). The line of
best fit was Y = 68.7X + 9.03 (R? = 0.095).
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Taken together, the results suggested that CHIP mutations associated with upregulation
of MPO and LTF serum protein titers, although the mechanism remains unknown. These
elevated serum protein titers might have contributed to comorbidities associated with CHIP.
High MPO serum protein titer is a well-established risk factor for cardiovascular disease and has
been used clinically to stratify risk333413°_ Individuals with MPO serum titers above 480 pmol/L
(equivalently 72000 pg/mL) were considered high risk for developing cardiovascular
comorbidities®*13%; 27% of CHIP subjects and 8% of No CHIP controls in our cohort met this
criterion. Other studies suggested that over-abundance of MPO associates with inflammatory
diseases including certain types of vasculitis®®14°, A potential explanation for why high MPO
levels are harmful and associate with many comorbidities is that MPO can trigger an activation
cascade: MPO generates reactive oxygen species that activate surrounding neutrophils which
then release more MPO creating a cycle that amplifies neutrophil activation, inflammation, and
MPO release®*4-142 1t would be informative to investigate whether high serum protein titers of

MPO associated with CHIP exacerbate cardiovascular and inflammatory comorbidities.

One limitation of this cross-sectional study was that disease progression and the
development of comorbidities could not be assessed. Since the study only provided a snapshot of
the population, subtle effects or those that occur over a long period of time may not have been
captured. A potential future direction would be to follow up with the original participants and
assess their health status.

Although it was hypothesized that epigenetic dysregulation in neutrophils could be a
potential cause of elevated MPO and LTF serum protein titers, differential methylation and
hydroxy-methylation has not been confirmed experimentally. One approach could be to use

bisulfite sequencing or methylated DNA immunoprecipitation (MeDIP) to quantify and compare
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5-methylcytosine (5-mC) or 5-hydroxymethylcytosine (5-hmC) at MPO and LTF promoter and
enhancer regions in CHIP subjects and controls. It may also be informative to analyze promoter
and enhancer elements associated with C/EBPa, GFI-1, and C/EBPe since they are transcription
factors regulating MPO and LTF expression®849.94 Eyrthermore, it was assumed that MPO and
LTF in the serum predominantly originated from neutrophils, but macrophages are also capable
of releasing MPO and LTF3144 1t was not clear what proportion of serum MPO and LTF
comes from neutrophils compared to other sources. In the future, serum titers could be evaluated

in a mouse model where the TET2 inactivation is limited to neutrophils.

One strength of this study was that it included analyses on human samples while the
majority of studies on CHIP have been done in animal models. The finding that serum protein
titers of neutrophil granule proteins are upregulated in CHIP subjects is novel and could have
implications on cardiovascular and inflammatory comorbidities. However, independent

validation in larger cohorts would be beneficial.
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Chapter 5: Tet2-deficient neutrophils show impaired motility and phagocytosis

5.1 Isolation and quantification of mouse neutrophils

After processing bone marrow cells with the neutrophil isolation Kit, the enriched
suspension consisted of approximately 70% mature neutrophils (Cd11b" Ly6g™) (Figure 11).
Extending from the mature neutrophil cluster was a population with high CD11b and a gradient
of Ly6G representing 20% of the population (Figure 11C), these were predicted to be neutrophil

precursors in varying stages of differentiation*®

. Viability was assessed using flow cytometry,
and it was found that 85% of the neutrophils were viable (Annexin-V'® and PI'"), with 10% and

5% in early and late apoptosis respectively (Figure 12).

Absolute counts and relative proportions of mature neutrophils isolated from the bone
marrow of twelve age and sex matched pairs of Tet2-KO and Tet2-FF mice were collected. Tet2-
KO mice had higher absolute counts of mature bone marrow neutrophils (p = 0.015, paired t-test)
(Figure 13A) compared to matched Tet2-FF mice. Tet2-KO mice also had a greater proportion of
mature neutrophils in their bone marrow compared to Tet2-FF mice (p = 0.015, paired t-test)
(Figure 13B). Tet2 inactivating mutations are known to promote myeloid expansion and these
results were consistent with the CMML-like phenotype previously reported in Tet2-deficient

mice>1%3,
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Figure 11. Representative Cd11b Ly6g flow cytometry data

A) We gate for granulocytes based on their predicted forward scatter and side scatter profile.
Cells within this gate are coloured red. B) The level of background noise was determined by
analyzing a sample that has not been stained with antibodies. C) Only cells within the granulocyte
size gate (red) are included in fluorescence analysis. Allophycocyanin-labeled Cd11b antibodies
were used together with fluorescein isothiocyanate-labeled Ly6G antibodies. Mature neutrophils
are Cd11b" Ly6g" and are represented in the upper right quadrant of the scatter plot. There is a
tail coming from the upper right quadrant population and these likely represent neutrophil
progenitors that are Cd11b"!, but show a gradient of increasing Ly6G depending on their
differentiation state. In this example, 72% of the population are predicted to be mature
neutrophils, 20% are in Cd11bM: Ly6g'o¥ tail (likely neutrophil precursors), and 8% are Cd11b'o",
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Figure 12. Representative Annexin-V PI flow cytometry data

A) We gate for granulocytes based on their predicted forward scatter and side scatter profile.
Cells within this gate are coloured red. B) The level of background noise is determined by
analyzing a sample that has not been stained with antibodies. C) Only cells within the granulocyte
size gate (red) are included in fluorescence analysis. CF-blue fluorescence representing Annexin-
V is on the x-axis and PI fluorescence is shown on the y-axis. In this example 83.7% of the cells
are viable (Annexin-V'°% and PI'°"), 10.6% are early apoptotic (Annexin-V"i9" and P1'°%), and
5.8% are late apoptotic (Annexin-V"" and PI"i9n),
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Figure 13. Absolute counts and relative proportions of mature neutrophils isolated from age and sex matched
mice pairs

Graphs represent data from 12 matched pairs of Tet2-FF and Tet2-KO mice A) Absolute counts
(millions) of mature neutrophils isolated from Tet2-FF and Tet2-KO mice are presented. Tet2-KO
mice have significantly more mature neutrophils than Tet2-FF mice (p=0.015, paired t-test). B)
Percentage of mature neutrophils in the bone marrow of Tet2-FF and Tet2-KO mice are presented.
Tet2-KO mice have a significantly greater percentage of neutrophils in their bone marrow
(p=0.015, paired t-test).

5.2 Tet2-deficient neutrophils showed impaired motility and phagocytosis compared to
controls

Six independent in vitro phagocytosis experiments were performed (Appendix Figures S9
and S10) and they showed that neutrophils from Tet2-KO mice had significantly lower motility
(p = 0.004, t-test) (Figure 14) and phagocytic function (p=0.034, t-test) (Figure 15) than
neutrophils from Tet2-FF mice. Viability was investigated as a potential confounding factor, but
early and late apoptotic rates were similar in Tet2-KO and Tet2-FF neutrophils (Appendix Figure

S4), so this was unlikely to explain the difference. The findings suggested that Tet2-deficiency
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associated with functional defects in mouse neutrophils. Given the importance of neutrophils in

innate immunity, Tet2-deficient hosts may have increased susceptibility to infection.
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Figure 14. Neutrophils from Tet2-KO mice showed reduced motility compared to controls.
There was a significant difference in motility between neutrophils from Tet2-FF and Tet2-KO
mice (p = 0.004, t-test). This represents the data from six independent experiments, mean with

standard deviation is displayed. ** indicates p < 0.01.
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Figure 15. Neutrophils from Tet2-KO mice showed impaired phagocytosis compared to controls

There was a significant difference in phagocytosis between neutrophils from Tet2-FF and Tet2-KO
mice (p = 0.034, t-test). This represents the data from six independent experiments, mean with
standard deviation is displayed. * indicates p < 0.05.

Notably, a similar neutrophil dysfunction phenotype has been reported in MDS, a

malignancy where TET2 is recurrently mutated?”-?8, Previous studies demonstrated that
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neutrophils from MDS patients have impaired migration?® and microbicidal activity?’, and have
suggested that these defects contribute to the increased risk of bacterial infections. Based on the
results and previous literature, we hypothesized that TET2-CHIP patients might also have

increased susceptibility to infection.

However, a caveat to these results is that phagocytosis, but not bactericidal activity was
measured. First, the killing of phagocytosed bacteria was not confirmed. Second, neutrophils can
kill bacteria without phagocytosing them through mechanisms such as degranulation and
NETosis!™. It raises the possibility that these alternative microbicidal mechanisms could
compensate for defects in phagocytosis and motility. Therefore it would be informative to assess
bactericidal activity in addition to phagocytosis in subsequent studies.

It is not clear whether TET2-deficiency would associate with increased risk of infection
as there is evidence for and against this prediction. On the one hand, impaired phagocytosis and
motility are predicted to increase infection risk, as seen in MDS patients?’. On the other hand, the
hyper-inflammatory phenotype associated with TET2-CHIP*"5® could protect against infection as
the results of the CANTOS trial suggested’®. It would be informative for further epidemiological

studies to investigate the effect that TET2-CHIP has on infection risk.

If there is indeed an increased risk of infection due to the impaired ability to clear
pathogens, then it could be a factor driving clonal expansion and potentially disease progression.
A recent study demonstrated that infection and microbial stimuli could accelerate clonal
expansion in Tet2-deficient mice!®. Those mice have a dysregulated emergency granulopoiesis
response characterized by hyper-sensitivity to microbial stimuli, rampant inflammation and
excessive proliferation of granulocyte-monocyte precursors®®®, thus facilitating the rapid

expansion of the Tet2 clone. As clone size increases, the risk of acquiring subsequent oncogenic
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mutations, such as neuroblastoma RAS viral oncogene homolog (NRAS) or Fms related receptor
tyrosine kinase (FLT3), through stochastic processes is predicted to increase proportionally, as
does the risk of malignant transformation’. Furthermore microbial-driven inflammation would
exert strong selective pressure on the bone marrow environment exacerbating hematopoietic
dysregulation. While wildtype HSCs would undergo apoptosis, TET2-mutant HSCs which are
resistant to inflammatory stress, would proliferate and take their place!?#4. This would lead to an

increased mutational burden which can also promote leukemogenesis.
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Chapter 6: Tet2-deficiency affects gene expression in neutrophils

6.1 Neutrophil samples pass viability, purity and quality checks

Flow cytometry for Cd11b and Ly6g showed that on average, samples contained 80%
mature neutrophils (Cd11bM9" Ly6g"9") (Appendix Table S9). H & E staining confirmed that the
majority of the population were mature neutrophils with some neutrophil precursors (Appendix
Figure S12). Approximately 85% of the neutrophils in the baseline group were viable (Annexin-
V'ow pilowy \while about 80% of neutrophils in the vehicle and LTA groups were viable
(Appendix Table S9). All samples had a RNA integrity number (RIN) between 9 and 10
indicating that the samples were excellent quality with minimal or no degradation (Appendix
Figure S13).
6.2 Tet2 inactivation and LTA-induced activation were successful

Tet2 expression was quantified through gqRT-PCR and inactivation (excision of exon 3)
was confirmed in Tet2-KO samples (Appendix Figure S14). LTA treated neutrophils showed
upregulation of Tnfa mMRNA expression and increased Cd11b surface expression suggesting that
the neutrophils were activated (Appendix Figures S15 and S16). Gene expression between
neutrophils treated with vehicle and LTA was compared in DESeq2 and inflammatory genes
including Il1a, 1123a, Cxcll and Cxcl2 were upregulated in LTA treated neutrophils (Appendix
Figure S17). Functional enrichment analysis on g:Profiler'®’, found that gene ontology terms
related to the immune response to bacteria including “defense response”, “inflammatory

99 ¢

response”, “response to molecule of bacterial origin”, and “response to bacterium” were enriched
in LTA treated neutrophils compared to vehicle treated neutrophils. Furthermore, genes related

to apoptosis and NF-kB signalling were significantly upregulated in LTA-treated neutrophils, in
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agreement with previous findings analyzing neutrophil activation!?3127146 Taken together, the

results confirm Tet2 inactivation and provide evidence of LTA-induced neutrophil activation.

6.3 Tet2-deficient neutrophils show dysregulation of genes related to motility, anti-viral
immunity, and neutrophil development

Comparison of Tet2-KO and Tet2-FF neutrophils in DESeq?2 identified 139 differentially
expressed transcripts (Appendix Table S10), 40 were significantly upregulated in Tet2-KO
neutrophils and 99 were significantly downregulated (Figure 16). The predominant effect of Tet2
inactivation was downregulation of gene expression which was consistent with the predicted

effects of Tet2 loss-of-function®..
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Figure 16. Volcano plot of differentially expressed transcripts between Tet2-KO and Tet2-FF neutrophils
The threshold of significance was padj < 0.05, and transcripts with an absolute log2 fold change
value above 1 were considered to have a large fold change. Transcripts meeting both the
significance and fold change thresholds are marked in red, those that only meet the significance
threshold are blue, those that only meet the fold change threshold are in green and the rest that
meet neither threshold are in grey.
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Functional enrichment analysis found that gene ontology terms related to anti-viral
immunity such as “response to virus” and “regulation of viral life cycle” were enriched in Tet2-
KO neutrophils compared to Tet2-FF controls. Many genes related to the interferon response,
including 2’-5’-oligoadenylate synthetase 3 (Oas3), adenosine deaminase RNA specific (Adar),
interferon induced transmembrane protein 1 (Ifitm1), and interferon gamma induced GTPase
(1gtp)**’, were significantly upregulated in Tet2-KO neutrophils. The interferon gene expression
signature was unexpected because the stimulus was a bacterial molecule not related to viruses.
Interestingly, the anti-viral signature in Tet2-KO neutrophils resembles the interferon signature
previously reported in MDS patients!*®149, Since TET2 is recurrently mutated in MDS, this
supports the hypothesis that Tet2-deficiency is associated with a dysregulated interferon
response.

Consistent with the live cell imaging results, gene ontology terms related to motility were
significantly downregulated in Tet2-KO neutrophils. Notably, mRNA expression of Cxcrl, a
chemokine receptor with an important role in neutrophil chemotaxis'®, was more than two times
lower in Tet2-KO neutrophils than controls (Figure 17). Genes predicted to be involved in actin
cytoskeleton rearrangement including Ras guanine exchange factor domain-containing family
member 1A (Rasgefla), Cas scaffold protein family member 4 (Cass4), Fps/Fes related tyrosine
kinase (Fer), and protein kinase N2 (Pkn2), were also downregulated in Tet2-KO neutrophils.
Taken together these findings suggest that dysregulation of chemotaxis and cytoskeleton

dynamics may contribute to the impaired motility phenotype.
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Figure 17. Tet2-KO neutrophils showed decreased expression of genes related to motility

Box and whisker plots are used to visualize the expression of five genes related to motility. All
five genes showed significantly lower expression in Tet2-KO neutrophils compared to Tet2-FF
neutrophils. Red plots represent expression in Tet2-KO samples while blue plots represent
expression in Tet2-FF samples. Gene counts were normalized through the counts per million
method that adjusts for sequencing depth. * indicates p < 0.05, ** indicates p < 0.01, ***
indicates p < 0.001 (t-test).

Genes related to neutrophil development were dysregulated in Tet2-KO neutrophils
(Figure 18) and this may have contributed to the CMML-like phenotype in Tet2-KO mice®. Tet2-
KO neutrophils showed greater Tescalcin (Tesc) expression than controls, which is predicted to
favour granulocytic differentiation®!. Furthermore, three members of the homeobox A (Hoxa)
gene cluster, Hoxa5, Hoxa7, and Hoxa9, were downregulated in Tet2-KO neutrophils. A
previous study demonstrated that HoxA-cluster-haplosufficient mice have increased numbers of
neutrophils in their bone marrow and spleen®? Overall, it appears that the transcriptional changes

associated with Tet2-deficiency favours the expansion of neutrophils.
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Figure 18. Genes related to neutrophil development are dysregulated in Tet2-KO neutrophils

Box and whisker plots are used to visualize the expression of four genes related to neutrophil
differentiation. HoxA cluster genes were significantly downregulated in Tet2-KO neutrophils
while Tesc was upregulated in Tet2-KO neutrophils. Red plots represent expression in Tet2-KO
samples while blue plots represent expression in Tet2-FF samples. Gene counts were normalized
through the counts per million method that adjusts for sequencing depth. *** indicates p < 0.001
(t-test).

Although we found Hoxa genes to be downregulated in Tet2-KO neutrophils, Hoxa genes
are upregulated in myeloid malignancies such as AML31%_ The literature suggests that over-
expression of Hoxa genes in HSCs impairs myeloid and erythroid differentiation and increases
production of blasts!®>*°’. While it may be predicted that Hoxa gene expression should be
upregulated in CHIP as it is in AML, one should also expect differences between CHIP and
AML since the former is an early disease state while the latter is an advanced disease. In

particular, the blast phenotype associated with Hoxa over-expression is consistent with

aggressive malignancies like AML, but is inconsistent with CHIP.
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The finding that transcripts not commonly associated with neutrophils, such as Sva and
Ighg3, were upregulated in Tet2-KO neutrophils was unexpected. While the upregulation of
immunoglobulin genes may have been due to the presence of lymphoid precursors, it could also
indicate lineage infidelity in Tet2-KO neutrophils which is plausible given the dysregulation of
genes related to the determination of cell fate, such as SRY-box transcription factor (Sox) 13,
Sox4, and the Hoxa gene cluster. As inactivating TET2 mutations are associated with
differentiation block in hematopoietic cells?, it would be informative to explore whether Tet2-
inactivation is associated with an immature phenotype in neutrophils.
6.4 Tet2-inactivation does not have a major effect on LTA-induced gene expression

Subgroup analysis comparing LTA-treated Tet2-KO and Tet2-FF neutrophils found 10
significantly downregulated (padj < 0.05) and three significantly upregulated transcripts (Figure
19). It was surprising that so few differentially expressed transcripts were identified given the
significant functional differences observed in the phagocytosis assay. Since the comparison only
involved four samples in each group, it may have been underpowered to detect significant
differences in gene expression. Alternatively, the results may indicate that Tet2 does not play a
major role in regulating the expression of genes induced by LTA. It may be beneficial to perform
follow up gRT-PCR experiments assessing expression of genes related to motility in LTA-
treated Tet2-KO neutrophils and controls to clarify the effects of Tet2-deficiency on LTA-

induced gene expression.
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Figure 19. Volcano plot of differentially expressed transcripts between LTA-treated Tet2-KO and Tet2-FF
neutrophils

The threshold of significance was padj < 0.05, and transcripts with an absolute log2 fold change
value above 1 were considered to have a large fold change. Transcripts meeting both the
significance and fold change thresholds are marked in red, those that only meet the fold change
threshold are in green and the rest that meet neither threshold are in grey.

6.5 Tet2-deficient neutrophils at baseline show downregulation of genes associated with
motility and adhesion

Subgroup analysis comparing Tet2-KO and Tet2-FF neutrophils at baseline found 25
significantly downregulated (padj < 0.05) and five significantly upregulated genes (Figure 20).
Many of the downregulated genes were associated with motility or adhesion; Rasgefla, CDC42
effector protein 2 (Cdc42ep2), and dedicator of cytokinesis 9 (Dock9) have predicted
involvement in actin cytoskeleton rearrangement, while olfactomedin 4 (Olfm4), and
thrombospondin 1 (Thbs1) have predicted roles in adhesion*. Perhaps Tet2-deficient

neutrophils have a lower baseline level of motility compared to wildtype neutrophils due to
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constitutive defects. To test this hypothesis, a potential future direction would be to perform

migration and motility assays on neutrophils at baseline or with minimal stimulation.
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Figure 20. Volcano plot of differentially expressed genes between Tet2-FF and Tet2-KO neutrophils at
baseline

Many genes associated with adhesion and motility were downregulated in Tet2-KO neutrophils.
The threshold of significance was padj < 0.05, and transcripts with an absolute log2 fold change
value above 1 were considered to have a large fold change. Transcripts meeting both the
significance and fold change thresholds are marked in red, those that only meet the significance
threshold are blue, those that only meet the fold change threshold are in green and the rest that
meet neither threshold are in grey.

6.6 Strengths and limitations of the bulk RNA-seq analysis
The effects of Tet2-deficiency on the neutrophil transcriptome have not yet been
characterized and this study addressed a gap in the literature by investigating gene expression

differences between Tet2-KO and Tet2-FF neutrophils at baseline and after activation with LTA.
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While the literature has focused on pathological gain-of-function phenotypes associated with
Tet2-deficiency, such as increased self-renewal in HSCs>*® and the hyperinflammatory
phenotype in macrophages?’, this study shows that it may also associate with defects in
neutrophil function.

A limitation is that the differentially expressed genes identified by RNA-seq have not yet
been validated. Expression of key genes involved in motility (Cxcrl, P-selectin (Selp), Cass4,
Fer), neutrophil differentiation (Hoxa5, Hoxa7, Hoxa9, Tesc), and the interferon response
(Ifitm1, Igtp, Oas3, Adar) will be assessed in the future through gRT-PCR, Western blotting, and
flow cytometry where applicable. Furthermore, although Tet2 is predicted to be inactivated
through excision of exon 3, loss of Tet2 enzymatic function has not been confirmed. This can be
addressed through MeDIP to quantify levels of 5-hmC and 5-mC between Tet2-KO and Tet2-FF
neutrophils.

Bulk RNA-seq was performed on bone marrow samples containing mostly mature
neutrophils with some immature progenitors; this had advantages and disadvantages. The
disadvantage with the heterogeneous population is that it is unclear whether the gene expression
differences were due to the mature neutrophils or progenitor populations. However, including
bone marrow progenitors facilitates detection of immature phenotypes or abnormalities in
neutrophil development while a homogenous sample of mature neutrophils in the PB is unlikely
to reveal subtle differences in differentiation. Our lab is planning to conduct single cell RNA-seq
on Tet2-deficient leukocytes, which will clarify the cell-specific effects of Tet2-inactivation.

A limitation of the 3’ poly A tail capture method used in library preparation was that
miRNAs and long non-coding RNAs (IncRNA) lacking poly-A tails®® were not captured. Tet2

regulates the expression of certain miRNAs®%161 and it possible that miRNAs may have
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mediated some of the gene expression differences between Tet2-KO and Tet2-FF neutrophils.
Hypermethylation and downregulation of miRNAs may be part of the mechanism underlying the
upregulation of genes in Tet2-deficient neutrophils, but this will need to be investigated in
subsequent miRNA sequencing experiments.

Another consideration relating to the experimental design is that the Tet2/1* vay-iCre
mouse model has a documented Vav-iCre transgene insertion in the intron of COMM domain
containing 10 (Commd10)*62, Differential expression analysis identified Commd10 as a
significantly upregulated transcript in Tet2-KO neutrophils, but this might be a consequence of
the transgene insertion. Tet2-KO mice have the Vav-iCre transgene, but Tet2-FF mice do not.
The active Vavl promoter might be driving expression from the Commd10 gene, thus the
Commd10 finding should be interpreted with caution. For this reason, Commd10 was not a gene

we considered among those plausibly affected by Tet2-deficiency.
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Chapter 7: Summary and Future Directions

The findings of this study suggest that Tet2-deficiency affects neutrophil function and
gene expression. CHIP subjects, including the TET2-CHIP subgroup, showed upregulation of
MPO and LTF serum protein titers which suggests that TET2 and other CHIP mutations may be
associated with dysregulation of neutrophil granule biology. Interestingly, CHIP VAF correlated
with LTF serum protein titers, implying a dose-dependent effect. The upregulation of neutrophil
granule proteins, particularly MPO, was concerning because elevated serum protein titers are
associated with cardiovascular and inflammatory diseases®*34€®, In fact, 27% of CHIP subjects
have MPO serum protein titers over 72,000 pg/mL, meeting the clinical threshold for high risk of

cardiovascular disease3+1%°,

Elevated serum protein titers were associated with CHIP, but the underlying mechanism
is unclear. One hypothesis was that enhancers and promoter elements associated with neutrophil
granule proteins and transcription factors that regulate the granule genes were differentially
methylated between CHIP subjects and controls. A future direction could be to perform MeDIP
to assess whether the levels of 5-hmC and 5-mC differ at these regulatory elements. Another
hypothesis was that the increased serum titers may reflect differences in degranulation rather
than differences in expression. To test this, neutrophils isolated from CHIP subjects and controls
would be treated with varying concentrations of an activating agent like fMLP to determine their
threshold for degranulation. Furthermore, Western blotting and intracellular ELISA assays could
be performed to determine whether there are differences in protein abundance of neutrophil
granules between CHIP and No CHIP subjects. These experiments could clarify the mechanism
by which CHIP mutations contribute to increased serum protein titers of neutrophil granule

proteins.
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In the Tet2f1o¥Mox \/ay-iCre mouse model, it was shown that Tet2-deficient neutrophils
have impaired motility and phagocytic function. Complementing the functional findings, bulk-
RNA-seq analysis showed that Tet2-KO neutrophils had decreased expression of genes related to
motility. Since phagocytosis is one of the primary immune mechanisms against bacterial
pathogens, these functional defects may contribute to an increased risk of bacterial infection in
TET2-deficient hosts. However, Tet2-deficiency is also associated with a hyper-inflammatory
phenotype’"® which may protect against infection; therefore the overall effect of Tet2-
deficiency on infection risk is unclear. To clarify this, a future direction could be to compare
infection severity and the rate of infection clearance between Tet2-KO and control mice in an in

vivo model of infection.

The defects in motility and phagocytosis were demonstrated in a knockout mouse model
and it would be beneficial to investigate whether the neutrophil dysfunction phenotype
generalizes to TET2-CHIP in humans. Similar in vitro phagocytosis and motility assays can be
performed on neutrophils isolated from TET2-CHIP subjects and controls. Another caveat is that
while all hematopoietic cells are predicted to be Tet2-deficient in Tet2-KO mice, only a fraction
of leukocytes in TET2-CHIP subjects are predicted to carry the mutation, thus the wildtype
leukocytes may compensate for the loss-of-function in the TET2-mutant leukocytes, reducing the
risk of infection. Therefore, it would also be informative to perform epidemiological analyses to
assess whether TET2-CHIP subjects have increased susceptibility to infection.

In addition to the finding of decreased motility, RNA-seq analysis also identified
dysregulation of genes related to neutrophil development and an upregulated anti-viral response
signature in Tet2-KO neutrophils which resembled the interferon signature in MDS

patients**®14%, Given that Tet2-CHIP can progress to MDS, this may indicate that dysfunctional
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characteristics associated with advanced disease may already be present at early stages like
CHIP, which could provide insight into the process of disease progression. Subsequent
experiments could analyze whether neutrophils from TET2-CHIP subjects show upregulation of
interferon related genes. Another potential future direction could be to further explore the
dysregulation of neutrophil development and whether neutrophils from Tet2-KO mice show
lineage infidelity or signs of immaturity. Some studies have performed transcriptomic profiling
of neutrophils in different stages of development®214 and the bulk RNA-seq results could be
compared to those published profiles to evaluate whether Tet2-deficient neutrophils resemble
immature neutrophils. To address the limitation that the gene expression differences in mature
neutrophil and progenitor populations cannot be distinguished in bulk RNA-seq, single-cell
RNA-seq will be performed on leukocytes from TET2-CHIP subjects. Furthermore, gRT-PCR,
Western blot, and flow cytometry validation of RNA-seq targets will be performed.

Beyond investigating the effects of TET2 deficiency on neutrophils, it would also be
informative to characterize how DNMT3A deficiency affects neutrophils. Like TET2, DNMT3A
is one of the most commonly mutated genes in CHIP>!6 and given the prevalence of CHIP
among the elderly, it would be important to gain a better understanding of the pathology of
DNMT3A-CHIP. Furthermore, DNMT3A has a major role in epigenetic regulation®®, thus
inactivating mutations are predicted to impact neutrophil function. One of the future directions
could be to perform bulk RNA-seq comparing Dnmt3a-KO and control neutrophils to explore

the transcriptomic effects of Dnmt3a deficiency.

In summary, we found that TET2-deficiency associated with differences in neutrophil
function and gene expression. Follow-up studies are required to gain a better understanding of

the underlying mechanisms of these functional changes and whether they contribute to biological
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endpoints like risk of infection. Although research on CHIP has been focused on M®
populations, we are hopeful that these findings will encourage further investigations into the role
of neutrophils in CHIP pathology. As CHIP pathogenesis likely involves multiple leukocyte
populations, studies on neutrophils and other leukocyte populations are necessary to gain a
comprehensive understanding of the disease and thus address the “indeterminate potential” of

CHIP.
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Appendix A: Notice of renewal of the ethics approval for the study on a cohort
of CHIP subjects and controls

OUEEN'S UNIVERSITY HEALTH SCIEMCES B AFFILIATED TEACHING HOSPITALS RESEARCH ETHICS BOARD [HSREB)

HSREB Renewal of Ethics Clearance
December 06, 2019

Dr. Michael Rauh
Pathology and Molecular Medicine
Queen's University

TRAD #: 6014336

Department Code: PATH-147-14

Study Title: "PATH-147-14 Screening for MDS mutations in the aging population for early detection of disease™
Review Type: Delegated

Date Ethics Clearance Effective: December 06, 2019

Ethics Clearance Expiry Date: December 06, 2020

Dear Dr. Rauh:

The Queen's University Health Sciences & Affiliated Teaching Hospitals Research Ethics Board (HSREB) has reviewad
the application. This study, including all currently approved documentation has been granted ethical clearance until the expiry
date noted abowve.

Prior to the expiration of your ethics clearance, you will be reminded to submit your renewal report through TRAQ. any lapses in
ethical clearance will be documented below.

Lapse in Ethics Clearance: 2019DEC0O4 — 2019DECDS

Regards,

1 g
(lift & Lok
Albert F. Clark, PhD
Chair, Queen's University Health Sciences and affiliated Teaching Hospitals Ethics Board

The HSREE operates in compliance with, and is constituted in accordance with, the requirements of the Tri-Council Palicy
Statement: Ethical Conduct for Research Invalving Humans (TCPS 2); the international Conference on Harmanisation Good
Clinical Practice Consolidated Guideline (ICH GCP); Part C, Division 5 of the Food and Drug Regulations; Part 4 of the Natural
Health Preduct Regulations; Part 3 of the Medical Devices Regulations, and the provisions of the Ontario Personal Health
Informaticn Protection Act (PHIPA 2004) and its applicable regulations. The HSREB is qualified through the CTO REB Qualification
Program and is registered with the U.5. Department of Health and Human 5ervices (DHHS) Office for Human Research Protection
[OHRP). Federalwide Assurance Number: FWAR: 00004184, IRER: 00001173

HSREB members involved in the research project do not participate in the review, discussion or decision.
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Appendix B: Notice of renewal of the ethics approval from the Queen’s
University Animal Care Committee

Animals in Science

Your Animal Care Protocol Renewal 2017-1724

Title: Elucidation of immune dysregulation in genetic murine models of myelodysplastic syndromes
(MDS)

has now been approved by the Queen's University Animal Care Committee.

Expiration Date: 3/23/2021
Renewal Date: 3/23/2020

Authorized Amount:
Mouse #1

Breeding Only: 74
Category B (GEM): 324

http://topaz.queensu.ca/TOPAZElements/

If you have any questions, please feel free to contact the UACC Coordinator at uacc@queensu.ca.
Thank You

Genevieve Acteau

Office of University Animal Care Committee
Telephone X 78805

uacc@queensu.ca
https://www.gueensu.ca/animals-in-science/
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Appendix C: Detailed live cell imaging analysis protocol

First, images were filtered to only display red fluorescent signal from the MitoTracker
dye. We then applied a function to identify all MitoTracker-positive regions in the field of view
that were the size of a cell or larger (Figure C1). This function marks out regions occupied by
neutrophils for downstream co-localization analysis. The size restriction distinguishes
neutrophils from bacteria and background noise. However if some neutrophils had poor

MitoTracker signal, such as if they were out of the focal plane, then they may not be recognized

as cells and would be excluded from the analysis.

Figure C1. Workflow for identifying neutrophil-occupied regions

A) This bright field image shows the outline of neutrophils and bacteria. B) Composite image
showing green fluorescence from GFP labelled bacteria, red fluorescence from mitochondria, and
blue fluorescence from nuclei. C) The red fluorescence filter was applied to only analyze this
channel. Both neutrophil and bacterial mitochondria are stained by MitoTracker. D) A binary
image was made based on the intensity of the red fluorescent signal (i.e. faintly staining regions
were excluded from this binary image). To distinguish between neutrophils and bacteria, a size
exclusion filter was applied. Only regions of a certain size are counted as neutrophils.
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Individual S. aureus were identified by their GFP-signals. However phagocytosed S.
aureus often appear as clusters in neutrophils so it can be challenging to quantify the number of
bacteria in the cluster. To address this issue, we applied a function to detect focal points

(maxima) with high fluorescence (Figure C2).

Figure C2. Workflow for identifying individual S. aureus

A) The green fluorescence filter was applied to visualize the GFP signal from S. aureus. B) The
find maxima function was used to identify individual bacteria. This method is required to
approximate the number of phagocytosed bacteria because they appear as a tightly packed
clusters.
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Each maxima was translated into a single point on a binary map of the field of view and
neutrophil-occupied regions were overlaid onto this map (Figure C3). Each maxima represents a

bacterium and this method quantifies the number of bacteria that each neutrophil phagocytosed.

Figure C3. Overlaying S. aureus binary map with the map of neutrophil-occupied regions
A) Map of the regions each neutrophil occupies. B) Binary map of the location of each S. aureus
C) Overlay of the two maps, we can see some dots representing S. aureus within the neutrophil-
occupied regions, these were interpreted as phagocytosis events.
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Appendix D: MATLAB Pre-processing and DESeq2 Analysis Code

MATLAB Pre-processing code

%% Pre-processing and visualization of the mouse neutrophil
RNAseq data

5 {

Objectives:

1. Visualize data before pre-processing

2. Perform normalization

3. Remove samples with poor correlation, low variability or
low read length

4. Filter out genes with low expression

5. Visualize after pre-processing

5}

% {
Author: Michael Luo
Last modified: March 30 2020

5}

o®

% Load the data

import the .csv file into matlab then save the workspace
load workspace file

load Star gene counts.mat

o\°

o®

%% Define variables

sampleIDs = Starcounts(l, 2:end);

GenelIDs = Starcounts(2:end, 1);

gene counts = cellZmat (Starcounts (2:end, 2:end));
num rows = size (gene counts, 1);

num cols = size(gene counts, 2);

%% visualize the raw data

% calculate and visualize total counts

total counts = sum(gene counts);
plotScatterForData (total counts, 'Raw Data Total Counts',
'"Total Count', samplelDs):;

% calculate and visualize Inter-Quartile Range (IQR)
sample iqr = iqgr (gene counts);
plotScatterForData (sample iqr, 'Raw Data IQR', 'Inter-
Quartile Range', samplelDs);
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[e)

% replace zeroes and log-transform, then create boxplots
log2 raw data = logZ(replaceZeros(gene counts, 'lowval'));

figure
boxplot (log2 raw data, 'labels', samplelDs,
'LabelOrientation', 'inline')
xlabel ('Mouse Neutrophil Samples')
ylabel ('Log2 mRNA Expression')
title ('mRNA Expression Across Samples')
% calculate and visualize Spearman Correlations
raw_correlation = SampleCorrelation (gene counts,
'Spearman') ;
plotScatterForData (raw correlation, 'Average Spearman
Correlation', ...

'Spearman Correlation', samplelDs):;

%% Counts per million (CPM) Normalization
% calculate the cpm scaling factor for each column by
dividing the total

% counts by 1 million
cpm _scaling factor per col = total counts/1000000;

%initialize output matrix with zeroes as placeholders
cpm_counts = zeros(num rows, num cols);
% Use a For loop to apply the CPM scaling factor to each
column
for curr col = l:num cols
for curr row =l:num rows
cpm_ counts (curr row, curr col) =
gene_ counts (curr row,
curr col)/cpm scaling factor per col(l, curr col);
end
end

%% visualize the normalized data

% calculate and visualize total counts

cpm_total counts = sum(cpm counts);
plotScatterForData (cpm total counts, 'CPM Normalized Total
Counts', 'Total Count', samplelDs):;

[

% calculate and visualize Inter-Quartile Range (IQR)
cpm igr = igr (cpm counts);

80



plotScatterForData (cpm iqgr, 'CPM Normalized IQR', 'Inter-
Quartile Range', samplelDs);

% replace zeroes and log-transform, then create boxplots

log2 cpm data = logZ(replaceZeros (cpm counts, 'lowval'));

figure
boxplot (log2 cpm data, 'labels', samplelDs,
'LabelOrientation', 'inline')
xlabel ('Mouse Neutrophil Samples')
ylabel ('Log2 mRNA Expression')
title ('mRNA Expression Across Samples')
% calculate and visualize Spearman Correlations
cpm correlation = SampleCorrelation(cpm counts,
'Spearman') ;
plotScatterForData (cpm correlation, 'Average Spearman
Correlation', ...

'Spearman Correlation', samplelDs):;

5 {

sample 2 FF Base 1s an outlier with low correlation to the

other samples

we also know that the library amplifcation is weak so we

will remove it

5}

%% removing the sample with poor correlation

lower outlier boundary = quantile(cpm correlation, 0.25)...
- 1.5*igr (cpm correlation);

keepflag = cpm correlation > lower outlier boundary;

% update the gene count table and the sampleid variable

cpm counts no outlier = cpm counts(:, keepflagqg);

sampleIDs no outlier = sampleIDs (1, keepflag);

o\°

% visualize the data without the low correlation outlier
% calculate and visualize Inter-Quartile Range (IQR)

cpm igr no outlier = iqgr (cpm counts no outlier);
plotScatterForData (cpm igr no outlier, 'CPM Normalized IQR
without outlier', .

'"Inter-Quartile Range', sampleIDs no outlier);

[

% replace zeroes and log-transform, then create boxplots
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log2 cpm counts no outlier =
logZ2 (replaceZeros (cpm_counts no outlier, 'lowval'));

figure

boxplot (log2 cpm counts no outlier, 'labels',
sampleIDs no outlier, 'LabelOrientation', 'inline')
xlabel ('Mouse Neutrophil Samples')

ylabel ('Log2 mRNA Expression')

title ('mRNA Expression Across Samples without outliere of

)

% calculate and visualize Spearman Correlations

cpm_correlation no outlier =

SampleCorrelation (cpm counts no outlier, 'Spearman');

plotScatterForData (cpm correlation no outlier, ...
'Average Spearman Correlation without outlier',...
'Spearman Correlation', sampleIDs no outlier);

%% Filter out genes with low counts

$set the filtering threshold to the 90th percentile of

expression and keep

$features that have at least two samples that pass this
threshold.

Filter = FilterLowCounts (cpm counts no outlier, 0.90);

%apply filter to gene count matrix as well as the genelD
list

Filtered cpm count matrix = cpm counts no outlier (Filter,
1) 7

Filtered GeneIDs = GenelDs (Filter, 1);

% The initial dataset contained 46000 genes, the filtered
dataset contains

(o)

% around 5700 genes

o\°

% visualize the filtered data

% calculate and visualize Inter-Quartile Range (IQR)
Filtered cpm iqr = iqgr(Filtered cpm count matrix);
plotScatterForData(Filtered cpm iqr, 'Filtered, CPM
Normalized IQR', ...

'"Inter-Quartile Range', sampleIDs no outlier);

[

% replace zeroes and log-transform, then create boxplots
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Filtered log2 cpm data =
log2 (replaceZeros (Filtered cpm count matrix, 'lowval'));

figure
boxplot (Filtered log2 cpm data, 'labels',
sampleIDs no outlier,...
'LabelOrientation', 'inline')
xlabel ('Mouse Neutrophil Samples')
ylabel ('Log2 mRNA Expression')
title ('mRNA Expression Across Samples After Filtering')

% calculate and visualize Spearman Correlations
$Filtered cpm correlation =
SampleCorrelation (Filtered cpm count matrix, 'Spearman');
splotScatterForData (Filtered cpm correlation, ...

3 '"CPM Normalized and Filtered Average Spearman
Correlation', ...
% 'Spearman Correlation', sampleIDs no outlier);

%% END of script

DESeq2 analysis code — Tet2-FF vs Tet2-KO with treatment as a co-variate

{r}

#load libraries

library("DESeq2") # Fold change analysis
library("gplots™) # Plotting functions

library("ggplot2") # Plotting functions
library(“ggrepel™) # prevents overlapping text
library("RColorBrewer")  # Colour palettes
library("biomaRt") # Download gene annotation
library("EnhancedVolcano") # volcano plots

NN

{1}
# load data

countData <- read.csv('Star_counts_outlier_removed.csv', header = TRUE, sep =",")
head(countData)

metaData <- read.csv('mouse_RNAseq_sample_info.csv', header = TRUE, sep =",")
head(metaData)

NN
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Ny
# create dds object
ddsFullCountTable <- DESeqDataSetFromMatrix(
countData = countData,
colData = metaData,
design = ~ genotype + treatment, tidy = TRUE)
ddsFullCountTable

dds <- ddsFullCountTable

—{r}
# relevel the genotype factor so that the log2 fold changes are calculated releative to Tet2FF
dds$genotype <- relevel(dds$genotype, "Tet2FF")

[}
# run DESeq2

dds <- DESeq(dds)
resultsNames(dds)

“{r plot_PCA fig.width=12,fig.height=12,eval=T,echo=F}
## Principal component analysis

# Make rlog (regularlized log) transform of counts
logtransform_counts<-rlog(dds)

# Plot PCA, with labelling by genotype, and add text annotation of sample names
plotPCA(logtransform_counts,intgroup="genotype")+geom_text(aes(label=colData(dds)$sample

),
hjust=0,vjust=1,size=4)

# Plot PCA with labeling by batch number, and add text annotation of sample names
plotPCA(logtransform_counts,intgroup="batch")+geom_text(aes(label=colData(dds)$sample),
hjust=0,vjust=1,size=4)

Ny
#Download Gene Annotations
ens_gene_ids = rownames(dds)
ensembl <- useEnsembl("ensembl”, dataset = "mmusculus_gene_ensembl", mirror = "asia™)
gene_list <- getBM(attributes = c("uniprot_gn_id", "ensembl_gene_id", "mgi_symbol"),
filters = "ensembl_gene_id",
values = ens_gene_ids,
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mart = ensembl)

#Create index of the annotations that we want to keep (filters out annotations not in our data set)
gene_list_index<-match(sapply(strsplit(rownames(dds),"[.]"),"[",1),gene_listSensembl_gene_id)

—{r}
## inspect results produced by default DESeq?2 settings

#note in the contrast function, you must specify the three terms in the following order: name of

variable, name of level in numerator, name of level in denominator. In this case we are using FF
as the denominator so a fold change of 2 means that the KO has 2 times greater epxression than

FF

results KOvsFF <- results(dds, contrast =c("'genotype", "Tet2KO", "Tet2FF"), alpha = 0.05)
#head(results_ KOvsFF)

summary(results_ KOvsFF)

sum(results_KOvsFF$padj<0.05, na.rm = T)

—{r}

# apply the apeglm technique (Zhu et al 2018) to generate "shrunken fold changes”
apeglm_results_ KOvsFF<-IfcShrink(dds, "genotype Tet2KO _vs_Tet2FF", type="apegim™)
#head(apeglm_results_KOvsFF, 10)

summary(apeglm_results KOvsFF)

sum(apeglm_results_KOvsFF$padj<0.05, na.rm = T)

1}
# apply annotation to both sets of results (default DESeq2 results and after apeglm)
results KOvsFF$ensembl _gene_id<-gene_listSensembl_gene_id[gene_list_index]
results_ KOvsFF$uniprot_gn_id<-gene_listSuniprot_gn_id[gene_list_index]

results KOvsFF$mgi_symbol<-gene_listSmgi_symbol[gene_list_index]

apeglm_results_ KOvsFF$ensembl_gene_id<-gene_listdensembl_gene_id[gene_list_index]
apeglm_results_ KOvsFF$uniprot_gn_id<-gene_listuniprot_gn_id[gene_list_index]
apeglm_results_ KOvsFF$mgi_symbol<-gene_list$mgi_symbol[gene_list_index]

#results KOvsFF_pre_annotate <- chind(rownames(results_ KOvsFF),
data.frame(results_ KOvsFF, row.names = NULL))
#names(results_KOvsFF_pre_annotate)[1] <- “ensembl_gene_id"
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#results_ KOvsFF_annotated<- merge(results_KOvsFF_pre_annotate, gene_list,
by="ensembl_gene_id")

#logfc_results KOvsFF_pre_annotate <- chind(rownames(logfc_results_ KOvsFF),
data.frame(logfc_results KOvsFF, row.names = NULL))
#names(logfc_results_KOvsFF_pre_annotate)[1] <- "ensembl_gene_id"

#logfc_results KOvsFF_annotated<- merge(logfc_results KOvsFF_pre_annotate, gene_list,
by="ensembl_gene_id")

#logfc_results_KOvsFF$ensembl_gene_id<-

logfc_results KOvsFF_annotated$ensembl_gene_id

{r fig.width=12,fig.height=12}
##Volcano plot for results produced using default DESeqz2 settings
EnhancedVolcano(results_ KOvVsFF,

lab = results_ KOvsFF$mgi_symbol,

x = 'log2FoldChange’,

y = 'pvalue’,

title = "Tet2KO vs Tet2FF, all treatment groups',

pCutoff = 0.0006,

transcriptPointSize = 2.0,

transcriptLabSize = 4.0)

“{r plot_volcanoes,fig.width=10,fig.height=6,eval=T}
## volcano plots (before and after logfc)

## Plot the results before apeglm

with(results_ KOvsFF,plot(log2FoldChange,-log10(pvalue),xlab="log2FoldChange",
ylab="-log10(p-value)",main="Tet2FF vs Tet2KO Volcano

Plot",pch=20,cex=2.0,col="#99999950"))

## Highlight genes with padj<0.05
with(results_ KOvsFF[which(results KOvsFF$padj<0.05),],
points(log2FoldChange,-log10(pvalue),xlab="log2FoldChange",ylab="-log10(p-value)",
col="#EE2C2C60",pch=20,cex=2.0))

## plot the apeglm-adjustment results

with(apeglm_results_ KOvsFF,plot(log2FoldChange,-log10(pvalue),xlab="log2FoldChange",
ylab="-log10(p-value)",main="apeglm adjusted Tet2FFvs Tet2KO Volcano

plot",pch=20,cex=2.0,col="#99999950"))

## Highlight genes with padj<0.05

with(apeglm_results KOvsFF[which(apeglm_results KOvsFF$padj<0.05),],
points(log2FoldChange,-log10(pvalue),xlab="log2FoldChange",ylab="-log10(p-value)",

col="#EE2C2C60",pch=20,cex=2.0))
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# add gene annotations to points of interest

#with(apeglm_results_KOvsFF,

#  text(

#  x=log2FoldChange[log2FoldChange==apeglm_results KOvsFF$log2FoldChange],
#  y=-logl0(pvalue)[-log10(pvalue)==-log10(apeglm_results_KOvsFF$pvalue)],

#  apeglm_results KOvsFF$mgi_symbol[log2FoldChange ==
apeglm_results_KOvsFF$log2FoldChange],

# cex =1,

# pos = 2,

#  col ="red"
# )

Sy

## Write results to file

# All results

df.out<-as.data.frame(apeglm_results KOvsFF)

write.table(df.out,file="Tet2KO_vs_Tet2FF all_genes.txt",sep="\t",row.names=F,col.names=T,
quote=F)

# Significant results (padj < 0.05)
write.table(df.out[which(df.out$padj<0.05),],file="Tet2KO_vs_Tet2FF _sig_genes.txt",sep="\t",r
ow.names=F,

col.names=T,quote=F)

## For g.Profiler analysis, output (a) lists of Ensembl genelDs (up or down) ranked by fold
change), and
## (b) a list of all Ensembl genelDs used in the analysis

# Rank df.out by log2FoldChange (low to high)
df.out<-df.out[order(df.out$log2FoldChange),]
sig_down<-df.out[which(df.out$padj<0.05 & df.out$log2FoldChange<0),]$ensembl_gene_id

# Rank df.out high to low
df.out<-df.out[order(df.out$log2FoldChange,decreasing=T),]
sig_up<-df.out[which(df.out$padj<0.05 & df.out$log2FoldChange>0),]$ensembl_gene_id

#create output files

write.table(sig_up,file="Tet2KO _vs_Tet2FF_up_ensembl.txt",row.names=F,col.names=F,quote
:F)
write.table(sig_down,file="Tet2KO_vs_Tet2FF_down_ensembl.txt",row.names=F,col.names=F,
quote=F)
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write.table(df.out$ensembl_gene_id,file="Tet2KO_vs_Tet2FF_all_ensembl.txt",row.names=F,c
ol.names=F,quote=F)

DESeq2 analysis code — Baseline subgroup analysis - Tet2-FF vs Tet2-KO

—{r}

# load libraries

library("DESeq2") # Fold change analysis
library("gplots™) # Plotting functions

library("ggplot2™) # Plotting functions
library("RColorBrewer")  # Colour palettes

library("biomaRt") # Download gene annotation
library("EnhancedVolcano™) # volcano plots
library("dplyr') # Data manipulation

3

# load data

countData <- read.csv(‘Base_Star_counts_outlier_removed.csv', header = TRUE, sep =",")
head(countData)

metaData <- read.csv('Base_mouse_RNAseq_sample_info.csv', header = TRUE, sep =",")
head(metaData,9)

1}
# create dds object
ddsFullCountTable <- DESeqDataSetFromMatrix(
countData = countData,
colData = metaData,
design = ~ genotype, tidy = TRUE)
ddsFullCountTable

dds <- ddsFullCountTable
3

# relevel the genotype factor so that the log2 fold changes are calculated releative to Tet2FF
dds$genotype <- relevel(dds$genotype, "Tet2FF")

Ny
# run DESeq2
dds <- DESeq(dds)
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resultsNames(dds)

“{r plot_PCA fig.width=12,fig.height=12,eval=T,echo=F}
## Principal component analysis

# Make rlog (regularlized log) transform of counts
logtransform_counts<-rlog(dds)

# Plot PCA, and add text annotation of sample names
plotPCA(logtransform_counts,intgroup="genotype")+geom_text(aes(label=colData(dds)$sample

),
hjust=0,vjust=1,size=4)

3
#Download Gene Annotations
ens_gene_ids = rownames(dds)
ensembl <- useEnsembl("ensembl”, dataset = "mmusculus_gene_ensembl", mirror = "asia™)
gene_list <- getBM(attributes = c("uniprot_gn_id", "ensembl_gene_id", "mgi_symbol"),
filters = "ensembl_gene_id",
values = ens_gene_ids,
mart = ensembl)

#Create index of the annotations that we want to keep (filters out annotations not in our data set)
gene_list_index<-match(sapply(strsplit(rownames(dds),"[.]"),"[",1),gene_listsensembl_gene_id)

1}
# inspect results produced by default DESeq2 settings

results KOvsFF <- results(dds, contrast =c(""genotype", "Tet2KO", "Tet2FF"), alpha = 0.05)
#head(results_ KOvsFF)

summary(results_ KOvsFF)

sum(results_KOvsFF$padj<0.05, na.rm = T)

Ny
# apply the apeglm technique (Zhu et al 2018) to generate "shrunken fold changes”
apeglm_results KOvsFF<-IfcShrink(dds, "genotype Tet2KO_vs_Tet2FF", type="apeglm")
#head(apeglm_results_ KOvsFF, 10)

summary(apeglm_results KOvsFF)

sum(apeglm_results_KOvsFF$padj<0.05, na.rm = T)
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{r}

##Add annotations to the volcano plot

# create dataframe

results_dataframe <- as.data.frame(apeglm_results KOvsFF)

# create volcano plot

volcanoplot <- ggplot(results_dataframe, aes(results_dataframe$log2FoldChange,
-log10(results_dataframe$pvalue))) + geom_point(color = 'black’)

+ theme_classic(base_size = 10)

volcanoplot <- ggplot(results_dataframe, aes(results_dataframe$log2FoldChange,
-log10(results_dataframe$pvalue),
label = results_dataframe$mgi_symbol)) + geom_point()

#
volcanoplot + geom_text()

with(apeglm_results KOvsFF,plot(log2FoldChange,-log10(pvalue),xlab="log2FoldChange",
ylab="-log10(p-value)",main="apeglm adjusted Baseline Tet2FF vs Tet2KO Volcano
plot”,pch=20,cex=0.7,col="#99999950"))
# Highlight genes with padj<0.05
with(apeglm_results KOvsFF[which(apeglm_results KOvsFF$padj<0.05),],
points(log2FoldChange,-log10(pvalue),xlab="log2FoldChange",ylab="-log10(p-value)",
col="#EE2C2C60",pch=20,cex=2.0))

Sy
# apply annotation to both sets of results (default DESeq2 and apeglm adjustment)
results KOvsFF$ensembl _gene_id<-gene_listSensembl_gene_id[gene_list_index]
results_ KOvsFF$uniprot_gn_id<-gene_listSuniprot_gn_id[gene_list_index]
results KOvsFF$mgi_symbol<-gene_listSmgi_symbol[gene_list_index]

apeglm_results_ KOvsFF$ensembl_gene_id<-gene_listensembl_gene_id[gene_list_index]

apeglm_results_ KOvsFF$uniprot_gn_id<-gene_listSuniprot_gn_id[gene_list_index]
apeglm_results_ KOvsFF$mgi_symbol<-gene_listdmgi_symbol[gene_list_index]
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[

## Volcano plots for the apeglm-adjusted results

# plot the apeglm-adjustment results

with(apeglm_results KOvsFF,plot(log2FoldChange,-log10(pvalue),xlab="log2FoldChange",
ylab="-log10(p-value)",main="apeglm adjusted Baseline Tet2FF vs Tet2KO Volcano

plot”,pch=20,cex=0.7,col="#99999950"))

# Highlight genes with padj<0.05

with(apeglm_results KOvsFF[which(apeglm_results KOvsFF$padj<0.05),],
points(log2FoldChange,-log10(pvalue),xlab="log2FoldChange",ylab="-log10(p-value)",

col="#EE2C2C60",pch=20,cex=2.0))

{r fig.width=12,fig.height=12}
##Volcano plot for results produced using default DESeq2 settings
EnhancedVolcano(results_ KOvVsFF,

lab = results_KOvsFF$mgi_symbol,

x = 'log2FoldChange’,

y = 'pvalue’,

pCutoff = 0.00013,

title = 'Baseline Tet2KO vs Tet2FF',

transcriptPointSize = 2.0,

transcriptLabSize = 4.0)

3
## Write results to file

# All results

df.out<-as.data.frame(apeglm_results KOvsFF)
write.table(df.out,file="Base_Tet2KO vs_Tet2FF all_genes.txt",sep="\t",row.names=F,col.nam
es=T,quote=F)

# Significant results (padj < 0.05)
write.table(df.out[which(df.out$padj<0.05),],file="Base_Tet2KO_vs_Tet2FF _sig_genes.txt",sep
="\t",row.names=F,

col.names=T,quote=F)

## For g.Profiler analysis, output (a) lists of Ensembl genelDs (up or down) ranked by fold
change), and
## (b) a list of all Ensembl genelDs used in the analysis

# Rank df.out by log2FoldChange (low to high)

df.out<-df.out[order(df.out$log2FoldChange),]
sig_down<-df.out[which(df.out$padj<0.05 & df.out$log2FoldChange<0),]$ensembl_gene_id
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# Rank df.out high to low
df.out<-df.out[order(df.out$log2FoldChange,decreasing=T),]
sig_up<-df.out[which(df.out$padj<0.05 & df.out$log2FoldChange>0),]$ensembl_gene id

#create output files
write.table(sig_up,file="Base_Tet2KO_vs_Tet2FF_up_ensembl.txt",row.names=F,col.names=F,
quote=F)
write.table(sig_down,file="Base_Tet2KO_vs_Tet2FF_down_ensembl.txt",row.names=F,col.na
mes=F,quote=F)

write.table(df.out$ensembl_gene_id,file="Base_Tet2KO_vs_Tet2FF _all_ensembl.txt",row.name
s=F,col.names=F,quote=F)

DESeq2 analysis code — LTA subgroup analysis - Tet2-FF vs Tet2-KO

—{r}

# load libraries

library("DESeq2") # Fold change analysis
library("gplots™) # Plotting functions

library(“ggplot2") # Plotting functions
library("RColorBrewer")  # Colour palettes

library("biomaRt") # Download gene annotation
library("EnhancedVolcano") # volcano plots
library("dplyr") # Data manipulation

1}

# load data

countData <- read.csv('LTA_Star_counts.csv', header = TRUE, sep =",")
head(countData)

metaData <- read.csv('LTA_mouse_RNAseq_sample_info.csv', header = TRUE, sep =",")
head(metaData,9)

Sy
# create dds object
ddsFullCountTable <- DESegDataSetFromMatrix(
countData = countData,
colData = metaData,
design = ~ genotype, tidy = TRUE)
ddsFullCountTable

dds <- ddsFullCountTable
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{r}
# relevel the genotype factor so that the log2 fold changes are calculated releative to Tet2FF
dds$genotype <- relevel(dds$genotype, "Tet2FF")

—{r}

# run DESeq2

dds <- DESeq(dds)
resultsNames(dds)

“{r plot_PCA fig.width=12,fig.height=12,eval=T,echo=F}
## Principal component analysis

# Make rlog (regularlized log) transform of counts
logtransform_counts<-rlog(dds)

# Plot PCA, and add text annotation of sample names
plotPCA(logtransform_counts,intgroup="genotype")+geom_text(aes(label=colData(dds)$sample

),
hjust=0,vjust=1,size=4)

3
#Download Gene Annotations
ens_gene_ids = rownames(dds)
ensembl <- useEnsembl("ensembl”, dataset = "mmusculus_gene_ensembl", mirror = "asia™)
gene_list <- getBM(attributes = c("uniprot_gn_id", "ensembl_gene_id", "mgi_symbol"),
filters = "ensembl_gene_id",
values = ens_gene_ids,
mart = ensembl)

#Create index of the annotations that we want to keep (filters out annotations not in our data set)
gene_list_index<-match(sapply(strsplit(rownames(dds),"[.]"),"[",1),gene_listSensembl_gene_id)

Ny
# inspect results produced by default DESeq2 settings

results KOvsFF <- results(dds, contrast =c("genotype”, "Tet2KO", "Tet2FF"), alpha = 0.05)
#head(results_ KOvsFF)

summary(results_ KOvsFF)

sum(results_KOvsFF$padj<0.05, na.rm = T)
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—{r}

# apply the apeglm technique (Zhu et al 2018) to generate "shrunken fold changes"
apeglm_results_ KOvsFF<-IfcShrink(dds, "genotype Tet2KO _vs_Tet2FF", type="apegim™)
#head(apeglm_results_KOvsFF, 10)

summary(apeglm_results KOvsFF)

sum(apeglm_results_KOvsFF$padj<0.05, na.rm =T)

{r}

# apply annotation to both sets of results (default DESeq2 and apeglm adjustment)
results KOvsFF$ensembl _gene_id<-gene_listSensembl_gene_id[gene_list_index]
results_ KOvsFF$uniprot_gn_id<-gene_listSuniprot_gn_id[gene_list_index]
results KOvsFF$mgi_symbol<-gene_listsmgi_symbol[gene_list_index]

apeglm_results_ KOvsFF$ensembl_gene_id<-gene_listdensembl_gene_id[gene_list_index]
apeglm_results_ KOvsFF$uniprot_gn_id<-gene_listuniprot_gn_id[gene_list_index]
apeglm_results_ KOvsFF$mgi_symbol<-gene_list$mgi_symbol[gene_list_index]

3

## Volcano plots for the apeglm-adjusted results

# plot the apeglm-adjustment results

with(apeglm_results KOvsFF,plot(log2FoldChange,-log10(pvalue),xlab="log2FoldChange",
ylab="-log10(p-value)",main="apeglm adjusted LTA-treated Tet2FF vs Tet2KO Volcano

plot”,pch=20,cex=0.7,col="#99999950"))

# Highlight genes with padj<0.05

with(apeglm_results KOvsFF[which(apeglm_results KOvsFF$padj<0.05),],
points(log2FoldChange,-log10(pvalue),xlab="log2FoldChange",ylab="-log10(p-value)",

col="#EE2C2C60",pch=20,cex=2.0))

{r fig.width=12,fig.height=12}
##Volcano plot for results produced using default DESeq2 settings
EnhancedVolcano(results_ KOvVsFF,

lab = results_KOvsFF$mgi_symbol,

x = 'log2FoldChange’,

y = 'pvalue’,

title = 'LTA treated Tet2KO vs Tet2FF',

FCcutoff = 0.5,

pCutoff = 0.0001,

transcriptPointSize = 2.0,
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transcriptLabSize = 4.0)

{r}
## Write results to file

# All results

df.out<-as.data.frame(apeglm_results_KOvsFF)
write.table(df.out,file="LTA Tet2KO_vs_Tet2FF all_genes.txt",sep="\t",row.names=F,col.nam
es=T,quote=F)

# Significant results (padj < 0.05)
write.table(df.out[which(df.out$padj<0.05),],file="LTA Tet2KO_vs_Tet2FF _sig_genes.txt",sep
="\t",row.names=F,

col.names=T,quote=F)

## For g.Profiler analysis, output (a) lists of Ensembl genelDs (up or down) ranked by fold
change), and
## (b) a list of all Ensembl genelDs used in the analysis

# Rank df.out by log2FoldChange (low to high)
df.out<-df.out[order(df.out$log2FoldChange),]
sig_down<-df.out[which(df.out$padj<0.05 & df.out$log2FoldChange<0),]$ensembl_gene id

# Rank df.out high to low
df.out<-df.out[order(df.out$log2FoldChange,decreasing=T),]
sig_up<-df.out[which(df.out$padj<0.05 & df.out$log2FoldChange>0),]$ensembl_gene_id

#create output files
write.table(sig_up,file="LTA_ Tet2KO_vs_Tet2FF _up_ensembl.txt",row.names=F,col.names=F,
quote=F)
write.table(sig_down,file="LTA_Tet2KO_vs_Tet2FF_down_ensembl.txt",row.names=F,col.na
mes=F,quote=F)

write.table(df.out$ensembl_gene_id,file="LTA Tet2KO_vs_Tet2FF _all_ensembl.txt",row.name
s=F,col.names=F,quote=F)

DESeq2 analysis code — LTA treated vs Vehicle treated samples

—{r}

#load libraries

library("DESeq2") # Fold change analysis
library("gplots™) # Plotting functions
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library("ggplot2™) # Plotting functions
library("ggrepel™) # prevents overlapping text
library("RColorBrewer")  # Colour palettes
library("biomaRt") # Download gene annotation
library("EnhancedVolcano") # volcano plots

{r}
# load data
countData <- read.csv('Star_counts LTA vs VHL_FF.csv', header = TRUE, sep =",")

head(countData)

metaData <- read.csv('VHL_vs_LTA_FF_mouse_RNAseq_sample_info.csv', header = TRUE,
Sep :"'")
head(metaData)

[}
# create dds object
ddsFullCountTable <- DESeqDataSetFromMatrix(
countData = countData,
colData = metaData,
design = ~ treatment, tidy = TRUE)
ddsFullCountTable

dds <- ddsFullCountTable

[
# relevel the genotype factor so that the log2 fold changes are calculated releative to Tet2FF
dds$treatment <- relevel(dds$treatment, "Vehicle")

{1}
# run DESeq2

dds <- DESeq(dds)
resultsNames(dds)

“{r plot_PCAfig.width=12,fig.height=12,eval=T,echo=F}
## Principal component analysis

# Make rlog (regularlized log) transform of counts
logtransform_counts<-rlog(dds)

# Plot PCA, and add text annotation of sample names
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plotPCA(logtransform_counts,intgroup="treatment™)+geom_text(aes(label=colData(dds)$sample

),
hjust=0,vjust=1,size=4)

{r}
#Download Gene Annotations
ens_gene_ids = rownames(dds)
ensembl <- useEnsembl("ensembl”, dataset = "mmusculus_gene_ensembl", mirror = "asia™)
gene_list <- getBM(attributes = c("uniprot_gn_id", "ensembl_gene_id", "mgi_symbol"),
filters = "ensembl_gene_id",
values = ens_gene_ids,
mart = ensembl)

#Create index of the annotations that we want to keep (filters out annotations not in our data set)
gene_list_index<-match(sapply(strsplit(rownames(dds),"[.]"),"[",1),gene_listSensembl_gene_id)

3
## inspect results produced by default DESeq?2 settings

#note in the contrast function, you must specify the three terms in the following order: name of

variable, name of level in numerator, name of level in denominator. In this case we are using FF
as the denominator so a fold change of 2 means that the KO has 2 times greater epxression than

FF

results_LTAvsVHL <- results(dds, contrast =c("treatment”, "LTA", "Vehicle"), alpha = 0.10)
summary(results_ LTAvsVHL)
sum(results_L TAvsVHLS$padj<0.10, na.rm = T)

Sy
# apply the apeglm technique (Zhu et al 2018) to generate "shrunken fold changes”
apeglm_results_LTAvsVHL<-IfcShrink(dds, "treatment LTA_vs_Vehicle", type="apeglm")
#head(apeglm_results_KOvsFF, 10)

summary(apeglm_results LTAvVSVHL)

sum(apeglm_results_LTAvsVHL$padj<0.10, na.rm =T)

Ny
# apply annotation to both sets of results (default DESeq2 results and after apeglm)
results LTAvsVHL$ensembl _gene_id<-gene_list$ensembl_gene_id[gene_list_index]
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results_LTAvsVHLS$uniprot_gn_id<-gene_listsuniprot_gn_id[gene_list_index]
results LTAvsVHL$mMgi_symbol<-gene_listdmgi_symbol[gene_list_index]

apeglm_results_ LTAvsVHL$ensembl_gene_id<-gene_listsensembl_gene_id[gene_list_index]
apeglm_results_LTAvsVHLS$uniprot_gn_id<-gene_list$uniprot_gn_id[gene_list_index]
apeglm_results_LTAvsVHL$mMgi_symbol<-gene_list$mgi_symbol[gene_list_index]

{r}

## Write results to file

#df.out<-as.data.frame(apeglm_results_LTAvsVHL)

df.out <- as.data.frame(results LTAvsSVHL)

write.table(df.out,file="VHL_vs LTA FF_all_genes.txt",sep="\t",row.names=F,col.names=T,qu
ote=F)

# Significant results (padj < 0.10)
write.table(df.out[which(df.out$padj<0.10),],file="VHL_vs_LTA FF_sig_genes.txt",sep="\t",ro
w.names=F,

col.names=T,quote=F)

## For g.Profiler analysis, output (a) lists of Ensembl genelDs (up or down) ranked by fold
change), and
## (b) a list of all Ensembl genelDs used in the analysis

# Rank df.out by log2FoldChange (low to high)
df.out<-df.out[order(df.out$log2FoldChange),]
sig_down<-df.out[which(df.out$padj<0.10 & df.out$log2FoldChange<0),]$ensembl_gene_id

# Rank df.out high to low
df.out<-df.out[order(df.out$log2FoldChange,decreasing=T),]
sig_up<-df.out[which(df.out$padj<0.10 & df.out$log2FoldChange>0),]$ensembl_gene _id

#create output files

write.table(sig_up,file="VHL_vs_LTA FF_up_ensembl.txt",row.names=F,col.names=F,quote=
F)

#
write.table(sig_down,file="VHL_vs_LTA_FF_down_ensembl.txt",row.names=F,col.names=F,q
uote=F)

write.table(df.out$ensembl_gene_id,file="VHL _vs LTA FF_all_ensembl.txt",row.names=F,col.
names=F,quote=F)

# there were no significantly downregulated genes so | leave it out
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# From inspecting results table we need to set the pvalue cutoff to 0.00057 to visualize all
transcripts with padj<0.10

{r fig.width=12 fig.height=12}
##Volcano plot for results produced using default DESeqz2 settings
EnhancedVolcano(results_LTAvsSVHL,

lab = results_LTAvsVHL$mgi_symbol,

X ='log2FoldChange’,

y = 'pvalue’,

title = "VHL vs LTA within FF genotype',

pCutoff = 0.00057,

transcriptPointSize = 2.0,

transcriptLabSize = 4.0)

“{r plot_volcanoes,fig.width=10,fig.height=6,eval=T}
## Volcano plots for the apeglm-adjusted results

## plot the apeglm-adjusted results

with(apeglm_results LTAvsVHL,plot(log2FoldChange,-log10(pvalue),xlab="log2FoldChange",
ylab="-log10(p-value)",main="apeglm adjusted Volcano plot VHL vs LTA within FF

genotype",pch=20,cex=2.0,col="#99999950"))

## Highlight genes with padj<0.05

with(apeglm_results LTAvsVHL[which(apeglm_results LTAvsVHL$padj<0.10),],
points(log2FoldChange,-log10(pvalue),xlab="log2FoldChange",ylab="-log10(p-value)",

col="#EE2C2C60",pch=20,cex=2.0))
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Appendix E: Supplemental Tables and Figures

Table S1. Demographic and clinical data of the gRT-PCR validation cohort

Mutation Total | Percentage | Median Absolute White blood | Percentage of
status number | of females age neutrophil cell count neutrophils
count

No CHIP 4 50% 85 4.6 7.3 63%

All CHIP 14 50% 80 4.8 7.4 64%
subtypes

TET2 5 20% 81 4.6 7.1 65%
DNMT3A 4 75% 77 4.6 7.5 61%
Other 5 60% 86 5.0 7.7 65%
CHIP

Table S2. Demographic data and clinical of the serum ELISA validation cohort

Mutation Total Percentage Median Absolute White Percentage of
status number | of females age neutrophil blood cell neutrophils
count count

No CHIP 13 54% 82.0 4.6 7.5 61%

All CHIP 51 69% 80.0 4.7 7.2 65%
subtypes

TET2 15 60% 81.0 4.6 7.0 66%
DNMT3A 22 73% 79.0 4.8 7.4 65%
Other 14 71% 81.5 4.6 7.3 64%
CHIP

Table S3. gqRT-PCR protocol

The samples were heated at 95°C for 40 seconds to activate the reaction. Then the samples were
subject to 40 reaction cycles consisting of denaturation at 95°C for 10 seconds and
annealing/extension at 60°C for 30 seconds.

Step Temp Time Cycles
Activation 95 40 sec 1
Denaturation 95 10 sec

40
Annealing/ Extension 60 30 sec
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Table S4. Primers used qRT-PCR on human PB samples
Forward and reverse primers for MPO, LTF, ACTB, and GAPDH are listed in this table. All

primers were ordered from Invitrogen (Carlshad, CA).

Primer

Sequence

LTF Forward

5" GCCTGCTCT TCA ACC AGA CG 3’

LTF Reverse

5’CTCTCGTTG CTGTTG GGC A 3’

MPO Forward

5" CCT CAC CCT CGG TTC AGA AAC 3’

MPO Reverse

TTGGA Y

57 AAT TAC ATC TGT CAT GGT TTC

ACTB Forward

5’ TCT ACA ATG AGC TGC GTG TG 3’

ACTB Reverse

5’GTA CAG GTC TTT GCG GAT GT 3’

GAPDH Forward

5’ TGG GTG TGA ACCATG AGAAG ¥

GAPDH Reverse

5’CCT GTT GCT GTA GCC AAATTC ¥

Table S5. Tet2 and Vav-iCre genotyping master mixes
The volumes listed are for one sample, where 45 pL of mastermix is mixed with 5 pL of DNA to

make a 50uL PCR reaction.

Tet2 Master Mix

Vav-iCre Master Mix

Nuclease-Free H,O 33.25 uL Nuclease-Free H,O 33.25uL
10X PCR Buffer 5ulL 10X PCR Buffer 5ulL
MgCI2 3uL MgClI2 3ul
dNTP 1.5 uL dNTP 1.5uL
Tet2 Forward Primer 1 uL Vav-iCre Forward Primer 1uL
Tet2 Reverse Primer 1 uL Vav-iCre Reverse Primer 1uL
Platinum Taq 0.25 uL Vav-iCre Control Forward Primer 1uL
Vav-iCre Control Reverse Primer 1uL
Platinum Taq 0.25uL
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Table S6. Primers used for Tet2, Vav-iCre genotyping
All primers were recommended by Jackson Laboratories and ordered from Invitrogen (Carlsbad,
CA).

Primer Sequence

Tet2 Forward 5> AAG AAT TGC TAC AGG CCT GC 3’

Tet2 Reverse 5" TTC TTT AGC CCT TGC TGA GC 3’

Vav-iCre Forward 5> AGA TGC CAG GAC ATC AGG AACCTG ¥’
Vav-iCre Reverse 5" ATC AGC CAC ACC AGA CACAGAGATC3®
Vav-iCre — control Forward 5" CTA GGC CAC AGA ATT GAA AGATCT 3’
Vav-iCre — control Reverse 5> GTA GGT GGA AAT TCT AGC ATCATCC ¥

Table S7. PCR programs for amplifying Tet2 and Vav-iCre
The following protocols were used to amplify the Tet2 and Vav-iCre products

Tet2- PCR Vav-iCre — PCR
Cycles Temperature | Time Cycles Temperature | Time
1 94C 3 minutes 1 94C 1:30
30 94C 30 seconds 36 94C 0:30
55C 30 seconds 64C 0:45
72C 1 minute 72C 0:45
4C Hold 1 72C 2:00
4C Hold

Table S8. qRT-PCR primers for mouse neutrophil targets
All primers were ordered from Invitrogen (Carlshad, CA).

Primer Sequence

Mouse Il11b Fwd 5"GCC CATCCTCTGTGACTCAT
Mouse Il11b Rev 5" AGG CCACAGGTATTT TGT CG
Mouse Tnfa Fwd 5'AAG CCT GTA GCC CAC GTC GTA
Mouse Tnfa Rev 5 GGC ACCACTAGTTGG TTGTCTTTG
Mouse Tet2 Fwd 57 AGA GCC TCA AGC AAC CAA AA
Mouse Tet2 Rev 5> ACA TCC CTG AGA GCT CTT GC
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Table S9. Flow cytometry results for the RNA-seq samples

Apoptosis was assessed through flow cytometry with Annexin-V PI staining. The proportion of
mature neutrophils (Cd11b" Ly6g") was also assessed by flow cytometry with Cd11b Ly6g
staining.

Sample Percent Percent in Percent in Proportion of
viable early apoptosis late apoptosis mature neutrophils
D12 FF-Base 79.6 13.4 7.0 71%
D12 FF-LTA 73.7 18.5 7.8 71%
D12 FF-VHL 72.8 17.9 9.3 71%
D12 KO-Base 84.6 6.6 8.8 80%
D12 KO-LTA 79.2 12.9 7.9 80%
D12 KO-VHL 79.7 10.4 9.9 80%
D13 FF-Base 83.6 10.6 5.8 82%
D13 FF-LTA 72.8 21.3 5.9 82%
D13 FF-VHL 69.8 21.8 8.4 82%
D13 KO-Base 83.5 11.7 4.8 81%
D13 KO-LTA 79.2 15.4 5.4 81%
D13 KO-VHL 78.9 15.1 6.0 81%
D14 FF-Base 88.3 7.7 4.0 83%
D14 FF-LTA 85.7 8.2 6.1 83%
D14 FF-VHL 85.2 9.1 5.7 83%
D14 KO-Base 89.8 7.3 2.9 75%
D14 KO-LTA 88.4 7.4 4.2 75%
D14 KO-VHL 88.3 7.4 4.3 75%
D15 FF-Base 82.7 8.9 8.4 84%
D15 FF-LTA 77.8 14.2 8 84%
D15 FF-VHL 76.4 13.9 9.7 84%
D15 KO-Base 85.1 8.5 6.4 85%
D15 KO-LTA 82.5 10.8 6.7 85%
D15 KO-VHL 80.3 13.4 6.3 85%
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Table S10. List of differentially expressed transcripts (padj < 0.05) between Tet2-KO and
Tet2-FF neutrophils

40 transcripts were significantly upregulated and 99 transcripts were significantly downregulated
in Tet2-KO neutrophils. Base mean is the average number of counts across all samples, LfcSE is
the standard error of the log 2 fold change. Benjamini-Hochberg multiple testing correction was
applied.

Base mean Log2 fold change LfcSE pvalue padj MGI_symbol
78.66568 -2.805732621 0.174243 | 1.57E-59 2.11E-55 Ccdc80
110.693 2.315078355 0.162548 | 2.20E-47 1.48E-43 Commd10
46.12197 -2.413434752 0.176908 | 1.61E-43 7.21E-40 Pnplal
32.14504 -2.799506304 0.250894 | 4.98E-30 1.67E-26 Tmem45a2
65.58598 -1.573105684 0.166335 | 1.28E-22 3.45E-19 Stfa3
51.10996 -1.686985841 0.185582 | 5.76E-21 1.29E-17 Selp
18.30473 -1.995740994 0.230569 | 2.55E-19 4.90E-16 Sox13
50.40539 -2.074239189 0.265878 | 2.56E-16 4.30E-13 Cstdc5
4.308913 8.022176753 2.601854 | 2.10E-15 3.13E-12 Sva
34.7171 -1.628916884 0.22587 1.68E-14 2.25E-11 Ldhc
110.7582 -1.182189316 0.164384 | 2.16E-14 2.64E-11 Gotl
28.63149 -1.325809091 0.184012 | 3.35E-14 3.75E-11 Chitl
53.08644 -1.250883757 0.177161 | 7.60E-14 7.85E-11 Brd8dc
94.46565 0.772173976 0.111097 | 1.88E-13 1.81E-10 Dsp
195.0309 -0.629667836 0.095098 | 1.71E-12 1.53E-09 Usp46
30.04458 -1.137171661 0.174395 | 3.39E-12 2.85E-09 Mpzll
8.728891 -2.471781342 0.392942 | 1.65E-11 1.30E-08 1700006J14Rik
44.41074 1.437246994 0.252228 | 4.44E-10 3.31E-07 Tesc
7.734956 -2.71991252 0.472252 | 4.95E-10 3.50E-07 Rasgefla
5.965247 -2.651365822 0.472117 | 1.25E-09 8.39E-07 Sec16b
121.6599 -0.722249174 0.132087 | 2.07E-09 1.26E-06 Sox4
70.61046 -0.931484938 0.171049 | 2.06E-09 1.26E-06 Acadll
152.7752 0.540173852 0.100496 | 3.94E-09 2.30E-06 Itga6
277.3044 -0.726180894 0.136326 | 4.54E-09 2.54E-06 Acvrll
161.6331 -1.158377809 0.226149 | 1.07E-08 5.75E-06 Cdc42ep2
1769.075 0.852692197 0.168533 | 1.83E-08 9.44E-06 Asprvl
79.16721 -0.746099007 0.147634 | 2.02E-08 1.00E-05 Mgl2
31.88217 -1.008849503 0.200274 | 2.24E-08 1.07E-05 Adtrp
68.69248 -0.985787812 0.196568 | 2.32E-08 1.07E-05 Ebfl
51.86571 -0.965121216 0.195248 | 3.06E-08 1.37E-05 Arsg
24.32961 -0.836545874 0.172233 | 5.42E-08 2.35E-05 Plch3
19.17606 -1.26767695 0.264252 | 6.33E-08 2.66E-05 Akapl2
62.95568 -0.938782754 0.201545 | 1.35E-07 5.50E-05 Mmp25
1455.671 -0.56734965 0.122196 | 1.49E-07 5.75E-05 Sifn4
14.10049 -1.159784889 0.249443 | 1.50E-07 5.75E-05 Gm10030
8.214638 -1.772530597 0.384996 | 2.10E-07 7.84E-05 Tcea3
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6.488757 1.800532925 0.396562 | 2.87E-07 0.000104 Maob
8.448983 -1.525659595 0.342376 | 3.88E-07 0.000137 Edaradd
63.67023 -0.60030731 0.136119 | 4.61E-07 0.000155 Fer
9.508352 4.267144499 1.031101 | 4.53E-07 0.000155 D930028M14Rik
40.66792 -1.129854071 0.259479 | 5.42E-07 0.000177 Dock9
342.9689 -0.374499895 0.084876 | 5.69E-07 0.000182 Ccdcl74
9.449944 -1.766674952 0.407879 | 6.15E-07 0.000192 Hoxa9
15.43371 2.049400934 0.480162 | 7.00E-07 0.000214 Gm5900
1450.785 0.362989316 0.082848 | 7.19E-07 0.000215 Zmpste24
45.12541 -0.622140341 0.145957 | 9.07E-07 0.000265 Nav2
6.965533 -1.529478098 0.357109 | 9.53E-07 0.000273 Cxcrl
7.280245 2.2127055 0.528316 | 9.95E-07 0.000278 5830444B04Rik
5.596086 -1.918288865 0.448824 | 1.05E-06 0.000288 Dnah6
341.0784 -0.522680457 0.124059 | 1.14E-06 0.000305 Vcaml
7.654711 -1.819652411 0.437003 | 1.35E-06 0.000357 Prps1ll
76.27699 -1.204181776 0.294442 | 1.60E-06 0.000413 Krt81
43.78106 0.640612918 0.15571 | 1.71E-06 0.000433 P2rx1
54.78265 -0.719891213 0.175906 | 1.87E-06 0.000465 Cass4
88.91044 -0.57511576 0.142226 | 2.32E-06 0.000558 Lig3
14.53209 -1.084851978 0.269129 | 2.30E-06 0.000558 Abch9
43.54228 -1.368689187 0.357374 | 2.58E-06 0.000607 Olfm4
81.72629 -0.546743751 0.137103 | 3.04E-06 0.000704 Tnntl
33.44756 -1.036540992 0.262512 | 3.23E-06 0.000736 Atgéc
159.7164 0.44429986 0.114495 | 5.11E-06 0.001144 Serpine2
945.5672 -0.458643472 0.119187 | 5.51E-06 0.001214 Efhd2
718.7175 -1.606013554 0.430107 | 6.91E-06 0.001497 Rpl34
54.47462 0.539251998 0.143778 | 7.87E-06 0.001679 Ifi35
408.6335 -0.384193188 0.103074 | 9.79E-06 0.002055 Atel
26.15542 -0.980925586 0.269245 | 1.03E-05 0.00212 Bach2
118.1871 -0.351249173 0.095797 | 1.32E-05 0.002692 Erichl
6.02354 -1.593198284 0.441584 | 1.42E-05 0.002843 Hc
170.5655 -0.438101191 0.122202 | 1.47E-05 0.002897 Snx11
200.8273 0.62887484 0.177488 | 1.60E-05 0.003122 Rtp4
301.2317 -0.466748405 0.131528 | 1.76E-05 0.00338 Arid5b
948.4583 -1.368210391 0.396951 | 1.96E-05 0.003707 Igha
3.820195 -0.078918288 0.172496 | 2.33E-05 0.004352 Srgapl
9.381204 -1.039515906 0.30617 | 2.74E-05 0.005041 Gm37105
108.4895 0.507114829 0.150321 | 3.14E-05 0.005704 Coro2a
442.1935 0.923555051 0.281239 | 3.49E-05 0.006246 Ifitm1
16.11678 -0.820544675 0.24704 | 3.68E-05 0.006514 Vpreb3
110.8544 2.080991763 0.675135 | 4.06E-05 0.007083 Ighg3
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322.5441 -0.387110032 0.11702 | 4.55E-05 0.007843 Nkapdl
32.09057 -0.82145829 0.262932 | 6.65E-05 0.011302 Pax5
130.0814 -0.568857238 0.182809 | 6.80E-05 0.011411 Asns
608.8048 -0.503508296 0.162248 | 7.44E-05 0.012332 Ifi30
4.624158 -1.709153552 0.553416 | 7.79E-05 0.012749 Hoxa7
5.956487 -1.327020016 0.429978 | 7.88E-05 0.012749 Ragl
37.17933 -0.582377198 0.188477 | 8.07E-05 0.012905 Dntt
33.0422 -0.533895803 0.174714 | 8.91E-05 0.013922 Zfp318
587.9822 -0.30607516 0.096131 | 8.91E-05 0.013922 N4bp2I2
112.6877 0.338107779 0.108458 | 9.92E-05 0.015323 Pigyl
470.9928 -0.332032499 0.108978 | 0.000117 0.017777 Snrnp48
17.95557 -0.809174032 0.275137 | 0.000118 0.017777 Cer7
12.37343 -1.091703963 0.375975 | 0.000125 0.018632 Gm28187
4550.924 -0.20656446 0.06382 | 0.000128 0.018832 Son
172.5532 -0.317741187 0.104824 | 0.000129 0.018895 Rabepl
50.49038 0.570724169 0.198852 | 0.000139 0.020092 Slc6al3
18.1978 -0.663761637 0.229276 | 0.000142 0.0203 Ppfibpl
26.61383 1.10506451 0.388676 | 0.000144 0.0203 Tac2
33.68418 -1.069044182 0.376483 | 0.000146 0.020368 Lyvel
26.13706 -0.732020686 0.259063 | 0.000161 0.022318 Dtwd1
135.4915 0.669190484 0.237471 | 0.000166 0.022822 H2-Q7
1092.416 -0.233711468 0.077174 | 0.000182 0.02319 Ralbpl
3597.839 0.364242767 0.126617 | 0.000185 0.02319 Fecnb
133.0262 -0.313694195 0.10658 | 0.000172 0.02319 Acbd6
1640.83 0.242708149 0.080457 | 0.000179 0.02319 Clecl2a
27.22965 -0.641262391 0.233191 | 0.000182 0.02319 Bink
65.62676 -0.888948646 0.322545 | 0.000175 0.02319 Stfal
95.0987 0.961034648 0.34767 | 0.000176 0.02319 Rpl17-ps5
139.6983 -0.346733851 0.119934 | 0.000183 0.02319 E430021H15Rik
157.1449 -0.570387135 0.202199 | 0.00018 0.02319 C230096K16Rik
200.8156 0.362309526 0.1261 0.000186 0.023198 Oas3
308.6689 0.323088624 0.111276 | 0.000195 0.023976 Tapl
55.64298 0.421018475 0.149351 | 0.000205 0.025092 Igtp
224.0762 0.392119593 0.139618 | 0.000214 0.025859 B4galntl
62.83644 -0.425994996 0.152195 | 0.000217 0.026003 Afdn
26.7254 -0.796202303 0.293219 | 0.00022 0.026108 Rab23
4.681469 -0.065256504 0.126048 | 0.000244 0.028724 Uaca
584.9936 -0.317383104 0.113661 | 0.000263 0.030281 Pkn2
75.516 0.422417464 0.155523 | 0.000261 0.030281 Glod4
835.5485 -0.233784237 0.080566 | 0.000264 0.030281 Phip
125.8714 0.311021138 0.111318 | 0.000286 0.032523 Adar
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272.1053 0.380755858 0.14005 | 0.000292 0.033016 Trafdl
78.50333 0.398156359 0.147143 | 0.000297 0.033023 Xk
172.3749 -0.617128577 0.241755 | 0.000297 0.033023 Dnah8
15.69282 0.69838305 0.273103 | 0.000346 0.037229 Ngol
15.03218 0.856872344 0.33635 | 0.000345 0.037229 Dmpk
1267.246 -0.242368309 0.086735 | 0.000346 0.037229 Sitm
323.8297 -0.223926671 0.079018 | 0.000342 0.037229 Pxylpl
24.46166 -0.681130108 0.271549 | 0.000396 0.042124 Jup
622.2799 -0.270624666 0.100114 | 0.000398 0.042124 Zfp292
2385.964 -0.323443983 0.123183 | 0.000404 0.042435 Ppig
8.594592 -0.917808926 0.370744 | 0.000409 0.042613 Fabp4
400.7393 0.263787268 0.097941 | 0.000413 0.042699 Gpcl
313.0034 -0.434182249 0.172583 | 0.000428 0.043868 Tut4
4.477437 1.212318804 0.488625 | 0.000436 0.043935 Piwil2
22.38876 0.586433667 0.236126 | 0.00044 0.043935 H2bc7
2379.813 0.424657822 0.16776 | 0.000434 0.043935 Ighm
12.19092 -0.077188295 0.158153 | 0.000442 0.043935 Gm43329
555.4473 -0.171814308 0.059869 | 0.000459 0.045359 Tmod3
356.2804 0.373068739 0.14734 | 0.000463 0.045414 Ceacam10
15.62545 -0.767318066 0.320148 | 0.000482 0.046946 Trib2
20.124 -0.762253191 0.322625 | 0.000487 0.047031 Ednra
3.39579 -0.040917819 0.088654 | 0.00052 0.049919 Hoxa5
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Figure S1. Bacterial abundance affects phagocytic activity

The ratio of bacteria to neutrophils showed a significant positive correlation with the average
number of bacteria phagocytosed per neutrophil.
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Figure S2. Stimulation with 10pg/mL of LTA leads to upregulation of inflammatory cytokine
expression

Neutrophils from Tet2-FF (FF) and Tet2-KO (KO) mice were treated with either 10ug/mL LTA,
2% FBS and PBS for 3 hours or vehicle. Tnfa and I11b expression were measured at each time
point through qRT-PCR using Gapdh as the housekeeping gene. Fold changes is reported relative
to the Tet2-FF Vehicle treated sample A) II11b mRNA expression after stimulation with 10pg/mL
LTA for 3 hours. B) Tnfa mRNA expression after stimulation with 10ug/mL LTA for 3 hours.
Treatment with 10 pg/mL LTA for 3 hours led to upregulation I11b and Tnfa expression.
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Figure S3. Expression of Inflammatory cytokines at the 1, 3, 6, 9, and 12 hour time points of

LTA stimulation

Neutrophils from Tet2-FF (FF) and Tet2-KO (KO) mice were treated with either 10ug/mL LTA,
2% FBS and PBS for 3 hours or vehicle. Tnfa and Il1b expression were measured at each time

point through qRT-PCR using Gapdh as the housekeeping gene. Fold changes is reported relative
to the Tet2-FF Vehicle treated sample at each time point. 111b expression is depicted in the top
row of figures (A-E) while Tnfa expression is depicted in the bottom row of figures (F-J). The 3,
6, and 9 hour time points show prominent upregulation of the two inflammatory cytokines.
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Figure S4. Apoptosis at the 3, 6, 9, and 12 hour time points of LTA stimulation

Neutrophils isolated from Tet2-KO and Tet2-FF mice were treated with 10pg/mL LTA, 2% FBS in
PBS or Vehicle for up to 12 hours. Flow cytometry was performed to assess apoptotic status based
on Annexin-V, Pl staining. Annexin-V M and PI " populations were considered late apoptotic, and
Annexin-V " and Pl '°% populations were considered early apoptotic. The proportion of early and
late apoptotic cells increased as the duration of stimulation increased. At later time points, LTA
treated neutrophils showed less apoptosis than Vehicle treated neutrophils. The 6 hour time point
appears to have similar apoptotic rates compared to the 3 hour time point.
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Figure S5. Surface expression of Cdl1lb at the 3, 6, 9, and 12 hour time points of the LTA
stimulation

Neutrophils isolated from Tet2-KO and Tet2-FF mice were treated with 10pg/mL LTA, 2% FBS in
PBS or Vehicle for up to 12 hours. Flow cytometry was performed to analyze the surface
expression of Cd11lb and overlay histograms were generated to show the difference in cdl1lb
surface expression in LTA treated samples (red) and Vehicle treated samples (black). Cd1l1lb
expression of neutrophils from Tet2-FF mice over the time course are shown on the top row (A-
D), while Cd11b expression of neutrophils from Tet2-KO mice over the time course are shown in
the bottom row (E-H). During all time points, LTA treated neutrophils showed greater surface
expression of Cdl1lb compared to vehicle treated neutrophils.
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Figure S6. FastQC quality metrics for a representative raw fastq file

A) Chart depicting the sequence quality across different positions of the read. Sequence quality is
high overall, but starts to decrease near the end of the read. B) Histogram of average sequence
quality among all the reads. The majority of reads are very high quality, few reads of moderate
quality and almost no low quality reads. C) Table of the most overrepresented sequences. We
suspect that one sequence is an adaptor sequence, the other sequence appears to have part of its
poly A tail captured in the read. D) FastQC per base sequence content module report. The module
gave an error for all samples because Adenosine is overrepresented in the reads. The abundance of
Adenosine in the reads probably reflects parts of the poly A tail being captured in the read.
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Figure S7. Read alignments on the Tet2 gene in a representative Tet2-KO RNA-seq sample
Integrative Genome Viewer software was used to visualize read alignments in bam/bai files A)
Read alignments near the 3 end of the Tet2 gene. There is denser read coverage at the 3° end of
the gene. B) Read alignments near exon 3 on the 5 end of the Tet2 gene. Exon 3 is predicted to
be excised in Tet2-KO mice and we see no reads aligning to this region. Further more we see read
coverage is sparse near the 3’ end of the gene with only a few reads aligning to exon 2.
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transcript. C) Boxplots of log2-transformed expression of the mRNAs in each library. D) The

A) The sequencing depth of each library. B) The interquartile range of reads assigned per
average spearman correlation of each library to all others.

Figure S8. Visualizing RNA-seq data for pre-processing
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Figure S9. MPO and LTF serum protein titers do not correlate with mRNA expression

16 samples with both gqRT-PCR and ELISA results, were analyzed in a linear regression model
comparing serum protein titers and mRNA expression. A) There was no correlation between MPO
serum titers and MPO mRNA expression (p=0.319, F-test). The line of best fit was Y = -30.02X +
60628 (R? = 0.068). B) No significant correlation was found between LTF serum protein titers and
LTF mRNA expression (p=0.542). The line of best fit was Y = 0.023X + 29.80 (R? = 0.024).
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Figure S10. Motility analysis results from six independent experiments

Panels A-F each depict the motility results in one of the experiments. In five of the six
experiments, neutrophils from Tet2-FF mice show increased motility compared to neutrophils
from Tet2-KO mice.
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Figure S11. Phagocytosis assay results from 6 independent experiments

Panels A-F each depict the phagocytosis results in one of the experiments. In five of the six
experiments, neutrophils from Tet2-FF mice show increased motility compared to neutrophils
from Tet2-KO mice.
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Figure S12. Representative H & E images of neutrophils isolated by negative
immunomagnetic selection

A) H & E stain of neutrophils isolated from a Tet2-FF mouse. B) H & E stain of neutrophils
isolated from a Tet2-KO mouse. The majority of the cells appear to be neutrophils or neutrophil

precursors with multi-lobed nuclei. These images correspond to the flow cytometry data in Table
S10.
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Figure S13. Bioanalyzer results for RNA-seq samples

All 24 samples were analyzed using Bioanalyzer RNA Nano Kit (Agilent, Santa Clara, CA) and
their RNA Intergrity Numbers (RIN) are reported. All RNA samples had excellent quality with

little to no signs of degradation.
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Confirming Tet2 inactivation in RNA-seq samples
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Figure S14. Tet2 expression in the RNA-seq samples

gRT-PCR was performed on an aliquot of the RNA to assess Tet2 expression and Gapdh was used
as the housekeeping gene. Fold change is reported relative to the Tet2-FF baseline sample
harvested in Dec 12, 2019. As expected, the Tet2-KO samples do not show expression of intact
Tet2 mRNA transcripts.

Confirming LTA Stimulation in RNA-seq samples
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Figure S15. Tnfa expression in the RNA-seq samples

gRT-PCR was performed on an aliquot of the RNA to assess Tnfa expression. Gapdh was used as
the housekeeping gene. Fold change is reported relative to the Tet2-FF baseline sample harvested
in Dec 12, 2019. The LTA treated samples show pronounced upregulation of Tnfa expression
compared to the vehicle-treated samples suggesting neutrophil activation
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Figure S16. Surface expression of Cd11lb in the RNA-seq samples

Flow cytometry was performed to analyze the surface expression of Cd11b and overlay histograms
were generated to show the difference in Cd11b surface expression in LTA treated (red) and
Vehicle-treated (black) neutrophils derived from the same mouse. Cd11lb expression in samples
derived from Tet2-FF mice are shown on the top row (A-D), while Cd11b expression in samples
derived from Tet2-KO mice over the time course are shown in the bottom row (E-H). In all
samples, Cd11b surface expression is higher in LTA-treated samples than Vehicle treated samples.
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Figure S17. Volcano plot of differentially expressed genes between neutrophils treated with
LTA and vehicle

Inflammatory chemokines and cytokines were upregulated in the LTA treated neutrophils. The
threshold of significance was padj < 0.10, and transcripts with an absolute log2 fold change value
above 1 were considered to have a large fold change. Transcripts meeting both the significance
and fold change thresholds are marked in red, those that only meet the significance threshold are
blue, those that only meet the fold change threshold are in green and the rest that meet neither
threshold are in grey.
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