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marrow samples that had been collected from CHIP and control patients. Although the Luminex
analysis of peripheral blood revealed interesting information on which cytokines may be
dysregulated in CHIP, analysis of the bone marrow samples would have given greater insights
into how CHIP mutant clones might modify cell signaling in the microenvironment to benefit
their own expansion. | had also planned to repeat the BCA protein quantification experiments
which I had inaccurately performed to be able to normalize cytokine expression to total protein.
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replating assays to determine how certain cytokines affect proliferation and self-renewal of CHIP



clones. Finally, and perhaps most ambitiously given my timeframe, | had hoped to sort bone
marrow from CHIP and control patients for cells shown to be dysregulated in MDS, a common
precursor to AML, and perform RNA-Seq to study how these niche cells might become

dysregulated in CHIP.



Abstract
Clonal hematopoiesis of indeterminate potential (CHIP) is a hematologic disorder in which
individual hematopoietic stem cells acquire a mutation which allows them to clonally expand
(Genovese et al., 2014; Jaiswal et al. 2014). CHIP is known to occur disproportionately in older
adults. While CHIP itself usually remains clinically benign, it has been shown that CHIP may
serve as a precursor for acute myeloid leukemia (AML), a hematologic cancer which, like clonal
hematopoiesis, increases in risk and mortality with age (Deschler and Libbert, 2006). However,
it is not fully known what drives CHIP mutant clones to expand, nor what causes CHIP to
develop into advanced hematologic malignancies such as AML. To date, a great deal of research
has focused on understanding how cell intrinsic factors, like the gene carrying the CHIP
mutation and further mutations acquired during AML development, may provide insight into
CHIP development and progression. However, investigating cell extrinsic factors, such as
cytokine signaling, in the context of CHIP may provide additional important clues into how
CHIP mutants are able to gain the clonal advantage and ultimately develop into AML. In this
thesis, | undertook a large-scale panel analyzing how expression of 25 cytokines may be
dysregulated in the peripheral blood of CHIP patients. I identified 5 cytokines, TNFa, IL-8,
CCL7, IFNy and FGF-basic, which had significantly dysregulated expression between CHIP
patients and controls. Although these results were not significant after Bonferroni multiple
testing correction, they warrant further investigation into how they may impact HSC mutant
clone expansion. Additionally, | analyzed RNA-Seq data to determine how these and a few other
cytokines and their receptors are differentially expressed amongst blood progenitors, both in

healthy patients and AML patients. Findings from the CHIP cytokine panel and my analysis of



the RNA-Seq data suggest that inflammatory signaling may play a key role in both driving HSC

mutant clone expansion in CHIP and promoting the eventual development of AML.
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1) Introduction

Humans have between 50,000 and 200,000 stem cells residing in the bone marrow that
contribute daily to blood production, or hematopoiesis. These stem cells, called hematopoietic
stem cells (HSCs), are multipotent self-renewing cells that play a crucial function in the long-
term maintenance and production of all mature blood cell lineages during a person’s lifespan
(Dzierzak and Bigas, 2018). This blood production is polyclonal, whereby each HSC in a
person’s bone marrow contributes relatively equally to blood production. Key historical
experiments have validated the polyclonal nature of hematopoiesis. Till and McCulloch (1961)
found that when irradiated mice were injected with bone marrow cells, the number of cells
injected was directly proportional to the number of colonies in the spleen (an important site of
hematopoiesis). Becker, McCulloch and Till (1963) built upon this work by showing direct
evidence of the unicellular origin of these colonies, using radiation to generate unique abnormal
karyotypes in HSCs that could be traced in colony formation. Taken together, this work provided
the earliest evidence for HSCs and the polyclonal nature of blood production.

HSCs can both self-renew, meaning that they give rise to another HSC during cell
division, and differentiate, meaning they progress further down the blood lineages and away
from multipotency (Till and McCulloch, 1961; Becker et al., 1963; Siminovitch et al., 1963; Wu
et al., 1968; Seita and Weissman, 2010). As HSCs are dividing or self-renewing, normal somatic
mutations can occur from errors in DNA replication as they do for all dividing cells. Somatic
mutations accumulate as a person gets older (Kenyon, 2010; Risques and Kennedy, 2018). If
these mutations occur in genes that give a blood stem cell an advantage over other stem cells,

that stem cell will go on to disproportionately contribute to blood cell production compared to
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other blood stem cells and have a larger clone size. This process is known as clonal
hematopoiesis.

Age-related clonal hematopoiesis was first demonstrated in studies that showed that 38%
of healthy women over the age of 60 had nonrandom X chromosome inactivation in peripheral
blood cells, suggesting preferential clonal selection in an early precursor (Busque et al., 1996;
Champion et al., 1997).

Further large retrospective cohort studies have found that clonal hematopoiesis of
somatic variants in the peripheral blood cells increases with age, from less than 1% in persons
younger than 50 to 9.5% in persons aged 70-90, 11.7% in persons aged 80-89, and 18.4% in
persons aged 90-108 (Genovese et al., 2014; Jaiswal et al. 2014). These somatic variants most
frequently occurred in the genes DNMT3A, TET2, and ASXL1. Importantly, these age-related
clonal hematopoiesis mutations are associated with at least 11-fold increased risk of hematologic
cancers, as well as increased risk of coronary heart disease and ischemic stroke. Genovese et al.
(2014) found that 42% of hematologic cancers in their cohort arose in patients who had clonal
hematopoiesis at the time of sequencing. These findings suggest that clonal hematopoiesis of
HSCs carrying these somatic mutations is the first step in developing hematologic cancers and
could be used to screen for future risk.

To understand how clonal hematopoiesis might confer greater risk for hematologic
cancers, it is important to understand how cancer develops. Cancer is thought to arise from a
series of stepwise genetic and epigenetic changes and mutations (Nowell, 1976). These changes
will transform a normal cell into a premalignant and ultimately malignant cell. In hematologic

cancers, sequential acquired mutations which select for clonal expansion in the blood will give
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rise to cancerous clones which can end up dominating a person’s blood. A precursor to this
process may be clonal hematopoiesis, whereby an HSC clone has begun to expand due to a
beneficial mutation but has not yet transformed into a malignant phenotype.

Clonal hematopoiesis may specifically serve as a precursor for acute myeloid leukemia
(AML), a hematologic cancer which, like clonal hematopoiesis, increases in risk and mortality
with age (Deschler and Liibbert, 2006). The median age for new AML diagnosis is 65 and the
disease is rarely diagnosed before the age of 40. 5-year survival for AML is also stratified by
age, from 48.5% survival for patients younger than 45, to 4.3% survival for patients older than
65. Progression to AML has been connected to preleukemic HSCs and founder clones that
harbor some of the mutations found in leukemic cells (Jan et al., 2012; Welch et al., 2012). These
preleukemic mutations are in genes that are also commonly mutated in clonal hematopoiesis,
including DNMT3A, TET2, and ASXL1 (Corces-Zimmerman et al., 2014; Genovese et al., 2014;
Jaiswal et al., 2014). These frequently mutated genes tend to be “landscaping” genes that are
involved in chromatin remodeling and epigenetic modifications (Challen et al., 2012; Moran-
Crusio et al., 2011).

Mutations in these genes are prevalent in AML patients and associated with poorer
survival. Over 20% of patients with acute myeloid leukemia carry DNMT3A mutations (Ley et
al., 2010; Yan et al., 2011). Median survival for patients with DNMT3A-mutant leukemia is
significantly shorter (12.3 months) than among patients without this mutation (41.1 months) (Ley
et al., 2010). Similarly, TET2 mutations occur in approximately 25% of acute myeloid leukemia
patients and are associated with older patients (Chou et al., 2011; Metzeler et al., 2011;

Weissman et al., 2012). Median survival for patients with TET2 mutations is also significantly
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lower (6.7 months) compared to patients without these mutations (18.7 months) (Metzeler et al.,
2011; Weissman et al., 2012). Furthermore, founder clones carrying common clonal
hematopoiesis mutations like DNMT3A can also be a source of subclones for disease relapse
(Ding et al., 2012; Jan et al. 2012; Welch et al., 2012; Corces-Zimmerman et al., 2014). These
findings highlight the connection between mutations commonly found in clonal hematopoiesis
and aggressive AML.

Clonal hematopoiesis is also linked to higher risk for myelodysplastic syndromes
(MDSs), a common precursor to AML. MDSs are a heterogenous group of clonal hematopoietic
disorders characterized by ineffective hematopoiesis and cytopenia, or reduction in the number
of mature blood cells (NCI, 2019). Approximately 30% of patients with MDS will go on to
develop AML (Klepin, 2016; Walter et al., 2011). DNMT3A mutations, commonly found in
clonal hematopoiesis, are detected in approximately 8% of MDS, and these mutations are
associated with poorer survival and more rapid progression to AML (Walter et al., 2011).
Mutations in other genes commonly mutated in clonal hematopoiesis, such as TET2, SF3B1, and
ASXL1, are also frequently mutated in MDS (Haferlach et al., 2013).

However, it is important to note that while clonal hematopoiesis confers increased risk
for MDS and AML, most individuals who develop clonal hematopoiesis during aging will never
go on to develop MDS or AML (Steensma et al., 2015). This is why age-related clonal
hematopoiesis is commonly referred to as clonal hematopoiesis of indeterminate potential
(CHIP), because potential for these expanded HSC clones to develop into disease has not yet
been clearly defined. While CHIP mutations can serve as an important prognostic marker for risk

of hematologic diseases like MDS and AML, it is important to understand what drives HSC
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clones carrying these mutations to expand and develop into disease. This could be the key to
targeting these expanded clones before they develop into hematologic cancers and targeting the
founder clones that are responsible for relapse.

Because cells in the body exist in dynamic crosstalk with other cells, one potential
strategy is to look at how the microenvironment where mutant HSC clones reside contributes to
their expansion. Cells and signaling in the bone marrow niche, where most HSCs are located,
play a key role in regulating HSC maintenance and function. The normal bone marrow niche is
composed of diverse cell types that send signals and provide physical interactions to HSCs that
are crucial for HSC maintenance and the regulation of hematopoiesis (Schepers et al., 2015).
Important cell types in the niche include vascular endothelial cells, perivascular mesenchymal
stromal cells (MSCs), and megakaryocytes (Kiel et al., 2005; Bruns et al., 2014; Day and Link,
2014; Morrison and Scadden, 2014; Ramalingam et al., 2017). These cells provide important
regulatory signals in close proximity to HSCs. Other cells found in the bone marrow niche
include osteoblasts, specialized macrophages and nerve cells.

There are several signaling molecules in the bone marrow, most of which are cytokines,
that play key roles in controlling normal HSC function. Stem cell factor (SCF), transforming
growth factor beta-1 (TGF-B1), platelet factor 4 (PF4 or CXCL4), angiopoietin 1 (ANGPT1),
and thrombopoietin (TPO) are all critical enforcers of HSC quiescence, or dormancy (Zhang and
Lodish, 2008; Mirantes et al., 2015; Schepers et al., 2015). Chemokine stromal-derived factor 1
(SDF1a or CXCL12) and its receptor C-X-C chemokine receptor type 4 (CXCR4), vascular
adhesion protein 1 (VCAM-1), and various selectins and extracellular matrix (ECM) proteins

like fibronectin are all essential regulators of HSC homing and anchoring in the niche. Notch

15



ligands and other cell-bound molecules, as well as locally secreted cytokines like interleukin 7
(IL-7) and erythropoietin (EPO) help control HSC proliferation and differentiation activity
(Robb, 2007). As a group, these signaling molecules help regulate when HSCs self-renew and
when they differentiate. Given that CHIP, and the diseases that can arise from it, are disorders of
dysregulated HSC function, it may be that signaling in the bone marrow is also disrupted to help
drive clonal expansion and disease.

Research has shown that the niche can help hematologic diseases progress and even
remodel itself as disorders develop (Ghobrial et al. 2018). Altered expression of proinflammatory
and regulatory cytokines, such as TNFa, IL-6, TGF-B, and CXCL12, in mesenchymal stromal
cells (MSCs) has been shown to enhance adhesion, proliferation, and drug resistance of MDS
and leukemia cells (Wang and Xiao, 2014; Shastri et al., 2017; Ghobrial et al., 2018). MSCs
from patients with MDS have also been shown to overproduce the microenvironmental factors
N-Cadherin, IGGB2, VEGFA, and LIF to enhance MDS cell expansion in patient xenograft
experiments (Medyouf et al., 2014). Stromal fibroblasts and macrophages in the bone marrow of
MDS patients also have altered expression of genes encoding proinflammatory cytokines and
other factors, including TNFa, IFN-y, IL-6, TGF-B, and CCL3 (Kitagawa et al., 1997;
Allampallam et al., 2002; Feng et al., 2011). Additionally, MSCs in the bone marrow have been
shown to subvert and regulate innate and adaptive immunity by modulating secretion of
cytokines like TGF-B, IFN-y, IL-10, TNFa (Ghannam et al., 2010a; Ghannam et al., 2010b).
MSCs may be co-opted in the progression of hematologic disease to help suppress the immune

response and promote clonal expansion.
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The relationship between CHIP and the microenvironment and cytokine signaling has
been less explored. Using aggregate whole-genome sequencing data from peripheral blood
samples, Bick et al. (2020) found that CHIP is associated with higher levels of IL-6 and IL-1p.
They also found important mutation-specific effects, where TET2-mutant individuals with CHIP
had significantly increased IL-1f and JAK2- and SF3B1-mutant CHIP carriers had significantly
increased IL-18. Jaiswal et al. (2017) found that plasma IL-8 levels are significantly elevated in
TET2-mutant CHIP compared to controls. Other studies have uncovered additional CHIP-wide
and mutant-specific cytokine expression differences, including higher levels of serum IL-6 in
TET2-mutant CHIP, higher levels of CCL11 and TNFa in DNMT3A-mutant CHIP, and higher
IL-6 and TNFa in all CHIP carriers (Cook et al., 2017; Cook et al., 2019). Additionally, studies
in mice have shown that elevated TNFa is advantageous for proliferation of TET2-mutant HSCs
(Abegunde et al., 2018). In addition to altered cytokine levels, researchers have found a
significant association between red blood cell distribution width (RDW) in CHIP patients and
risk of progression to AML (Abelson et al., 2018; Bick et al., 2020). Importantly, raised RDW is
correlated with inflammation, suggesting that intercellular inflammatory signaling and
interactions may play a role in determining which CHIP clones progress to AML.

While this prior work has taken important steps to uncovering how the microenvironment
can impact CHIP clones, it is clear that a more comprehensive look at how expression of
regulatory and inflammatory cytokines varies for CHIP patients in both the peripheral blood and
the bone marrow is needed. In this thesis, | investigated how expression of a large panel of
cytokines varies between CHIP and control patients. For this work, | used samples that had been

previously collected by Asger Jakobsen, a graduate student in the Vyas Lab. Prior to my work on
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this project, Asger set up a study to collect peripheral blood plasma and bone marrow from 200
older adults with no history of hematologic cancers. These samples were collected during hip
replacements, a procedure done predominantly on older adults, and were genotyped using DNA
probes complimentary to the genomic regions of interest. The samples were collected as part of a
larger project aimed at understanding the mechanisms for how HSCs with CHIP mutations are
able to gain a clonal advantage over non-mutant cells.

My work for this thesis focused specifically on the role that the microenvironment may
play in promoting HSC clone expansion. In this thesis, | undertook several lines of investigation
to explore this question. | began by using a Luminex panel to compare overall cytokine
expression levels between patients with and without CHIP. | then looked at whether there were
any specific mutation, number of mutations, or allele frequency effects in cytokine expression
levels. Finally, I used RNA-Seq data from the Vyas Lab to look at which cells normally express
the dysregulated cytokines and their receptors and identify hematopoietic cell types that might be
in crosstalk with CHIP HSC clones and promote their expansion.

These experiments and analyses work to improve our understanding of what extracellular
factors and cells are interacting with HSCs carrying CHIP mutations and how they might play a
role in clonal hematopoiesis. By better characterizing how CHIP clones gain the clonal
advantage, this research can inform future work on what causes a CHIP clone to progress to
further hematologic disease, like MDS and AML. This may lead to better prognostic and early

interventions to prevent patients from developing these life-altering diseases.
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2) Materials and Methods
2.1 Patient samples
Patient samples were collected with informed consent under the Mechanisms of Age-Related
Clonal Haemopoiesis (MARCH) Study (REC Ref: 17/YH/0382). Participants were recruited
from individuals due to undergo elective total hip replacement surgery at the Nuffield

Orthopaedic Centre, Oxford.

At the time of surgery, bone marrow aspirates were obtained from the femoral canal and
collected in anticoagulated buffer containing acid-citrate-dextrose, heparin sodium and DNase.

Samples of peripheral blood were collected in EDTA vacutainers.

All samples were processed within 24 hours after collection. Peripheral blood samples were
diluted 1:2 in RPMI and filtered through a 70um cell strainer. Bone marrow aspirates were
filtered through a 70um cell strainer to obtain a single cell suspension. Peripheral blood and
bone marrow mononuclear cells (MNCs) were then isolated by Ficoll density gradient
centrifugation. Bone marrow CD34+ cells were purified using a CD34 MicroBead kit and
MACS separation columns (Miltenyi Biotec, Bergisch Gladbach, Germany). Unseparated
MNCs, CD34+ and CD34-deplete fractions were frozen in 90% FBS/10% DMSO, stored in

liquid nitrogen and subsequently thawed on the day of the experiment.

Peripheral blood granulocytes isolated by Ficoll density gradient centrifugation were frozen for

analysis of mutant allele frequency in peripheral blood.
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Peripheral blood and bone marrow plasma samples were obtained by collecting the supernatants
after Ficoll density gradient centrifugation, further centrifuged at 500g for 5 mins to remove cells

and frozen at -80°C.

2.2 Targeted sequencing
Genomic DNA was extracted from bone marrow MNCs using a DNeasy Blood & Tissue Kit
(Qiagen). Pre-capture DNA libraries were prepared using the KAPA HyperPlus protocol

(KK8514, Roche).

Targeted capture was performed using a custom pool of biotinylated capture probes (SeqCap EZ
Prime Choice, Roche) targeting 97 genes recurrently mutated in clonal haematopoiesis and

myeloid malignancies.

Post-capture amplified DNA libraries were quantified by Qubit (Life Technologies) and size
distribution and quality analysed using a Bioanalyser chip (Agilent Technologies) or Tapestation
(Agilent Technologies). Libraries were pooled to a final concentration of 4 nM and were

sequenced on an Illumina NextSeq 500 using paired-end reads.

2.3 Variant calling

Sequencing data were analysed in a custom pipeline based on the GATK Best Practices (GATK

v4.0.5.1 and Picard v2.18.7). Raw sequencing reads were converted to an unmapped BAM file
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and trimmed of adapter sequences using Picard MarkllluminaAdapters. Somatic variant calling
was performed using VarDictJava and Mutect2. For VarDict, variants were called with a
minimum variant allele frequency of 0.01, minimum base quality score of 25 and minimum
supporting reads of 2. For Mutect2, a minimum tumour LOD of 1 was used and variants were

filtered for sequence context-dependent artefacts using FilterByOrientationBias.

The following post-processing filters were applied to exclude likely sequencing artefacts: (1)
Minimum of 5 variant reads for SNVs (with at least 2 reads in forward and reverse directions), or
minimum of 10 variant reads for indels (with at least 4 reads in forward and reverse directions).
(2) Minimum base quality score 30. (3) Minimum mapping quality score 40. (3) No strand bias.

(4) No position bias towards beginning or end of reads.

2.4 Thermo Scientific Bicinchoninic Acid (BCA) Protein Assay

BCA protein quantification assay was performed on processed bone marrow and peripheral
blood plasma samples using the Pierce™ BCA Protein Assay Kit. Samples were thawed on ice
to prevent protein degradation. Nine standard dilutions were prepared in accordance with Kit
instructions. Each sample was first diluted 1:25 by pipetting 2 uL of sample into 48 pL PBS.
1:25 dilutions were subsequently diluted 1:10 by pipetting 5 pL of diluted sample into 45 pL
PBS. Final assay sample dilutions were stock, 1:25, and 1:250. Standards were run in duplicates.
Dilutions were not run in replicates. The assays were run in standard, flat-bottom 96-well plates.
After mixing with working buffer, assay plates were placed on a shaker for 30 seconds and

incubated at 37°C for 30 minutes. Plates were then set out to sit at room temperature for 5
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minutes. Following incubation, plate absorbance was measured at 562 nm using the ClarioStar

plate reader. Sample concentrations were determined from standard concentrations.

2.5 Magnetic Luminex Performance Assay
Luminex assays were performed on peripheral blood samples using R&D Magnetic Luminex®

Performance Assay kits. One 24-plex assay kit and a single-plex assay kit for CXCL12 was used.
Samples and assay reagents were prepared according to kit instructions. Peripheral blood
samples were not diluted due to being diluted 1:2 during initial processing. Standard cocktails
were prepared and diluted according to kit instructions. Samples were diluted with microparticle
cocktail in 96-well plate provided by the kit and incubated for 2 hours at room temperature on a
horizontal orbital microplate shaker (0.12” orbit) set at 800 + 50 rpm. The plate was washed
using a magnetic washer. Biotin-antibody cocktail and Streptavidin-PE were added separately
and washed using the magnetic washer. Microparticles containing bound sample were
resuspended in wash buffer and read within 90 minutes on the Bio-Rad Bio-Plex 200 analyzer. If
bead aggregation issues were encountered, the sample plate was set to shake for an additional 2

minutes or the beads were resuspended by manual pipetting.

2.6 RNA-Seq data analysis

RNA-Seq was performed on a range of FACS-sorted blood progenitor cell populations from 3
normal donors and 17 leukemia patients. Progenitor cells obtained from normal donors were
HSCs, MPPs, LMPPs, MLPs, CMPs, GMPs, and MEPs. Progenitor cells obtained from leukemia

donors were GMPs, LMPPs, and MLPs. MLPs were excluded from analysis because these cells
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were only obtained and sequenced for one patient. RNA-Seq file containing gene expression
information for all cell types and patient replicates containing expression information based on
Ensembl IDs was loaded into RStudio and merged with file containing Ensembl ID and gene
names. One-way repeated measures ANOVA was first performed on healthy patient donors.
Each ‘repeated measure’ was the replicate number assigned to different cell type sample (3 total
replicates). If one-way ANOVA was significant, post-hoc testing was conducted to determine
which cell pairings had significantly different expression. Two-way repeated measures ANOVA,
or mixed ANOVA, was performed to compare leukemic GMPs and LMPPs to healthy GMPs
and LMPPs. 16 matching replicates were sequenced from leukemic GMP and LMPP donors (one
LMPP replicate had no sequencing information for GMPs). If mixed ANOVA showed
significant leukemic effect or interaction effect, post-hoc testing was conducted to reveal the

nature of the effect.

2.7 Data processing and statistical analysis

Data from the Luminex assays was processed using the tidyverse and dplyr packages in RStudio.
These packages can be installed using the install.packages ("tidyverse") and
install.packages ("dplyr") function in RStudio, followed by
library(tidyverse) and library (dplyr) . Figures were generated using these
functions in RStudio. Statistical analyses were conducted in Prism 8. CHIP, control, and
subgroup sample were first tested for normality using the Anderson-Darling, D'Agostino &

Pearson, Shapiro-Wilk, and Kolmogorov-Smirnov tests in Prism. Almost all groups of samples
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did not have normal distribution. Therefore, parametric tests, such as t-tests, were not valid and

the Mann-Whitney U test (a type of non-parametric test) was performed instead.

RNA-Seq data was processed and analyzed using tidyverse, ggpubr, and rstatix packages in
RStudio. Packages can be installed using the install.packages function for each package
and loaded using the 1 ibrary function, as noted above. ANOVA tests, post-hoc tests and

figure generation were performed in RStudio.

24



3) Results

3.1 Overview of cytokine analysis experiments

The goal of this thesis was to investigate how the bone marrow microenvironment may
contribute to the expansion of mutant hematopoietic stem cell (HSC) clones in patients with
CHIP. To answer this question, I carried out Luminex cytokine assays to measure the
fluorescence and concentration of a set of cytokines in the peripheral blood plasma samples of
healthy and CHIP patients. CHIP and control patient pools were matched based on age, sex, and
past medical history to control for any potential physiological confounders. BCA assays were
carried out to measure the total concentration of protein in the samples prior to performing the
Luminex assays. Following the Luminex assays, a list of the most interesting cytokines whose
expression may be dysregulated in CHIP patients was compiled. Using this list, | analyzed data
generated from a previous RNA-Seq experiment in the lab to determine how expression of these
cytokines and their receptors varies among different blood progenitor cells, both in healthy
patients and in patients with acute myeloid leukemia. In this section, | will explain the rationale
and findings for each of the aforementioned experiments. | will then move on to the discussion
section where | will discuss and analyze the results, discuss limitations in interpreting the
findings, and propose future experiments to validate my findings and explore the theories posed

in this thesis.

3.2 Patient data and matching controls

Prior to my work on this project, Asger Jakobsen, a graduate student in the Vyas Lab, set

up a study to collect peripheral blood plasma and bone marrow samples from 200 older adults
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with no prior history of hematologic cancers or malignancies. These samples were collected
during total hip arthroplasty, or hip replacement, a procedure which is typically performed on
older adults. Because CHIP is also disproportionately seen in older adults, the likelihood of
identifying individuals with CHIP in this patient population was high. Following collection of
bone marrow and peripheral blood, the samples were processed and genotyped using DNA
probes complimentary to the genomic regions of interest. Information on patients’ past medical
history was also collected from clinicians. A total of 170 patient samples were collected and
genotyped by the time | began my project in October 2019.

Out of the 170 patients whose peripheral blood and bone marrow samples were collected,
66 patients (38.8%) carried a clonally expanded mutation in genes commonly associated with
CHIP. This rate of occurrence is higher than what has been observed in prior CHIP studies,
which report an occurrence rate of up to approximately 20% in their oldest patients (Genovese et
al., 2014; Jaiswal et al. 2014). This is because, while prior studies classified CHIP as any
expanded HSC clone with variant allele frequency (VAF) greater than 0.02 (that is, the expanded
mutant CHIP clone makes up 2% of the total HSC population), the sensitivity of the genotyping
method used on our samples allowed VAFs as low as 0.01 to be detected and classified as CHIP.

In preparation for Luminex cytokine analysis, | created two patient groups: 41 CHIP
patients and 41 control patients. Patients in the CHIP group were prioritized for selection if they
carried one of the two most commonly occurring CHIP mutations, DNMT3A and TET2. This
would strengthen the power of mutation-specific analyses | planned to conduct on my Luminex
data. Samples across the two groups were matched as best as possible based on age range (40-49,

50-59, 60-69, 70-79, 80-89), sex (male or female), and histories of heart disease (none, moderate,
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or severe [ischemic heart disease or coronary artery bypass grafting]), hypertension (yes or no),
diabetes (none, pre-diabetes, or full diabetes), stroke (none or transient ischemic attack), and
smoking (none, former smoker, or current smoker) (Table 1). CHIP and control cases were
matched to eliminate potential non-CHIP physiological confounders for any observed cytokine

dysregulation.

Characteristic CHIP Control

N. of patients 41 41

Age range, n. of patients

40-49 1 0

50-59 5 3

60-69 8 13

70-79 14 19

80-89 13 6

Sex, n. of patients

Male 19 18

Female 22 23

Heart disease, n. of patients

None 36 36
Moderate 2 2
Severe 3 3
Hypertension
None 25 24
Yes 16 17
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Diabetes

None 35 36
Pre-diabetes 1 1
Diabetes 5 4
Stroke

None 40 40
TIA 1 1

Smoking
No 20 18
Former 19 17
Current 2 6

Table 1. CHIP samples and controls were matched as best as possible for Luminex
analysis based on sex, age range, and history of heart disease, hypertension, diabetes,
stroke, and smoking.

3.3 Protein quantification of peripheral blood and bone marrow samples

After finalizing a list of patients for the Luminex experiments, | performed bicinchoninic
acid (BCA) protein assays on the peripheral blood and bone marrow samples from these patients
to calculate total protein and confirm that there were no aberrant levels of total protein in any of
the samples which would cause errors when interpreting Luminex assay results. The goal was to
normalize observed cytokine expression levels from the Luminex essay to total protein levels in
the same sample.

The upper limit of detection for the BCA assay is 2000 pg/mL while the lower limit is 20

ug/mL. The average total concentration of protein in blood plasma is 80,000 pg/mL. At the time
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of collection and processing, blood plasma samples were diluted 1:2, such that the starting
concentration of our samples was 40,000 pg/mL. I was unable to determine the starting
concentration of the bone marrow samples because, unlike for the blood plasma, the dilution of
bone marrow samples during processing was not standardized. | decided to dilute peripheral
blood and bone marrow samples by the same factors and repeat the experiment for the bone
marrow samples if their concentrations were out of range.

Each sample was diluted twice, first 1:25 (to achieve approximate concentration of 1600
ug/mL) and then 1:10 (approx.160 ug/mL). As can be seen in Figure 1, there is great deal of
variation in the calculated protein concentrations from the BCA assay. While the expected
concentration of the peripheral blood samples was ~40,000 pg/mL, almost none of the samples
reached this concentration. Furthermore, there was a great deal of variation in concentrations,
both across samples and between the 1:25 and 1:250 dilution of the same sample. A key
unanticipated limitation to the design of this experiment which may explain these aberrant results
was that very small volumes were pipetted to achieve the aforementioned dilutions. To get the
1:25 dilution, I pipetted 2 pL of sample into 48 mL of PBS. For the 1:10 dilution, I pipetted 5 pL
of the 1:25 dilution into 45 puL of PBS. These small volumes, which are difficult to pipette
accurately, likely led to a great deal of variation in concentrations. Given this error, | decided to
move forward with performing the Luminex cytokine assays and repeat the BCA assays at a later
time. However, due to the COVID-19 pandemic and resulting shelter-in-place orders and travel

restrictions, |1 was unable to return to the lab to repeat the BCA assay experiments.
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Figure 1. Protein concentrations calculated based on BCA assay standards showed a
great deal of variation both across samples and between samples of different dilution,
likely due to pipetting errors. a) Peripheral blood sample concentrations based on the BCA
assay showed a great deal of variation. b) Bone marrow sample concentrations showed even
more variation, with several samples appearing to have negative concentrations.

3.4 Luminex cytokine analysis of peripheral blood samples

The Luminex cytokine assay was performed on a panel of 25 cytokines (24 multiplexed
and 1 single panel): Angiopoietin-1, CCL3, CCL7, CCL11, CXCL12, FGF basic, FIt3 ligand, G-
CSF, GM-CSF, IFNy, IL-18, IL-3, IL-6, IL-7, IL-8, IL-10, IL-11, IL-17, IL-18, LIF, M-CSF,
SCF, Thrombopoietin, TNFa, and VEGF (Table 2). These cytokines were selected based on their
known roles in HSC quiescence, regulation, and expansion, as well as on any previous studies

showing that their expression may be dysregulated in CHIP, MDS, and AML.

Cytokine Function

Angiopoietin-1 Critical enforcer of HSC quiescence (Arai et al., 2004).
Overexpression of Angl in subset of AMLs may promote cell
quiescence and drug resistance (Ichihara et al., 2011).

CCL3 Promotes myeloid differentiation and regulates size of HSC pool
(Staversky et al., 2018). Stromal fibroblasts and macrophages in bone
marrow of MDS patients have altered expression of CCL3 (Feng et al.
2011)

CCL7 Chemokine that attracts monocytes and regulates macrophage function
during inflammation (Liu et al., 2018).

CCL11 Eosinophil chemoattractant that stimulates recruitment of eosinophils
from blood to sites of allergic inflammation (Palframan et al., 1998).
DNMT3A-mutant CHIP associated with elevated serum Eotaxin-
1/CCL11 (Cook et al., 2017).

CXCL12 Essential regulator of HSC homing and anchoring in the niche
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FGF basic

FIt3 ligand

G-CSF

GM-CSF

IFNy

IL-1p

IL-3

IL-6

(Schepers et al., 2015). Expression of CXCL12 is dysregulated in
leukemia (Schepers et al., 2015; Ghobrial et al., 2018).

Growth and signaling factor which is expressed in the bone marrow
and helps positively regulate hematopoiesis (Allouche and Bikfalvi,
1995). May mediate early therapeutic resistance in AML and assist in
stromal protection of leukemia cells (Traer et al., 2016; Javidi-Sharifi
etal., 2019)

Regulates hematopoiesis by stimulating proliferation and
differentiation of various blood cell progenitors (Tsapogas et al.,
2017). Its receptor, FlIt3, frequently carries activating mutations in
AML (Tsapogas et al., 2017).

Induces HSC mobilization from bone marrow into bloodstream and
initiates proliferation and differentiation of granulocytes (Basu et al.,
2002). G-CSF has been used in the treatment of AML (Nomdedeu et
al., 2015).

Growth factor that stimulates stem cells to produce granulocytes and
monocytes (Hercus et al., 2009). GM-CSF expression shown to be
lower in AML and MDS patients than healthy controls (Kassem et al.,
2018).

Pro-inflammatory cytokine critical for innate and adaptive immunity
(Tau and Rothman, 1999). Shown to have dysregulated expression in
bone marrow of MDS and leukemia patients (Kitagawa et al., 1997;
Ghobrial et al., 2018). Zhang et al. (2019) showed in UC patients that
serum IFNYy is significantly higher in DNMT3A+ CHIP patients.

Important mediator of inflammatory response, involved in cell
proliferation, differentiation, and apoptosis (Ren and Torres, 2009).
Shown to have altered expression in MSPCs of MDS and leukemia
patients (Ghobrial et al., 2018). Aggregate data from Bick et al. (2020)
found that CHIP is associated with increased IL-18 and TET2 CHIP
carriers had more significantly increased IL-1p.

Stimulates the differentiation of HSCs into myeloid and lymphoid
progenitor cells and stimulates proliferation of cells in myeloid lineage
(Hercus et al., 2013). Its receptor, IL-3R, is shown to be overexpressed
in AML (Testa et al., 2004).

Acts as both a pro-inflammatory and anti-inflammatory cytokine
(Tanaka et al., 2014). Shown to have altered expression in MSPCs of
MDS and leukemia patients (Ghobrial et al., 2018). TET2-mutant
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IL-7

IL-8

IL-10

IL-11

IL-17

IL-18

LIF

M-CSF

SCF

CHIP is associated with overproduction of IL-6 (Cook et al., 2017; Cai
et al., 2018) which promotes mutant HSC expansion and accelerates
atherosclerosis

Stimulates differentiation of HSCs into lymphoid progenitor cells
(ElKassar and Gress, 2010). Known to promote hematological
malignancies like acute lymphoblastic leukemia and T cell lymphoma
(Oretal., 1998).

Important mediator of immune reaction in innate immune system
response by inducing target cells to migrate towards site of infection
(Bickel, 1993). High expression of I1L-8 correlated with poor prognosis
in certain subsets of AML (Kuett et al., 2015). Jaiswal et al. (2017)
showed that plasma IL-8 levels are significantly elevated in patients
with TET2-mutant CHIP than in controls.

Anti-inflammatory cytokine involved in immunoregulation and
inflammation (lyer and Cheng, 2012). Secreted by dysregulated
stromal cells in the bone marrow tumor microenvironment to regulate
innate and adaptive immune responses (Ghobrial et al., 2018).

Can act as both an anti-inflammatory and pro-inflammatory cytokine
and is associated with adipogenesis, osteoclastogenesis, neurogenesis
and platelet maturation (Xu et al., 2016). Increased IL-11 signaling
may also play a key role in various cancers.

Cytokine which induces and mediates pro-inflammatory response
(Zenobia and Hajishengallis, 2000). Expression dysregulated in many
autoimmune and inflammatory diseases.

Pro-inflammatory cytokine that facilitates adaptive immune response
and is able to induce severe inflammatory reactions (Dinarello et al.,
2013). Overexpression of 1L-18 may mark poor prognosis in AML
(Zhang et al., 2002). Bick et al. (2020) found that carriers of JAK2 and
SF3B1 CHIP mutations had significantly increased IL-18.

Plays important role in leukemia cell differentiation, inflammatory
response, stem cell self-renewal, and other biological processes (Yue
etal., 2015).

Induces differentiation of HSCs into macrophages (Hamilton and
Achuthan, 2013). M-CSF shown to have high expression in AML
patients (Wang et al., 2018).

Plays a critical role in HSC quiescence and maintenance (Schepers et
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al., 2015). Decreased expression of SCF and other HSC-supportive
factors by stromal cells may promote leukemia.

Thrombopoietin Enforcer of HSC quiescence (Schepers et al., 2015).

TNFa Important for HSC survival and myeloid regeneration (Idriss and
Naismith, 2000). Analyses of young/aged mouse HSCs and human
MDS and AML samples showed enrichment for pro-survival HSC-
specific TNFa signature genes (Yamashita and Passegué, 2019). Both
TET2- and DNMT3A-mutant CHIP are linked to elevated serum
TNFa (Cook et al., 2017).

VEGF Pro-angiogenic factor promoting growth of new blood vessels
(Shibuya, 2011). Production of VEGEF is altered in MSPCs of MDS
and leukemia patients (Ghobrial et al., 2018).

Table 2. 25 cytokines were selected for Luminex panels based on their roles in HSC
regulation and inflammatory signaling, as well as evidence of dysregulation in prior
CHIP, MDS, and AML studies.

| began by performing the Luminex assays on the 82 peripheral blood samples | had
selected. The Luminex analyzer measured the fluorescence levels for each unique tagged
cytokine and calculated cytokine concentration based on diluted standards. Because many of
these expression values were out of range based on the standards, | opted to analyze the Luminex
assay data by using fluorescence levels as representative of relative expression of each cytokine.

| first compared expression level differences between all CHIP and control samples for
each cytokine by Mann-Whitney test. | used this non-parametric test because CHIP and control
sample groups were not normally distributed (normality was tested for using the Anderson-
Darling, D'Agostino & Pearson, Shapiro-Wilk, and Kolmogorov-Smirnov tests). | found that
TNFa (p=0.0297), CCL7 (p=0.0381), and IL-8 (p=0.0100) were all significantly overexpressed
in CHIP samples compared to controls, while FGF-basic was significantly downregulated

(p=0.0375) (Figure 2). However, it is important to note that these differences in expression were
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no longer significant after Bonferroni multiple-test correction, where p must be less than 0.002

because n=25 (25 cytokines tested and analyzed).
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Figure 2. Luminex assay on panel of 25 cytokines showed that TNFa, CCL7, and IL-8
were significantly elevated in CHIP samples compared to controls, while FGF-basic was
significantly downregulated. These differences were not significant after Bonferroni multiple

In addition to comparing all CHIP samples to controls, | also analyzed several

subcategories of CHIP samples in comparison to controls to determine whether any

characteristics of CHIP mutant clones resulted in uniquely dysregulated cytokine expression. |

compared expression levels of DNMT3A- and TET2-mutant CHIP samples against controls to

test for mutation-specific cytokine effects using the Mann-Whitney test (Figure 3). | found that

TNFa was significantly upregulated in TET2-mutant CHIP samples compared to controls

(p=0.0363). However, this difference was not significant after Bonferroni multiple-test
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correction. No cytokines were significantly differentially expressed in DNMT3A-mutant CHIP

samples compared to controls (Supplementary Figure 1).
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Figure 3. Luminex assay analysis showed that TNFa was significantly elevated in CHIP
samples carrying TET2 mutations compared to controls. This difference was not
significant after Bonferroni multiple test correction.

| also looked for mutation number effects by comparing cytokine expression levels of

CHIP samples with either 1 mutation or >1 mutation against controls using the Mann-Whitney

test (Figure 4). I found that TNFa (p=0.0295), CCL7 (p=0.0225), IL-8 (p=0.0462) and IFNy

(p=0.0379) were significantly upregulated in CHIP samples with multiple mutations compared to

controls. However, this was also not significant after Bonferroni multiple-test correction.
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Mutation Number Effect
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Figure 4. Luminex assay analysis showed that TNFa, IFNy, IL-8 and CCL7 were
significantly elevated in CHIP samples carrying multiple mutations. These differences
were not significant after Bonferroni multiple test correction.

Finally, I looked for VAF size effects by splitting CHIP samples up based on VAF >0.1
(large) and VAF 0.01-0.1 (small) and compared cytokine expression levels of these grouped
samples against controls using the Mann-Whitney test. No cytokines were significantly
differentially expressed between controls and samples with either large or small VAF

(Supplementary Figure 2).
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More detailed figures for each of these most significantly dysregulated cytokines and
how their expression varies across patients with CHIP and subcategories of CHIP samples can be

found below (Figure 5a-e).
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Figure 5. More detailed view of how TNFa, CCL7, IL-8, IFNy, and FGF-basic are
dysregulated in CHIP. a) TNFa is upregulated across CHIP and CHIP subcategories
compared to controls, with the most significant difference being between overall CHIP and
controls, TET2 CHIP compared to controls, and patients carrying multiple CHIP mutations
(mut >1) compared to controls. b) CCL7 is most significantly upregulated in CHIP samples
compared to controls, as well as mut >1 samples compared to controls. c¢) IL-8 is upregulated
across CHIP and CHIP subcategories compared to controls, with the most significant
difference being between overall CHIP and controls, and mut >1 samples vs controls. d) IFNy
is upregulated across CHIP and CHIP subcategories compared to controls, with the most
significant difference being between mut >1 samples vs controls. ) FGF-basic is
downregulated across CHIP and CHIP subcategories compared to controls, with the most
significant difference being between overall CHIP and controls.

3.5 RNA-Seq analysis of cytokine and receptor expression in healthy and leukemic patients
Following analysis of the Luminex cytokine assay, | was interested in connecting my

findings to RNA-Seq data to determine which cell types express or have receptors for these

cytokines and whether this differs for patients with hematologic malignancies. Doing so might

provide insight into how the body and bone marrow microenvironment either respond to or
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support the aberrant growth of mutant HSC clones in CHIP and advanced hematologic
malignancies. To do this, | used RNA-Seq data previously collected by Zahra Aboukhalil, a
former graduate student in the Vyas Lab. Zahra had performed RNA-Seq on peripheral blood
samples collected from 3 healthy patients and 17 patients with AML. In the healthy patients,
Zahra had sorted and sequenced the RNA of different blood progenitors: hematopoietic stem
cells (HSCs), multipotent progenitors (MPPs), lymphoid-primed multipotent progenitors
(LMPPs), multi-lymphoid progenitors (MLPs), common myeloid progenitors (CMPs),
granulocyte/macrophage progenitors (GMP), megakaryocyte/erythrocyte progenitors (MEPS)
(Figure 11). In the leukemic patients, Zahra had sorted and sequenced LMPPs and GMPs,
progenitors which have been shown to make up the leukemic stem cell population in AML
(Goardon et al., 2011). In deciding on which cytokines and their receptors to analyze the
expression of in the RNA-Seq data, | included all cytokines with p<0.05 for overall CHIP vs
Control comparison, as well as for subgroup comparisons. These cytokines were TNFa
(overexpressed in overall CHIP, p=0.0297; overexpressed in TET2 CHIP, p=0.0363;
overexpressed in CHIP with multiple mutations, p=0.0295), IL-8 (overexpressed in CHIP,
p=0.0100), CCL7 (overexpressed in overall CHIP, p=0.0381; overexpressed in CHIP with
multiple mutations, p=0.0225), FGF-basic (downregulated in CHIP, p=0.0375) and IFNy
(overexpressed in CHIP with multiple mutations, p=0.0379). Although none of these cytokines
were significant after Bonferroni multiple test correction, | treated these RNA-Seq analyses as
exploratory to establish grounds for future cytokine investigations in CHIP.,

To broaden the scope of analysis, I also included all cytokines for which the difference of

expression levels was p<0.1 for either broad CHIP or subgroup analysis (Supplementary Figure
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3). GM-CSF (p=0.0521) was all overexpressed in CHIP compared to control samples (not
significant). IFNy (p=0.0780), LIF (p=0.0774), and CCL7 (p=0.0611) were overexpressed in
TET2 CHIP samples compared to controls, while FGF-basic was downregulated in TET2 CHIP
samples (p=0.0601) (not significant). GM-CSF (p=0.0647) was overexpressed in CHIP samples
with more than 1 mutation relative to controls (not significant).

In addition to investigating the expression of these cytokines in this RNA-Seq dataset of
blood progenitors, | also aimed to look at expression of their receptors to see how their
dysregulated expression might affect progenitor function and proliferation in healthy and
leukemic patients (Table 3). Cytokines GM-CSF and CCL7, and receptor CXCR1 were not
present in the RNA-Seq data, so analyses were performed on the mRNA of a total of 16

cytokines and receptors.

Cytokines of Interest Receptor(s)

CCL7 CCR1, CCR2, and CCR3 (Liu et al., 2018)

FGF basic FGFR1 (Ornitz and Itoh, 2015)

GM-CSF/CSF2 GM-CSF receptor/CD116 (Hercus et al., 2009)
IFNy IFNGR1 and IFNGR2 (Tau and Rothman, 1999)
IL-8 CXCR1 and CXCR2 (Brat et al., 2005)

LIF LIFR (Cullinan et al., 1996)

TNFa TNFR-1 and TNFR-2 (Idriss and Naismith, 2000)

Table 3. mMRNAs of cytokines (and their receptors) were selected for RNA-Seq analysis if
the p-value of the Mann-Whitney test measuring their dysregulation in CHIP was <0.1.
CCL7, GM-CSF, and CXCR1 were not included in analysis because they were missing from
the RNA-Seq data.

42



| began by performing one-way repeated measures ANOVAs on the sequencing data of
blood progenitor cells from normal, non-leukemic patients. Repeated measures ANOVA was
important to track differences in expression across the same patient for a more accurate
assessment of expression differences. Because expression of 16 mRNAs for cytokines and
receptors was analyzed, ANOVAs would need to have p<0.003 to be significant after Bonferroni
multiple test correction. For each ANOVA test which indicated significance variance (either
before or after Bonferroni correction), | conducted post-hoc tests to determine which cell types
have expression levels that are significantly different from other cell types. In the R-generated
plots, post-hoc comparisons were automatically only labeled as significant if they remained
significant after Bonferroni correction.

ANOVA testing showed that [IFNy expression was significantly different among healthy
progenitor cells (p<0.0001, remains significant after Bonferroni correction) and post-hoc tests
showed that MLPs have significantly higher expression of IFNy than all other progenitor cell
types except LMPPs (Figure 6a). These post-hoc differences were significant after Bonferroni
correction. TNFR-2 (receptor for TNFa) also showed significant difference in expression among
progenitors in ANOVA testing (p=0.011), although this ANOVA difference is not significant
after Bonferroni correction (Figure 6b). Post-hoc tests on TNFR-2 expression showed that MLPs

significantly overexpress TNFR-2 compared to CMPs and MEPs.
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Figure 6. IFNy and TNFR-2 were significantly differentially expressed between at least
two blood progenitor types. a) IFNy had a significant ANOVA test, even after Bonferroni
correction. Post-hoc testing showed that MLPs significantly overexpressed IFNy compared to
every cell type except LMPPs. Question marks in graph are because R was unable to run
statistical test on cell types that had the same expression value resulting from a cut-off imposed
during initial analysis. b) TNFR-2 had a significant ANOVA test, although this was not
significant after Bonferroni correction. Post-hoc testing showed that MLPs significantly
overexpressed TNFR-2 compared to CMPs and MEPs.

In addition, CCR2 (receptor for CCL7) (p<0.0001) and TNFR-1 (receptor for TNFa)
(p=0.002) had significant ANOVAs but their post-hoc tests were not significant after Bonferroni
correction (Figures 7a-b). However, the ANOVA plot for CCR2 expression across cell types

suggests that CCR2 is more expressed in GMPs than other cell types, albeit not significantly

(Figure 7a).
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Figure 7. CCR2 and TNFR-1 were significantly differentially expressed based on
ANOVA, even after Bonferroni correction, but post-hoc tests were not significant. a) Plot
suggests that GMPs overexpress CCR2 relative to all other cell types, although this is not
significant. Question mark in graph is because R was unable to run statistical test on cell types
that had the same expression value resulting from a cut-off imposed during initial analysis. b)
Plot shows similar pattern of expression as TNFR-2, with highest expression in LMPPs, MLPs
and GMPs.

Finally, there were several cytokines for which the ANOVA tests were in the significant
range but not after Bonferroni correction, and whose post-hoc tests were also not significant after
Bonferroni correction. These included FGFR1 (p=0.023), IFNGR1 (p=0.014), and LIFR

(p=0.013) (Supplementary Figure 4).
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In addition to one-way repeated measures ANOVAs on healthy progenitors, | also
performed mixed (repeated measures two-way) ANOVAs comparing gene expression in GMPs
and LMPPs between normal patients and patients with AML. Similar to the one-way ANOVA, |
treated expression values from each patient replicate as paired values (patient 14 was removed
because they had no GMP expression values). Through mixed ANOVAs, | was able to determine
how expression varied between normal and leukemic GMPs and LMPPs. Importantly, mixed
ANOVA s allowed me to determine the interaction effect between leukemia and cell type—that
is, how having AML might uniquely affect cytokine expression depending on cell type. For each
cytokine, if the mixed ANOVA indicated a significant interaction effect, | performed a simple
main effect test, which is a one-way model to investigate the effect of malignancy on expression
for each cell type. If the simple main effect was significant, | performed post-hoc tests to
determine how cytokine or receptor expression varied based on malignancy status and cell type.

CCR2 was the only protein for which the mixed ANOVA showed significant interaction
between cell type and malignancy, even after Bonferroni adjustment (p<0.0001) (Figure 8). After
finding that the simple main effect was significant, post-hoc testing showed that normal GMPs
significantly overexpress CCR2 compared to leukemic GMPs, while there is no difference
between normal and leukemic LMPPs. This suggests that expression of CCR2, the receptor to

CCL7, is unique to GMPs in healthy patients and that this expression is lost in leukemia.
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Figure 8. CCR2 expression showed significant interaction between malignancy status and
cell type, even after Bonferroni correction. Post-hoc testing showed that normal GMPs
significantly overexpress CCR2 compared to leukemic GMPs, while normal and leukemic
LMPPs have similar CCR2 expression.

IFNy (p=0.007) showed significant interaction between cell type and malignancy,
although this was not significant after Bonferroni correction (Figure 9). However, | proceeded
with analysis and found that the simple main effect was significant for both proteins. Post-hoc
testing showed that while normal LMPPs overexpress IFNy compared to leukemic LMPPs, there
is no such difference between normal and leukemic GMPs. This suggests that expression of [IFNy

is unique to LMPPs in healthy patients and that this is lost in leukemia.
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Figure 9. IFNy expression showed significant interaction between malignancy status and
cell type, although this was no longer significant after Bonferroni correction. Post-hoc
testing showed that normal LMPPs significantly overexpress IFNy compared to leukemic
LMPPs, while normal and leukemic GMPs have similar IFNy expression.

TNFR-2 (receptor to TNFa) was overall more expressed in normal cells than leukemic

cells, though this was not significant after Bonferroni adjustment (Figure 10).
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Figure 10. TNFR-2 expression showed a significant leukemic effect. Normal GMPs and
LMPPs overall express TNFR-2 relative to their leukemic counterparts overall.
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4) Discussion and Future Directions

In this thesis, | aimed to improve our understanding of how signaling in the bone marrow
microenvironment could contribute to the expansion of hematopoietic stem cell (HSC) mutant
CHIP clones. | performed Luminex cytokine assays on a panel of 25 cytokines to determine how
their expression is dysregulated in patients with CHIP. In my analyses, | focused on how
expression differed between CHIP patients and controls. | also further split CHIP samples in
several subcategories (mutated gene, VAF size, and number of mutations) to determine if there
were any unique CHIP subcategory effects. Through these analyses, 1 found five cytokines to be
differentially expressed in CHIP, although this was not significant after Bonferroni multiple test
correction. After identifying several cytokines of interest based on the Luminex experiments, |
analyzed previously collected RNA-Seq data on normal and leukemic blood progenitor cells to
determine how expression of these cytokines and their receptors varies among progenitors. | was
able to identify a few cytokines and receptors that were differentially expressed in certain blood
progenitor cells, as well as a few whose expression varied between normal and leukemic patient

progenitors.

4.1 Luminex data

The first stage of this project involved performing Luminex cytokine assays to see how
expression levels of different cytokines vary between patients with CHIP and healthy controls.
By determining the degree of cytokine dysregulation in CHIP samples, | hoped to gain insight on

how the bone microenvironment is modified in patients with CHIP, both in reaction to the
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aberrant expansion of mutant clones and also to support the expansion of these clonal
populations.

Prior to conducting the Luminex assays, | performed BCA protein quantification assays
to calculate the concentration of total protein in the 82 samples selected for Luminex analysis.
However, as | noted in the results section, due to the small volumes which were pipetted to dilute
the samples into the BCA assay range of detection, the concentrations observed were highly
variable and most likely inaccurate. | proceeded to carry out the Luminex experiments with the
goal of later repeating the BCA assays with more accurate dilutions. However, due to the
COVID-19 pandemic and the travel restrictions and shelter-in-place orders that resulted from the
pandemic, | was unable to return to the lab to repeat the BCA assay experiment. Thus, it should
be noted that an important limitation to interpreting the results of the Luminex assays is that none
of the expression levels have been normalized to total protein concentrations. Furthermore, while
I had originally intended to carry out Luminex experiments on both peripheral blood and bone
marrow samples, |1 was unable to perform the bone marrow experiments due to the COVID-19
pandemic. Therefore, my Luminex analyses will focus solely on peripheral blood data. As
previously noted, the peripheral blood samples collected were blood plasma, rather than serum.
Plasma and serum are two types of blood samples that can be obtained via different methods of
processing blood. Importantly, plasma and serum can yield different cytokine levels due to these
distinct methods. It has not been definitively shown that either serum or plasma is better for
measuring cytokine levels, and this may in fact differ based on the cytokine being measured
(Guo et al., 2013; Gruen et al., 2016). Furthermore, some prior studies of dysregulated cytokine

expression in CHIP have looked at serum samples rather than plasma (Cook et al., 2017; Zhang
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et al., 2019). Thus, the results from the Luminex experiment should be interpreted with the
caveat that cytokine levels in the samples may not reflect physiological levels due to the method
of blood processing.

In my Luminex analysis, | found that three cytokines were significantly overexpressed in
patients with CHIP compared to controls: TNFa, CCL7, and IL-8. I also found that TNFa was
uniquely overexpressed in patients with TET2 CHIP mutations, and that TNFa, CCL7, IFNy, and
IL-8 were overexpressed in patients carrying multiple CHIP mutations compared to controls
However, these results were not significant after correcting for the number of tests performed.
This may be due to low power of the study as a result of limited case numbers. Future work with
a larger cohort should focus on validating whether expression of these cytokines is in fact
dysregulated in patients with CHIP. If these cytokines are in fact differentially expressed in
CHIP, it could reveal interesting clues as to how increased microenvironmental cytokine
signaling might promote the expansion of CHIP clones.

TNFua is a cytokine that is important for HSC survival and myeloid regeneration. If it is
overexpressed in CHIP patients, it could be acting as a CHIP-promoting cytokine by promoting
survival and expansion of the mutant clones. It also makes sense that a cytokine involved in
myeloid regeneration might be upregulated, given that CHIP appears to predispose patients to
MDS and AML. Furthermore, previous research has shown that an inflammatory in vitro
environment containing TNFa favors clonal hematopoiesis of Tet2-knockout murine and
TET2-mutant human HSPCs (Abegunde et al. 2018). Our finding that TNFa is elevated
specifically in patients with TET2 CHIP mutations supports these findings. Further studies

should investigate whether CHIP-mutant HSC clones are particularly sensitive to TNFa
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signaling and which cells in the bone marrow might have upregulated TNFa signaling in CHIP
patients. Studies should also investigate the mechanism by which TET2-mutant CHIP clones
may uniquely take advantage of elevated TNFa in the microenvironment to disproportionately
expand.

IL-8 is a cytokine which plays an inflammatory role by recruiting neutrophils to the site
of infection. Prior studies have also shown that IL-8 is elevated in CHIP, particularly in TET2-
mutant CHIP, and that overexpression of IL-8 is correlated with poor prognosis in certain AML
subsets (Jaiswal et al., 2017; Kuett et al., 2015). Given the paradoxical role that inflammation has
been shown to play in cancer initiation and progression, overexpression of IL-8 may induce HSC
exhaustion and promote expansion of mutant clones that are resistant to the inflammatory
microenvironment, thereby allowing for initiation and progression of myeloid malignancies
(Schuettpelz and Link, 2013). Further inflammatory signaling during cancer (as seen with high
levels of IL-8 expressed in AML) may be co-opted by cancers to promote angiogenesis and a
pro-tumorigenic microenvironment (Coussens and Werb, 2002). Further work must be done to
explore how normal and mutant HSCs in CHIP patients respond to proinflammatory IL-8
signaling to determine the role that elevated IL-8 expression may play in promoting expansion of
CHIP mutant clones.

CCL7 is a chemokine which attracts and regulates macrophage function during
inflammation. Given that CHIP manifests as the dysregulated proliferation of HSC clones, the
elevated CCL7 we observed in CHIP patients during Luminex analysis could be a result of
macrophages being recruited in CHIP to mount an inflammatory response against aberrant clonal

expansion. However, previous research has also shown that Tet2~ murine macrophages
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upregulate expression of several inflammatory genes, such as Ccl7 (Cull et al. 2017). While our
Luminex experiments did not find significant elevation of CCL7 in TET2 CHIP patients
specifically, this prior research still suggests that the elevated CCL7 we found in CHIP patients
overall could result from the dysregulated gene expression of macrophages that are derived from
these CHIP HSCs. Further mechanistic work must be done to determine whether this elevated
CCLT7 is only aresult of dysregulated expression by CHIP-derived macrophages or if CCL7
signaling has an effect on the HSCs occupying the bone marrow niche.

IFNy is a proinflammatory cytokine that is critical for innate and adaptive immunity and
appears to play a critical role in antitumor and antiproliferative effects. Based on my Luminex
analysis, [IFNy may be more expressed in patients with multiple CHIP patients. Other studies
have shown that IFNy is more significantly expressed in DNMT3A-mutant CHIP patients, as
well in MDS and subsets of AML (Kitagawa et al., 1997; Ciciarello et al., 2019). However, as
with many CHIP studies, these findings are only correlative and do not prove causation. It may
be that elevated IFNy helps promote the growth of mutant HSCs, or it could be that mature blood
cells derived from mutant CHIP simply demonstrate dysregulated expression of inflammatory
cytokines like IFNy. Further mechanistic work must be done to elucidate the effect of elevated
IFNy on HSCs.

In addition to these four cytokines, I also found that FGF-basic was downregulated in
patients with CHIP, although this finding was not significant after Bonferroni correction. FGF-
basic is a growth and signaling factor which is expressed in the bone marrow and helps
positively regulate hematopoiesis. Interestingly, my finding that FGF-basic may be

downregulated in CHIP appears to contradict with other studies which have shown that FGF-
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basic is elevated in the bone marrow of patients with myeloid disorders like AML (Bieker et al.,
2003). Future work might elucidate whether FGF-basic is in fact downregulated in CHIP and, if
so, how the role of FGF-basic might differ between CHIP, where it is downregulated, and AML,
where it is overexpressed.

As | have noted, given that no cytokines were significantly dysregulated after Bonferroni
correction, future studies will need to confirm whether or not the aforementioned cytokines are
in fact differentially expressed in CHIP patients. It will be further important to elucidate whether
there is high expression because mutant cells and the blood cells derived from them secrete more
cytokines or because these cytokines are critical for promoting mutant cell expansion.

Furthermore, given that these Luminex experiments were only performed with peripheral
blood samples, it is not known whether any observed changes reflect differential cytokine
expression within the bone marrow itself, which is the site of HSC mutant clone expansion.
Thus, future work on this project will require performing Luminex experiments on the collected
bone marrow samples to determine how cytokine expression within the bone marrow

microenvironment differs between CHIP and control patients.

4.2 RNA-seq data

Following Luminex analysis, | analyzed existing RNA-Seq data on genes expressed by
blood progenitors in healthy and leukemic patients. My goal was to determine if any cytokines of
interest (identified based on the Luminex assay panel) and their receptors were differentially
expressed by blood progenitors. Understanding how expression differs in healthy patients could

help us understand how dysregulated cytokine signaling in early stages of CHIP could
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potentially assist or hinder expansion of mutant clones. Additionally, understanding how
expression differs in leukemic patients could help us understand how certain patterns of
dysregulation might drive CHIP mutant clones towards future myeloid malignancies.

To expand the scope of analysis, | included the cytokines mentioned above as well as any
cytokine for which p<0.1 in CHIP Luminex analysis. While expression differences for many of
these cytokines are above the threshold of significance, both before and after Bonferroni
correction, | approached the RNA-Seq analysis as an exploratory project that could serve as
grounds for future work to validate any findings.

The blood progenitors which had been sequenced were hematopoietic stem cells (HSCs),
multipotent progenitors (MPPs), lymphoid-primed multipotent progenitors (LMPPs), multi-
lymphoid progenitors (MLPs), common myeloid progenitors (CMPs), granulocyte/macrophage
progenitor (GMPs), and megakaryocyte/erythroid progenitor (MEPS) (Figure 11). HSCs are the
least differentiated of the progenitors, while MPPs are the second least differentiated. LMPPs are
progenitors that are primed to proceed down the lymphoid differentiation pathway. However,
LMPPs are also thought to be capable of differentiating into GMPs, a myeloid progenitor. MLPs
are committed to the lymphoid lineage. CMPs are the least differentiated myeloid progenitor.
GMPs are more differentiated than CMPs and serve as the precursor to monoblasts and
myeloblasts, progenitors which go on to develop into macrophages and granulocytes. MEPs are
progenitors which give rise to megakaryocytes and erythrocytes. Given the variation in
progenitor lineages and stages of differentiation in this RNA-Seq dataset, analysis for cytokine
expression could give important insight into how dysregulated signaling in CHIP might affect

proliferation and differentiation.
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Figure 11. Blood progenitors sequenced from healthy patients represented different
stages of differentiation and blood lineages, while leukemic samples had sequencing data
from LMPP- and GMP-like LSCs. Based on graphical abstract from Goardon, et al. (2011).

| first performed one-way repeated measures ANOVA on the RNA-Seq data of healthy
patient cells and found IFNy to be the only cytokine or receptor whose differential expression
was significant after Bonferroni correction and whose post hoc tests also showed significant
difference. IFNy was significantly more expressed by MLPs than any other progenitor except for
LMPPs, suggesting that lymphoid progenitors overexpress IFNy relative to myeloid progenitors.
As I previously mentioned in discussion of my Luminex findings, IFNy is a proinflammatory
cytokine that is critical for innate and adaptive immunity and appears to play a critical role in
antitumor and antiproliferative effects. Interestingly, it has been shown that IFNy is particularly

effective at suppressing lymphomagenesis, perhaps due to its elevated signaling among cells of
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the lymphoid lineage as | have shown (Street et al., 2002). Based on my RNA-Seq findings,
IFNy may play a paradoxical inflammatory role in myeloid malignancies, whereby it is more
expressed in CHIP patients as the body mounts an inflammatory response to suppress
dysregulated HSC clonal expansion. Later, it may become co-opted by advanced myeloid
malignancies like MDS and AML to promote proliferation, expansion, and spreading as has been
demonstrated with chronic inflammation in cancers (Coussens and Werb, 2002). However, more
work must be done to understand the role that elevated IFNy expression might play in CHIP,
which cells in the bone marrow have dysregulated IFNy expression in CHIP, and how the role of
IFNy changes across myeloid malignancies.

TNFR-2, one of the receptors to TNFa, is another receptor for which ANOVA testing
was significant, although not significant after Bonferroni correction. However, post-hoc tests for
TNFR-2 were significant after Bonferroni correction. Post-hoc tests showed that TNFR-2 was
more significantly expressed in MLPs compared to CMPs and MEPs. Figure 6b showed that
LMPP expression of TNFR-2 is elevated and GMPs overexpress TNFR-2 compared to other
cells of the myeloid lineage, although this was not significant. Expression also appears to be
elevated in HSCs and MPPs relative to CMPs and MEPs, although this is also not significant. In
addition, TNFR-1, the other receptor to TNFa, had a significant ANOVA after Bonferroni
correction. Although post-hoc testing was not significant, TNFR-1 showed a similar pattern of
expression as TNFR-2 where LMPPs and GMPs appear to have relatively high levels of
expression compared to other cell types. Furthermore, my Luminex analysis showed that TNFa
is overexpressed in CHIP patients compared to controls, although this was not significant after

Bonferroni correction. Other work has shown that DNMT3A- and TET2-mutant CHIP have
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elevated TNFa expression (Cook et al., 2017). Thus, it is important to consider what role
elevated TNFa may play in CHIP and progression to myeloid malignancies, given what the
RNA-Seq data has revealed about which cells might be particularly susceptible to increased
TNFa signaling. TNFa is tied to cancer-related inflammation and is known to play a rather
paradoxical role in cancer, both abating and promoting cancer progression. If its role is to abate
CHIP, it may be initiating an inflammatory response to dysregulated mutant clone proliferation,
to which HSCs would appear to be susceptible due to their relatively high levels of TNFR-2. If
TNFa is playing a supportive role, high expression of its receptor particularly in LMPPs and
GMPs may play a critical role in promoting the development of leukemic stem cell populations
in CHIP patients. Future studies must work to understand how TNFa signaling becomes
dysregulated in CHIP and elucidate the mechanistic role that elevated TNFa plays in expansion
of CHIP clones and progression to MDS and AML.

There were additional cytokines whose ANOVAs were significant after Bonferroni
correction, but whose post-hoc tests were not. One of these was CCR2, which is a receptor to
CCL7, a chemokine which, as previously discussed, attracts and regulates macrophage function
during inflammation. While post-hoc testing was not significant, Figure 7a shows that CCR2 is
most expressed in GMPs compared to other cytokines, which makes sense given that GMPs are
the progenitors which ultimately differentiate into macrophages. Luminex analysis showed that
CCL7 is more expressed in CHIP patients overall and those with multiple mutations compared to
controls. However, if CCL7 is indeed more expressed, this may suggest that macrophages are
recruited in CHIP to mount an inflammatory response to the dysregulated proliferation of

multiple HSC clones.
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Two-way repeated measures (mixed) ANOVA added another dimension of analysis by
allowing me to compare expression of cytokines and their receptors between leukemic stem cells
and healthy blood progenitors. The two cell populations analyzed were GMPs and LMPPs which
make up the LSC population in AML. The most significantly differentially expressed protein
was CCR2, which was shown to be overexpressed in normal GMPs compared to leukemic GMPs
but with no such difference between normal and leukemic LMPPs. These findings suggest that
expression of CCR2, and the associated biological effects, are unique to GMPs in healthy
patients. As previously mentioned, CCR2 is the receptor to CCL7, a cytokine which recruits
macrophages during inflammation. If leukemic GMPs lose CCR2 expression, they become less
susceptible to inflammatory CCL7 signaling. Loss of CCR2 may be an important counter-
inflammatory mutation gained in AML due to chronic inflammation. Thus, if CCL7 is indeed
overexpressed in CHIP patients, it may play an important role in mounting an inflammatory
response to the expansion of mutant clones. Acquired CCR2 mutations in GMPs may therefore
be an important later step in progression from CHIP to AML. Future work must validate whether
or not CCL7 is in fact overexpressed in CHIP to determine how resulting chronic inflammation
may drive acquired resistance and disease progression.

IFNy had a significant mixed ANOVA, though not after Bonferroni correction. However,
IFNy did show significant interaction in post-hoc tests. IFNy was shown to be overexpressed in
normal LMPPs relative to leukemic LMPPs, with no such difference between normal and
leukemic GMPs, suggesting low IFNy expression in LSCs. Furthermore, recall that in healthy
blood progenitors, IFNy is most expressed in LMPPs and MLPs, two lymphoid progenitors. As

previously noted, IFNy is known to particularly inhibit lymphomagenesis, perhaps due to inter-

61



and intracellular [FNy amongst these cell types. Thus, it would make sense that IFNy expression
is reduced in leukemic stem cells. However, interestingly, as I also noted, IFNy is overexpressed
overall in CHIP, MDS, and AML. This points to a rather paradoxical role for IFNy expression,
further complicated by the fact that expression is lost by this LMPP-like LSC population in AML
patients. It may be that, while LMPP expression of IFNy is lost, other cells in the bone marrow
express IFNy and that AML and other late-stage myeloid malignancies have co-opted IFNy
expression for its protumorigenic effects. However, the question of IFNy’s role in CHIP and
AML, how the function of IFNy signaling varies depending on the stage of myeloid malignancy,
and which cells in the bone marrow express IFNy will need to be investigated further.

It is important to note that there were several key findings from other papers on
peripheral blood cytokine differences in CHIP patients that were not reproduced by our Luminex
assay. For example, Bick et al. (2020), Fuster et al. (2017), and Jaiswal et al. (2017) all found an
association between elevated IL-1p and TET2 mutations which we did not find. Similarly, Bick
et al. (2020), Jaiswal et al. (2017), and Meisel et al. (2018) found an association between
elevated IL-6 and TET2 mutations that our assay was not able to reproduce. However, these
differences may at least in part be due to variability in assays designed to measure cytokine
expression. For example, Jaiswal et al. (2017) performed RNA-Seq on Tet2 knockout
macrophages to measure differences in cytokine expression in CHIP mutant HSC-derived
myeloid cells rather than directly measuring cytokine protein levels in their blood samples. Bick
et al. (2020) used data on inflammatory markers measured in other studies. Fuster et al. (2017)

assessed elevated expression of IL-1p in Tet2”- mouse-derived macrophages using qtPCR. Future
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work should test differences in cytokine expression by using assays that look at both gene
expression and protein levels to account for variability in assays that measure cytokine levels.

In addition, while my analysis of results has focused primarily on the effect that
dysregulated cytokine expression in CHIP could have on mutant HSCs, it is important to note
that clonal expansion resulting from dysregulated cytokine levels in blood could be due to either
their effect on mutant HSCs or normal HSCs. As | have discussed thus far, the cytokines of
interest could be positively regulating the growth of mutant HSCs, promoting clonal expansion
due to the greater self-renewal capacity of mutant HSCs when targeted by these cytokines (i.e.,
the CHIP mutation and extracellular signaling together help the HSC clone expand). However,
clonal expansion could also stem from negative regulation of normal HSCs, resulting in impeded
self-renewal capacity that therefore allows the mutant HSCs which are immune to this signaling
to expand faster. This is one way to reconcile the at times paradoxical role that these cytokines
appear to be playing, with antiproliferative cytokines like IFNy being potentially overexpressed
in CHIP. This mechanistic difference in clonal expansion cannot be elucidated by looking at
cytokine levels in blood. Future work must study the downstream effects of elevated cytokine
levels, looking particularly at pathways that might be dysregulated in mutant HSCs and normal
HSCs in the presence of certain cytokines to determine how these cytokines are impacting clonal
expansion in CHIP patients.

Overall, findings from analysis of the Luminex and RNA-Seq data suggest that
inflammation plays an important and potentially paradoxical role in CHIP and myeloid
malignancies. Several pro-inflammatory cytokines, including IFNy, CCL7, IL-8 and TNFa may

be overexpressed in CHIP patients to mount a paradoxical inflammatory response that both
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abates and promotes the dysregulated proliferation seen in CHIP. Other cytokines, such as FGF-
basic, might be downregulated as the microenvironment remodels to support CHIP. Furthermore,
my findings show that there may be a difference between the role of cytokines in CHIP versus
MDS and AML. For example, while IFNy may play an inhibitory role in CHIP, IFNy signaling
could be used by AML to support its growth and proliferation. Furthermore, chronic
inflammatory signaling in CHIP may promote the development of resistant leukemic clones, as
can be seen with CCR2, the receptor to CCL7, being lowly expressed in leukemic cells
compared to normal progenitor cells. It is clear that further work must be done to determine
which cytokines are playing a promoting and inhibitory inflammatory role in CHIP, how this
inflammatory signaling might be co-opted by AML, and what mutations are acquired to resist the
effects of inflammatory signaling. Doing so will give us better insight into how the bone marrow
microenvironment contributes to the expansion of CHIP clones and whether signaling in the

microenvironment can predict which patients will go on to develop AML.

4.3 Limitations

There are several limitations to interpreting these findings which I have noted throughout
this thesis. As | have previously noted, | was not able to normalize expression levels from
Luminex data to total protein given the accuracy issues | encountered in the BCA assay and the
fact that | was unable to repeat the assay due to the COVID-19 pandemic. Thus, it may be that
certain observed differences in cytokine expression between CHIP and control patients are due to
differences in total protein levels between patients. In addition, only a few cytokines mentioned

were significantly expressed in Luminex analysis based on p<0.05, and none were significant
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after Bonferroni correction. Furthermore, a few cytokines and receptors selected for RNA-Seq
analysis were based on a broadened list that included cytokines with p<0.1. Thus, the results
outlined in this thesis should be interpreted with caution and future work must validate whether
these cytokines are in fact differentially expressed in CHIP and to mechanistically understand the
effect that they have on CHIP and AML.

Another important limitation to interpreting these findings is that the Luminex analysis
was only performed on peripheral blood samples and not bone marrow samples. While the
original goal of the project had been to analyze both peripheral blood and bone marrow samples,
the timing of the COVID-19 pandemic did not allow this to happen. Thus, while any observed
dysregulation of cytokine expression may reflect changes in expression in the bone marrow
where HSCs reside, this cannot be confirmed without also looking at how cytokine expression is
dysregulated in the bone marrow of CHIP patients. Future research must look at how cytokine

expression within the bone marrow is dysregulated.

4.4 Future directions

Given these limitations and the gaps in knowledge outlined in this discussion, there are
several important lines of future work that should be undertaken to better understand how
cytokine dysregulation in CHIP affects HSC mutant clone expansion and potential progression to
advanced myeloid malignancies. Many of these were experiments | had hoped to perform if not
for the COVID-19 pandemic. As previously mentioned, it will be important to perform Luminex
cytokine analysis experiments on bone marrow samples to see if there are any differences in the

cytokines that are dysregulated in the bone marrow microenvironment of CHIP patients. Doing
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so will improve our understanding of how signaling in the stem cell niche might affect CHIP
mutant clonal expansion. However, it is important to note that, unlike peripheral blood
collection, bone marrow sampling is prone to erroneous sampling, including contamination with
peripheral blood. This can be seen in the BCA assay experiments | conducted which, although
imperfect, still showed much greater variability in the bone marrow sample protein
concentrations compared to peripheral blood (Figure 1). This makes it not only difficult to obtain
a pure bone marrow sample, but also difficult to sample consistently across patients. Thus, if
future cytokine work is to proceed with the collected bone marrow samples, steps must be taken
to normalize to proteins found predominantly in the bone marrow or other sample characteristics
that would be exclusive to bone marrow.

Additionally, while the RNA-Seq data was important for understanding how cytokine
dysregulation might affect healthy and leukemic blood progenitors, it is still not known how
expression of cytokines and their receptors differs in progenitor cells within CHIP patients. Thus,
RNA-Seq experiments studying expression in CHIP blood progenitors is an important next step.
Asger Jakobsen, the graduate student in the Vyas Lab who was my collaborator on this project, is
currently carrying out TARGET-Seq experiments (a technique which allows for parallel
mutational analysis and RNA sequencing) to study gene expression of HSCs from CHIP patients.
Extending this work to other blood progenitors could help us understand how cytokine and
receptor expression varies from healthy to CHIP to AML patients. Furthermore, to understand
the role of bone marrow microenvironment signaling, it will also be important to perform RNA-
Seq experiments to study how non-blood progenitor cells in the bone marrow dysregulate

cytokine expression in CHIP to see how they may assist or abate the expansion of CHIP clones
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and, later, AML. To establish causality, experiments such as replating assays must be carried out
to determine how cytokines of interest affect proliferation and self-renewal of HSCs with CHIP
mutations. Carrying out these lines of investigation will allow us to gain a better understanding
of how CHIP mutant clones drive dysregulated cytokine expression and the role that this

dysregulated expression plays in progression to AML.

67



5) Conclusion

Through my thesis work, | advanced our understanding of how dysregulated cytokine signaling
in patients with clonal hematopoiesis may affect the expansion of HSC mutant clones. These
findings give more insight into how signaling of cells in the bone marrow microenvironment
might change in response to CHIP. In my analysis, | focused particularly on dysregulated
proinflammatory cytokines and the paradoxical role they may play in CHIP and myeloid
malignancies. | discussed how proinflammatory cytokines may initially have an inhibitory effect
and later be co-opted to promote the advancement of myeloid malignancies and leukemia. While
many of the cytokine dysregulations | found were not significant, particularly after Bonferroni
correction, my findings should establish grounds for future exploratory and validating work.

Findings from my analysis of the RNA-Seq data furthered our understanding of how
dysregulated cytokine signaling in CHIP may affect blood progenitors based on how these
cytokines and their receptors are expressed in healthy blood progenitors and leukemic stem cells.
My analysis revealed how differential cytokine and receptor expression in different progenitor
cell types can leave certain cell types susceptible to signaling that might drive myeloid
malignancies. Importantly, these findings showed how dysregulated expression of such cytokines
during CHIP may play a crucial role in transforming blood progenitors from the healthy to the
leukemic state.

Future work will be important to further improve our understanding of how cytokine
signaling in CHIP patients, particularly in the bone marrow microenvironment, affects

proliferation of blood progenitors. It will be important to look particularly at changes in the
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proliferation of HSCs and known precursors to leukemic stem cells in response to dysregulated
cytokine expression to understand how this signaling may promote the development of AML.
Given the current gaps in understanding in how CHIP clones gain the clonal advantage
and what causes them to progress to more advanced myeloid malignancies like MDS and AML,
insights into extracellular signaling may provide important clues to answer these questions. The
work in this thesis provides evidence that cytokine dysregulation may play an important role in
affecting CHIP clone expansion and in promoting the development of further myeloid
malignancies. Additional work exploring the ideas posed in this thesis will be important for
furthering our understanding of how cytokine signaling affects CHIP. Doing so may improve our
ability to intervene early and accurately for patients with CHIP to prevent the development of

advanced, life-altering hematologic malignancies.

69



References

Abegunde, S. O., Buckstein, R., Wells, R. A., & Rauh, M. J. (2018). An inflammatory
environment containing TNFa favors Tet2-mutant clonal hematopoiesis. Experimental

Hematology, Vol. 59, pp.. 60-65. https://doi.org/10.1016/j.exphem.2017.11.002

Abelson, S., Collord, G., Ng, S. W. K., Weissbrod, O., Cohen, N. M., Niemeyer, E., ... Shlush,
L. (2018). Prediction of acute myeloid leukaemia risk in healthy individuals. Nature, 559,

400-404. https://doi.org/10.1038/s41586-018-0317-6

Allampallam, K., Shetty, V., Mundle, S., Dutt, D., Kravitz, H., Reddy, P. L., ... Raza, A. (2002).
Biological significance of proliferation, apoptosis, cytokines, and monocyte/macrophage
cells in bone marrow biopsies of 145 patients with myelodysplastic syndrome. International

Journal of Hematology, 75(3), 289-297. https://doi.org/10.1007/BF02982044

Allouche, M., & Bikfalvi, A. (1995). The role of fibroblast growth factor-2 (FGF-2) in
hematopoiesis. Progress in Growth Factor Research, Vol. 6, pp. 35-48.

https://doi.org/10.1016/0955-2235(95)00041-0

Arai, F., Hirao, A., Ohmura, M., Sato, H., Matsuoka, S., Takubo, K., ... Suda, T. (2004).
Tie2/Angiopoietin-1 Signaling Regulates Hematopoietic Stem Cell Quiescence in the Bone

Marrow Niche. Cell, 118(2), 149-161. https://doi.org/10.1016/j.cell.2004.07.004

Basu, S., Dunn, A., & Ward, A. (2002). G-CSF: function and modes of action (Review).
International Journal of Molecular Medicine, Vol. 10, pp. 3-10.

https://doi.org/10.3892/ijmm.10.1.3

70



Becker, A. J., McCulloch, E. A., & Till, J. E. (1963). Cytological demonstration of the clonal
nature of spleen colonies derived from transplanted mouse marrow cells. Nature, 197(4866),

452-454. https://doi.org/10.1038/197452a0

Bick, A. G., Weinstock, J. S., Nandakumar, S. K., Fulco, C. P., Bao, E. L., Zekavat, S. M,, ...
Kathiresan, S. (2020). Inherited causes of clonal haematopoiesis in 97,691 whole genomes.

Nature, 586, 763—768. https://doi.org/10.1038/s41586-020-2819-2

Bickel, M. (1993). The role of interleukin-8 in inflammation and mechanisms of regulation.
Journal of Periodontology, 64(5 Suppl), 456-460. Retrieved from

http://www.ncbi.nlm.nih.gov/pubmed/8315568

Bieker, R., Padro, T., Kramer, J., Steins, M., Kessler, T., Retzlaff, S., ... Mesters, R. M. (2003).
Overexpression of Basic Fibroblast Growth Factor and Autocrine Stimulation in Acute

Myeloid Leukemia 1. In CANCER RESEARCH (Vol. 63).

Brat, D. J., Bellail, A. C., & Van Meir, E. G. (2005). Neuro-Oncology The role of interleukin-8
and its receptors in gliomagenesis and tumoral angiogenesis 1. Neuro-Oncology, 7, 4-106.

https://doi.org/10.1215/S1152851704001061

Bruns, I., Lucas, D., Pinho, S., Ahmed, J., Lambert, M. P., Kunisaki, Y., ... Frenette, P. S.
(2014). Megakaryocytes regulate hematopoietic stem cell quiescence through CXCL4

secretion. Nature Medicine, 20(11), 1315-1320. https://doi.org/10.1038/nm.3707

71



Busque, L., Mio, R., Mattioli, J., Brais, E., Blais, N., Lalonde, Y., ... Gilliland, D. (1996).
Nonrandom X-inactivation patterns in normal females: lyonization ratios vary with age.

Blood, 88(1), 59-65. https://doi.org/10.1182/blood.\VV88.1.59.59

Cai, Z., Kotzin, J. J., Ramdas, B., Chen, S., Nelanuthala, S., Palam, L. R., ... Kapur, R. (2018).
Inhibition of Inflammatory Signaling in Tet2 Mutant Preleukemic Cells Mitigates Stress-
Induced Abnormalities and Clonal Hematopoiesis. Cell Stem Cell, 23(6), 833-849.e5.

https://doi.org/10.1016/j.stem.2018.10.013

Challen, G. A., Sun, D., Jeong, M., Luo, M., Jelinek, J., Berg, J. S., ... Goodell, M. A. (2012).
Dnmt3a is essential for hematopoietic stem cell differentiation. Nature Genetics, 44(1), 23—

31. https://doi.org/10.1038/ng.1009

Champion, K. M., Gilbert, J. G. R., Asimakopoulos, F. A., Hinshelwood, S., & Green, A. R.
(1997). Clonal haemopoiesis in normal elderly women: Implications for the
myeloproliferative disorders and myelodysplastic syndromes. British Journal of

Haematology, 97(4), 920-926. https://doi.org/10.1046/j.1365-2141.1997.1933010.x

Chou, W. C., Chou, S. C., Liu, C. Y., Chen, C. Y., Hou, H. A., Kuo, Y. Y., ... Tien, H. F. (2011).
TET2 mutation is an unfavorable prognostic factor in acute myeloid leukemia patients with
intermediate-risk cytogenetics. Blood, 118(14), 3803-3810. https://doi.org/10.1182/blood-

2011-02-339747

72



Ciciarello, M., Corradi, G., Sangaletti, S., Bassani, B., Simonetti, G., Vadakekolathu, J., ... Curti,
A. (2019). Interferon-y-Dependent Inflammatory Signature in Acute Myeloid Leukemia
Cells Is Able to Shape Stromal and Immune Bone Marrow Microenvironment. Blood,

134(Supplement_1), 1212-1212. https://doi.org/10.1182/blood-2019-126512

Cook, E. K., lzukawa, T., Young, S., Rosen, G., Jamali, M., Zhang, L., ... Rauh, M. J. (2019).
Comorbid and inflammatory characteristics of genetic subtypes of clonal hematopoiesis.

Blood Advances, 3(16), 2482-2486. https://doi.org/10.1182/bloodadvances.2018024729

Cook, E., Izukawa, T., Young, S., Rosen, G., Jamali, M., Snetsinger, B., ... Rauh, M. (2017).
Feeding the Fire: The Comorbid and Inflammatory Backdrop of Clonal Hematopoiesis of
Indeterminate Potential (CHIP) By Mutation Subtype. Blood, 130(Supplement 1), 426-426.

https://doi.org/10.1182/blood.VV130.Suppl_1.426.426

Corces-Zimmerman, M. R., Hong, W. J., Weissman, I. L., Medeiros, B. C., & Majeti, R. (2014).
Preleukemic mutations in human acute myeloid leukemia affect epigenetic regulators and
persist in remission. Proceedings of the National Academy of Sciences of the United States

of America, 111(7), 2548-2553. https://doi.org/10.1073/pnas.1324297111

Coussens, L. M., & Werb, Z. (2002). Inflammation and cancer. Nature, VVol. 420, pp. 860-867.

https://doi.org/10.1038/nature01322

Cull, A. H., Snetsinger, B., Buckstein, R., Wells, R. A., Rauh, M. J. (2017). Tet2 restrains
inflammatory gene expression in macrophages. Experimental Hematology, 55, 56-70.

https://doi.org/10.1016/j.exphem.2017.08.001

73



Cullinan, E. B., Abbondanzo, S. J., Anderson, P. S., Pollard, J. W., Lessey, B. A., & Stewart, C.
L. (1996). Leukemia inhibitory factor (LIF) and LIF receptor expression in human
endometrium suggests a potential autocrine/paracrine function in regulating embryo
implantation. Proceedings of the National Academy of Sciences of the United States of

America, 93(7), 3115-3120. https://doi.org/10.1073/pnas.93.7.3115

Day, R. B., & Link, D. C. (2014). Megakaryocytes in the hematopoietic stem cell niche. Nature

Medicine, 20(11), 1233-1234. https://doi.org/10.1038/nm.3745

Deschler, B., & Lubbert, M. (2006). Acute myeloid leukemia: Epidemiology and etiology.

Cancer, Vol. 107, pp. 2099-2107. https://doi.org/10.1002/cncr.22233

Dinarello, C. A., Novick, D., Kim, S., & Kaplanski, G. (2013). Interleukin-18 and IL-18 binding

protein. Frontiers in Immunology, Vol. 4, p. 289. https://doi.org/10.3389/fimmu.2013.00289

Ding, L., Ley, T. J., Larson, D. E., Miller, C. A., Koboldt, D. C., Welch, J. S., ... Dipersio, J. F.
(2012). Clonal evolution in relapsed acute myeloid leukaemia revealed by whole-genome

sequencing. Nature, 481(7382), 506-510. https://doi.org/10.1038/nature10738

Dzierzak, E., & Bigas, A. (2018). Cell Stem Cell Review Blood Development: Hematopoietic
Stem Cell Dependence and Independence. Stem Cell, 22, 639-651.

https://doi.org/10.1016/j.stem.2018.04.015

ElKassar, N., & Gress, R. E. (2010). An overview of IL-7 biology and its use in immunotherapy.

Journal of Immunotoxicology, 7(1), 1-7. https://doi.org/10.3109/15476910903453296

74



Feng, X., Scheinberg, P., Wu, C. O., Samsel, L., Nunez, O., Prince, C., ... Young, N. S. (2011).
Cytokine signature profiles in acquired aplastic anemia and myelodysplastic syndromes.

Haematologica, 96(4), 602—606. https://doi.org/10.3324/haematol.2010.030536

Fuster, J. J., MacLauchlan, S., Zuriaga, M. A., Polackal, M. N., Ostriker, A. C., Raja
Chakraborty, R., ... Walsh, K. (2017). Clonal hematopoiesis associated with TET2
deficiency accelerates atherosclerosis development in mice. Science, 355(6327), 842-847.

DOI: 10.1126/science.aag1381

Genovese, G., Kihler, A. K., Handsaker, R. E., Lindberg, J., Rose, S. A., Bakhoum, S. F., ...
McCarroll, S. A. (2014). Clonal hematopoiesis and blood-cancer risk inferred from blood
DNA sequence. New England Journal of Medicine, 371(26), 2477-2487.

https://doi.org/10.1056/NEJM0al1409405

Ghannam, S., Bouffi, C., Djouad, F., Jorgensen, C., & Noél, D. (2010). Immunosuppression by
mesenchymal stem cells: Mechanisms and clinical applications. Stem Cell Research and

Therapy, Vol. 1, p. 2. https://doi.org/10.1186/scrt2

Ghannam, S., Péne, J., Torcy-Moquet, G., Jorgensen, C., & Yssel, H. (2010). Mesenchymal Stem
Cells Inhibit Human Th17 Cell Differentiation and Function and Induce a T Regulatory Cell
Phenotype. The Journal of Immunology, 185(1), 302—-312.

https://doi.org/10.4049/jimmunol.0902007

75



Ghobrial, I. M., Detappe, A., Anderson, K. C., & Steensma, D. P. (2018). The bone-marrow
niche in MDS and MGUS: Implications for AML and MM. Nature Reviews Clinical

Oncology, Vol. 15, pp. 219-233. https://doi.org/10.1038/nrclinonc.2017.197

Goardon, N., Marchi, E., Atzberger, A., Quek, L., Schuh, A., Soneji, S., ... Vyas, P. (2011).
Coexistence of LMPP-like and GMP-like leukemia stem cells in acute myeloid leukemia.

Cancer Cell, 19(1), 138-152. https://doi.org/10.1016/j.ccr.2010.12.012

Gruen, M. E., Messenger, K. M., Thomson, A. E., Griffith, E. H., Paradise, H., Vaden, S.,
Lascelles, B. D. X. (2016). A Comparison of Serum and Plasma Cytokine Values using a
Multiplexed Assay in Cats. Vet Immunol Immunopathol, Vol 182, 69-73.

https://dx.doi.org/10.1016%2Fj.vetimm.2016.10.003

Guo, G., Dong, J., Yuan, X., Dong, Z., Tian, Y. (2013). Clinical evaluation of the levels of 12
cytokines in serum/plasma under various storage conditions using evidence biochip arrays.

Molecular Medicine Reports, 7(3), 775-780. https://doi.org/10.3892/mmr.2013.1263

Haferlach, T., Nagata, Y., Grossmann, V., Okuno, Y., Bacher, U., Nagae, G., ... Ogawa, S.
(2014). Landscape of genetic lesions in 944 patients with myelodysplastic syndromes.

Leukemia, 28(2), 241-247. https://doi.org/10.1038/leu.2013.336

Hamilton, J. A., & Achuthan, A. (2013). Colony stimulating factors and myeloid cell biology in
health and disease. Trends in Immunology, Vol. 34, pp. 81-89.

https://doi.org/10.1016/j.it.2012.08.006

76



Hercus, T. R., Dhagat, U., Kan, W. L. T., Broughton, S. E., Nero, T. L., Perugini, M., ... Lopez,
A. F. (2013). Signalling by the Bc family of cytokines. Cytokine and Growth Factor

Reviews, Vol. 24, pp. 189-201. https://doi.org/10.1016/j.cytogfr.2013.03.002

Hercus, T. R., Thomas, D., Guthridge, M. A., Ekert, P. G., King-Scott, J., Parker, M. W., &
Lopez, A. F. (2009). The granulocyte-macrophage colony-stimulating factor receptor:
Linking its structure to cell signaling and its role in disease. Blood, VVol. 114, pp. 1289—

1298. https://doi.org/10.1182/blood-2008-12-164004

Ichihara, E., Kaneda, K., Saito, Y., Yamakawa, N., & Morishita, K. (2011). Angiopoietinl
contributes to the maintenance of cell quiescence in EVI1 high leukemia cells. Biochemical
and Biophysical Research Communications, 416(3-4), 239-245.

https://doi.org/10.1016/j.bbrc.2011.10.061

Idriss, H. T., & Naismith, J. H. (2000). TNFa and the TNF receptor superfamily: Structure-
function relationship(s). Microscopy Research and Technique, 50(3), 184-195.

https://doi.org/10.1002/1097-0029(20000801)50:3<184::AlD-JEMT2>3.0.CO;2-H

lyer, S. S., & Cheng, G. (2012). Role of interleukin 10 transcriptional regulation in inflammation
and autoimmune disease. Critical Reviews in Immunology, 32(1), 23-63.

https://doi.org/10.1615/critrevimmunol.v32.i1.30

77



Jaiswal, S., Fontanillas, P., Flannick, J., Manning, A., Grauman, P. V., Mar, B. G, ... Ebert, B.
L. (2014). Age-related clonal hematopoiesis associated with adverse outcomes. New
England Journal of Medicine, 371(26), 2488-2498.

https://doi.org/10.1056/NEJM0al1408617

Jaiswal, S., Natarajan, P., Silver, A. J., Gibson, C. J., Bick, A. G., Shvartz, E., ... Ebert, B. L.
(2017). Clonal Hematopoiesis and Risk of Atherosclerotic Cardiovascular Disease. New

England Journal of Medicine, 377(2), 111-121. https://doi.org/10.1056/NEJM0al1701719

Jan, M., Snyder, T. N., Corces-Zimmerman, M. R., Vyas, P., Weissman, I. L., Quake, S. R., &
Majeti, R. (2012). Clonal Evolution of Preleukemic Hematopoietic Stem Cells Precedes
Human Acute Myeloid Leukemia. Science Translational Medicine, 4(149), 149ral118.

https://doi.org/10.1016/j.exphem.2015.08.012

Javidi-Sharifi, N., Martinez, J., English, I., Joshi, S. K., Scopim-Ribiero, R., Edwards V, D.
K., ... Traer, E. (2019). Fgf2-fgfrl signaling regulates release of leukemia-protective

exosomes from bone marrow stromal cells. ELife, 8. https://doi.org/10.7554/eLife.40033

Kassem, N. M., Ayad, A. M., El Husseiny, N. M., El-Demerdash, D. M., Kassem, H. A., &
Mattar, M. M. (2018). Role of granulocyte-macrophage colony-stimulating factor in acute
myeloid leukemia/myelodysplastic syndromes. Journal of Global Oncology, 2018(4).

https://doi.org/10.1200/JG0.2017.009332

Kenyon, C. J. (2010). The genetics of ageing. Nature, VVol. 464, pp. 504-512.

https://doi.org/10.1038/nature08980

78



Kiel, M. J., Yilmaz, O. H., Iwashita, T., Yilmaz, O. H., Terhorst, C., & Morrison, S. J. (2005).
SLAM family receptors distinguish hematopoietic stem and progenitor cells and reveal
endothelial niches for stem cells. Cell, 121(7), 1109-1121.

https://doi.org/10.1016/j.cell.2005.05.026

Kitagawa, M., Saito, I., Kuwata, T., Yoshida, S., Yamaguchi, S., Takahashi, M., ... Hirokawa, K.
(1997). Overexpression of tumor necrosis factor (TNF)-a and interferon (IFN)-y by bone
marrow cells from patients with myelodysplastic syndromes. Leukemia, 11(12), 2049-2054.

https://doi.org/10.1038/sj.1eu.2400844

Klepin, H. D. (2016). Myelodysplastic Syndromes and Acute Myeloid Leukemia in the Elderly.
Clinics in Geriatric Medicine, Vol. 32, pp. 155-173.

https://doi.org/10.1016/j.cger.2015.08.010

Kuett, A., Rieger, C., Perathoner, D., Herold, T., Wagner, M., Sironi, S., ... Fiegl, M. (2015). IL-
8 as mediator in the microenvironment-leukaemia network in acute myeloid leukaemia.

Scientific Reports, 5, 18411. https://doi.org/10.1038/srep18411

Ley, T.J., Ding, L., Walter, M. J., McLellan, M. D., Lamprecht, T., Larson, D. E., ... Wilson, R.
K. (2010). DNMT3A Mutations in Acute Myeloid Leukemia. New England Journal of

Medicine, 363(25), 2424-2433. https://doi.org/10.1056/NEJM0a1005143

Liu, Y., Cai, Y., Liu, L., Wu, Y., & Xiong, X. (2018). Crucial biological functions of CCL7 in

cancer. PeerJ, 2018(6). https://doi.org/10.7717/peerj.4928

79



Medyouf, H., Mossner, M., Jann, J.-C., Nolte, F., Raffel, S., Herrmann, C., ... Nowak, D. (2014).
Myelodysplastic Cells in Patients Reprogram Mesenchymal Stromal Cells to Establish a
Transplantable Stem Cell Niche Disease Unit. Stem Cell, 14, 824-837.

https://doi.org/10.1016/j.stem.2014.02.014

Meisel, M., Hinterleitner, R., Pacis, A., Chen, L., Earley, Z. M., Mayassi, T., ... Jabri, B. (2018).
Microbial signals drive pre-leukaemic myeloproliferation in a Tet2-deficient host. Nature,

557(7706), 580-584. https://doi.org/10.1038/s41586-018-0125-z

Metzeler, K. H., Maharry, K., Radmacher, M. D., Mrozek, K., Margeson, D., Becker, H., ...
Bloomfield, C. D. (2011). TET2 Mutations Improve the New European LeukemiaNet Risk
Classification of Acute Myeloid Leukemia: A Cancer and Leukemia Group B Study.
Journal of Clinical Oncology, 29(10), 1373-1381.

https://doi.org/10.1200/JC0.2010.32.7742

Mirantes, C., Passegué, E., & Pietras, E. M. (2014). Pro-inflammatory cytokines: Emerging
players regulating HSC function in normal and diseased hematopoiesis. Experimental Cell

Research, Vol. 329, pp. 248-254. https://doi.org/10.1016/j.yexcr.2014.08.017

Moran-Crusio, K., Reavie, L., Shih, A., Abdel-Wahab, O., Ndiaye-Lobry, D., Lobry, C., ...
Levine, R. L. (2011). Tet2 Loss Leads to Increased Hematopoietic Stem Cell Self-Renewal
and Myeloid Transformation. Cancer Cell, 20(1), 11-24.

https://doi.org/10.1016/j.ccr.2011.06.001

80



Morrison, S. J., & Scadden, D. T. (2014). The bone marrow niche for haematopoietic stem cells.

Nature, VVol. 505, pp. 327-334. https://doi.org/10.1038/nature12984

Nomdedeu, M., Lara-Castillo, M. C., Etxabe, A., Cornet-Masana, J. M., Pratcorona, M., Diaz-
Beya, M., ... Risueio, R. M. (2015). Treatment with G-CSF reduces acute myeloid
leukemia blast viability in the presence of bone marrow stroma. Cancer Cell International,

15(1), 122. https://doi.org/10.1186/512935-015-0272-3

Nowell, P. C. (1976). The clonal evolution of tumor cell populations. Science, 194(4260), 23-28.

https://doi.org/10.1126/science.959840

Or, R., Abdul-Hai, A., & Ben-Yehuda, A. (1998). Reviewing the potential utility of interleukin-7
as a promoter of thymopoiesis and immune recovery. Cytokines, Cellular & Molecular

Therapy, 4(4), 287-294. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/10068062

Ornitz, D. M., & Itoh, N. (2015). The Fibroblast Growth Factor signaling pathway. WIREs Dev

Biol, 4, 215-266. https://doi.org/10.1002/wdev.176

Palframan, R. T., Collins, P. D., Williams, T. J., & Rankin, S. M. (1998). Eotaxin Induces a
Rapid Release of Eosinophils and Their Progenitors From the Bone Marrow. Blood, 91(7),

2240-2248. https://doi.org/10.1182/blood.v91.7.2240

Ramalingam, P., Poulos, M. G., & Butler, J. M. (2017). Regulation of the hematopoietic stem
cell lifecycle by the endothelial niche. Current Opinion in Hematology, Vol. 24, pp. 289-

299. https://doi.org/10.1097/MOH.0000000000000350

81



Ren, K., & Torres, R. (2009). Role of interleukin-1p during pain and inflammation. Brain

Research Reviews, Vol. 60, pp. 57-64. https://doi.org/10.1016/j.brainresrev.2008.12.020

Risques, R. A., & Kennedy, S. R. (2018). Aging and the rise of somatic cancer-associated
mutations in normal tissues. PLoS Genetics, Vol. 14.

https://doi.org/10.1371/journal.pgen.1007108

Robb, L. (2007). Cytokine receptors and hematopoietic differentiation. Oncogene, Vol. 26, pp.

6715-6723. https://doi.org/10.1038/sj.0onc.1210756

Schepers, K., Campbell, T. B., & Passegué, E. (2015). Normal and Leukemic Stem Cell Niches:
Insights and Therapeutic Opportunities. Stem Cell, 16, 254-267.

https://doi.org/10.1016/j.stem.2015.02.014

Schliemann, C., Bieker, R., Padro, T., Kessler, T., Hintelmann, H., Buchner, T., ... Mesters, R.
(2006). Expression of angiopoietins and their receptor Tie2 in the bone marrow of patients

with acute myeloid leukemia. Haematologica, 91(9).

Schuettpelz, L. G., & Link, D. C. (2013). Regulation of Hematopoietic Stem Cell Activity by
Inflammation. Frontiers in Immunology, 4(JUL), 204.

https://doi.org/10.3389/fimmu.2013.00204

Seita, J., & Weissman, I. L. (2010). Hematopoietic stem cell: Self-renewal versus differentiation.
Wiley Interdisciplinary Reviews: Systems Biology and Medicine, Vol. 2, pp. 640-653.

https://doi.org/10.1002/wsbm.86

82



Shastri, A., Will, B., Steidl, U., & Verma, A. (2017). Stem and progenitor cell alterations in
myelodysplastic syndromes. Blood, Vol. 129, pp. 1586-1594. https://doi.org/10.1182/blood-

2016-10-696062

Shibuya, M. (2011). Vascular Endothelial Growth Factor (VEGF) and Its Receptor (VEGFR)
Signaling in Angiogenesis: A Crucial Target for Anti- and Pro-Angiogenic Therapies.

Genes and Cancer, 2(12), 1097-1105. https://doi.org/10.1177/1947601911423031

Siminovitch, L., McCulloch, E. A., & Till, J. E. (1963). The distribution of colony-forming cells
among spleen colonies. Journal of Cellular and Comparative Physiology, 62(3), 327-336.

https://doi.org/10.1002/jcp.1030620313

Staversky, R. J., Byun, D. K., Georger, M. A., Zaffuto, B. J., Goodman, A., Becker, M. W, ...
Frisch, B. J. (2018). The Chemokine CCL3 Regulates Myeloid Differentiation and
Hematopoietic Stem Cell Numbers. Scientific Reports, 8(1), 14691.

https://doi.org/10.1038/s41598-018-32978-y

Steensma, D. P., Bejar, R., Jaiswal, S., Lindsley, R. C., Sekeres, M. A., Hasserjian, R. P., &
Ebert, B. L. (2015). Clonal hematopoiesis of indeterminate potential and its distinction from
myelodysplastic syndromes. Blood, Vol. 126, pp. 9-16. https://doi.org/10.1182/blood-2015-

03-631747

Street, S. E. A., Trapani, J. A., MacGregor, D., & Smyth, M. J. (2002). Suppression of lymphoma
and epithelial malignancies effected by interferon y. Journal of Experimental Medicine,

196(1), 129-134. https://doi.org/10.1084/jem.20020063

83



Tanaka, T., Narazaki, M., & Kishimoto, T. (2014). 11-6 in inflammation, Immunity, And disease.
Cold Spring Harbor Perspectives in Biology, 6(10), 16295-16296.

https://doi.org/10.1101/cshperspect.a016295

Tau, G., & Rothman, P. (1999). Biologic functions of the IFN-y receptors. Allergy: European
Journal of Allergy and Clinical Immunology, Vol. 54, pp. 1233-1251.

https://doi.org/10.1034/j.1398-9995.1999.00099.x

Testa, U., Riccioni, R., Diverio, D., Rossini, A., Lo Coco, F., & Peschle, C. (2004). Interleukin-3
receptor in acute leukemia. Leukemia, Vol. 18, pp. 219-226.

https://doi.org/10.1038/sj.1eu.2403224

Till, J. E., & Mcculloch, E. A. (1961). A Direct Measurement of the Radiation Sensitivity of

Normal Mouse Bone Marrow Cells. In Research (Vol. 14).

Traer, E., Javidi-Sharifi, N., Martinez, J., English, 1., Dunlap, J., Agarwal, A., ... Druker, B. J.
(2016). FGF2 from Bone Marrow Stroma Protects Acute Myeloid Leukemia Cells from the
FLT3 Inhibitor Quizartinib and Facilitates Acquisition of Resistance Mutations. Blood,

128(22), 1080-1080. https://doi.org/10.1182/blood.v128.22.1080.1080

Tsapogas, P., Mooney, C. J., Brown, G., & Rolink, A. (2017). The cytokine Flt3-ligand in normal
and malignant hematopoiesis. International Journal of Molecular Sciences, Vol. 18.

https://doi.org/10.3390/ijms18061115

84



Tsapogas, P., Mooney, C. J., Brown, G., & Rolink, A. (2017). The cytokine Flt3-ligand in normal
and malignant hematopoiesis. International Journal of Molecular Sciences, Vol. 18.

https://doi.org/10.3390/ijms18061115

Walter, M. J., Ding, L., Shen, D., Shao, J., Grillot, M., McLellan, M., ... Graubert, T. A. (2011).
Recurrent DNMT3A mutations in patients with myelodysplastic syndromes. Leukemia,

25(7), 1153-1158. https://doi.org/10.1038/leu.2011.44

Wang, J.,, Li, Z., He, Y., Pan, F., Chen, S., Rhodes, S., ... Yang, F. C. (2014). Loss of Asxl1
leads to myelodysplastic syndrome-like disease in mice. Blood, 123(4), 541-553.

https://doi.org/10.1182/blood-2013-05-500272

Wang, J., & Xiao, Z. (2014). Mesenchymal stem cells in pathogenesis of myelodysplastic
syndromes. Stem Cell Investigation, 1, 16. https://doi.org/10.3978/j.issn.2306-

9759.2014.08.02

Wang, R., Feng, W., Yang, F., Yang, X., Wang, L., Chen, C., ... Zheng, G. (2018).
Heterogeneous effects of M-CSF isoforms on the progression of MLL-AF9 leukemia.

Immunology and Cell Biology, 96(2), 190-203. https://doi.org/10.1111/imcb.1029

Weissmann, S., Alpermann, T., Grossmann, V., Kowarsch, A., Nadarajah, N., Eder, C., ...
Kohlmann, A. (2012). Landscape of TET2 mutations in acute myeloid leukemia. Leukemia,

26(5), 934-942. https://doi.org/10.1038/leu.2011.326

85



Welch, J. S., Ley, T. J., Link, D. C., Miller, C. A,, Larson, D. E., Koboldt, D. C., ... Wilson, R.
K. (2012). The origin and evolution of mutations in acute myeloid leukemia. Cell, 150(2),

264-278. https://doi.org/10.1016/j.cell.2012.06.023

Wu, A. M., Till, J. E., Siminovitch, L., & McCulloch, E. A. (1968). Cytological evidence for a
relationship between normal hematopoietic colony-forming cells and cells of the lymphoid
system. The Journal of Experimental Medicine, 127(3), 455-464.

https://doi.org/10.1084/jem.127.3.455

Xu, D. H., Zhu, Z., Wakefield, M. R., Xiao, H., Bai, Q., & Fang, Y. (2016). The role of IL-11 in
immunity and cancer. Cancer Letters, Vol. 373, pp. 156-163.

https://doi.org/10.1016/j.canlet.2016.01.004

Yamashita, M., and Passegué, E. (2019). TNF-a Coordinates Hematopoietic Stem Cell Survival
and Myeloid Regeneration. Cell Stem Cell, 25, 357-372.

https://doi.org/10.1016/j.stem.2019.05.019

Yan, X.J., Xu, J., Gu, Z. H., Pan, C. M., Lu, G., Shen, Y., ... Chen, S.J. (2011). Exome
sequencing identifies somatic mutations of DNA methyltransferase gene DNMT3A in acute

monocytic leukemia. Nature Genetics, 43(4), 309-317. https://doi.org/10.1038/ng.788

Yue, X., Wu, L., & Hu, W. (2015). The Regulation of Leukemia Inhibitory Factor. Cancer Cell

& Microenvironment, 2(3). https://doi.org/10.14800/ccm.877

Zenobia, C., & Hajishengallis, G. (2015). Basic biology and role of interleukin-17 in immunity

and inflammation. Periodontology 2000, 69(1), 142—159. https://doi.org/10.1111/prd.12083

86



Zhang, B., Wang, Y., Zheng, G., Ma., X,, Li, G., Zhang, F., Wu, K. (2002). Clinical significance
of IL-18 gene over-expression in AML. Leukemia Research, 26(10), 887-892.

https://doi.org/10.1016/S0145-2126(02)00025-5

Zhang, C. C., & Lodish, H. F. (2008). Cytokines regulating hematopoietic stem cell function.
Current Opinion in Hematology, Vol. 15, pp. 307-311.

https://doi.org/10.1097/MOH.0b013e3283007db5

Zhang, C. R. C., Nix, D., Gregory, M., Ciorba, M. A., Ostrander, E. L., Newberry, R. D, ...
Challen, G. A. (2019). Inflammatory Cytokines Promote Clonal Hematopoiesis with
Specific Mutations in Ulcerative Colitis Patients. Experimental Hematology, 80, 36-41.e3.

https://doi.org/10.1016/j.exphem.2019.11.008

87



Angiopoietin_1
10000~ :
3000- & i
1000 - i
FGF_basic
i0o00- ;
300- - i
100 - [ [
o= - :
[14]
S IL_10
8 100- .
& - i
@° 3
0 o]
=3
T IL_B
25" .
20-
5= ¢
0= '
M_CSF
ao0- -
100-
i L}
30 l’iﬁ# '(;@6“
o
& ¢

PGS O
oo o
[

300~
100-

100-
50-

30~

38-

20~

100-

cCcL11

I
H
4

Fit3_Ligand

Supplementary Figures

1000-
100~

L s
w ouD
[

Y
[{===C i
RN

1000 -
300 -
100~

30-

i
o0 o
[

&

CCL3

- el

G_CSF

——-

Thrombopoietin

< e

Mutation

CCL7

GM_CSF

TMNF_alpha

i 1
P
S

CXCL12

P

IFM_gamma

-
[P

LIF

VEGF

<

o

Mut

® Confrol
& DNMT3A

Supplementary Figure 1. Expression levels between DNMT3A-mutant CHIP and control

samples.

88




VAF Size Effect

Fluorescence

Angiopoietin_1 ccLi ccL3 ccL7 cxcLi12
10000~ . ; < . 35- . .
2 3 = : 1000 - 300 -
3000- & = i s0- @ : T 30
3 H . : : . : 200- -
1000 - — - § 3 100- 5- & & 3 ——
. - i = H ——— . :
300- . d 20- ¥ T - : 100- X
; 4 L 10- W= & B 20- * = ’ >
FGF_basic Fit3_Ligand G_CSF GM_CSF IFN_gamma
. - 35- - " - .
3000 - ot 1 - 30 “ms e 5 300~
= i 300~ : . - - . . . ¢ T :
1000- = . i 2 7—2 ) . . 50- . : <
300- % : Y i . 20- * 100- .
100 -2l i I 100- £ 3 : e . 30- = . - '
100- ¢ § ! e — LE— —— —— 4 4 1 = &
30- I s 50~ . : - 30- = ¢
IL_10 IL_11 IL_17 IL_18 L3
. . . 3000 - . . Size
300- 100- + 30- 1000~ T 500- i L
. i : : 20 - . 300~ ! ® Control
100 - . ~ = : : - 300- = 1
00 £ = : 50 el H y : 2 4 k 2 x N ® Large
R = e A —— R
30~ - 30- ¥ 10- = = ™ 30- s 50- : ® Small
L6 L7 L8 IL1_beta LIF
3 : 1000 - . .
0 30-
100 - 30- 1 - . 100~
300- . i
20~ x > o . 20-
0 i & i ™ i i i = - =
i - = = = : = = = H
10 - s -" 10- = s 30- S : 30- L & - - 1
M_CSF SCF Thrombopoietin TNF_alpha VEGF
300~ | t 1000 - f el X
100- - v $ 100- 2 .
100 - = i - 300- ! ’ 2 : !
: : 50- = z : . x 30 g - 2 50~ !
& & x H 100- % 3 T > = H ! t
B —— + 0 s = 20- = 3 . 30- !
' O ' (S* ‘o + S .\?\\ '@ ' O [ ‘o © '\/&\ "o W '\“\\ ‘e
s & \:\\ cf’\ & ) N g QOC\ 6@ \?\"5 cf’\\ ) \?\0) QO\\ < \?&,
VAF Size

Supplementary Figure 2. Expression levels between CHIP samples with VAF >0.1, CHIP
samples with VAF 0.01-0.1, and control samples.

89




A)

GM-CSF
2004 P=0.0521 P=0.0647
E’ 100~ B ¢ ' ° °
| 80+ [ ] [ ] [ ]
58 e ° ¥ : - t ¢ -
§§ a4 ¢ o ) - o
33 ® ) ° o
a o ® o ° ®
S 204y *M* ..... T .~ [
('8
10 1 1 1 1 1 1 1 1
Control CHIP DNMT3A TET2 0.01-0.1 >0.1 1 >1
CHyqpe CHy¢ CH,.¢
B)
LIF
60
P=0.0774
]
3 40+
| ° L ] ® L ] ®
% o ° ° 0 @
2o ° 0 o
E § ~ .. e0® ” e ® ....
3§ 20 < oo o - . - o
] ]
u_=. # * .............. olaghy..... ’:::-. ................. r?- .............. * ....... oo
= -3 ° ™
1 1 1 1 1 1 1 1
Control CHIP DNMT3A TET2 0.01-0.1 >0.1 1 >1
CHg,pe CHyr CH,
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well as between CHIP samples carrying multiple mutations and controls. b) LIF was
differentially expressed between TET2-mutant CHIP and control samples.
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counts per million reads mapped (CPM).
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