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ABSTRACT OF THE THESIS

Single Cell Transcriptomics of /n Vitro and In Vivo bone marrow Nrf2-stimulated macrophages
and Pro-inflammatory SiglecF"¢" neutrophils

by

Kenneth Huang
Master of Science in Biology

University of California San Diego, 2021

Professor Kevin R. King, Chair
Professor Dong-Er Zhang, Co-Chair

Myocardial infarction (MI) is the leading cause of death in the U.S., affecting elderly populations
and more recently, younger populations. Treatments thus far have reduced rates of myocardial infarction
(MD), but progress has slowed due to downstream consequences of heart failure, especially involving the
immune system response to necrotic cells in the heart, causing subsequent inflammation. To elucidate
gene expression and specialized subsets of immune cells that exacerbate or ameliorate inflammation after
MI we have analyzed the single-cell transcriptomics of mice bone marrow, the source of inflammation of
the heart. We have observed differences in single-cell gene expression between bone marrow in vitro and
in vivo of mice four days post-MI, especially in the expression of cardioprotective and proliferative
macrophages, marked by genes such as Top2a and Mki67, in vitro. Additionally, we compared single-cell

transcriptomic differences of in vitro bone marrow derived macrophages with in vivo bone marrow

iX



macrophages. We have also found specialized neutrophils, SiglecF™#" neutrophils, that are suggested to
exacerbate inflammation in the heart via the IL6 pathway. Lastly, we reported crosstalk between the IRF3
pathway and the Nrf2 pathway, especially between itaconate, a key Nrf2 component and interferon-beta
(IFN-B), a component of the IRF3 pathway. In conclusion, single cell revealed new populations of
specialized immune cells that can potentially aid or detriment post-MI recovery. Further investigation into
specialized immune cells using in vivo imaging and functional characterization of neutrophils will allow
for higher resolution of immune cell function and potential antibody-based therapeutics designed to

reduce SiglecFi¢" neutrophils.



INTRODUCTION



Clinical management of myocardial infarction (MI) and cell-mediated immunity

Coronary heart disease (CHD) is the leading cause of death in many developed countries
(Murray & Lopez, 1997). Myocardial infarction (MI), a type of CHD that is commonly known as
a heart attack, occurs when there is thrombotic occlusion of blood flow to specific areas of the
heart, causing decreased oxygen supply and subsequent necrosis of cardiomyocyte cells
(Frangogiannis, 2015). Treatments thus far have reduced rates of CHD by approximately 50%
for both men and women in the last 20 years (Ford & Capewell, 2007). However, a central issue
still in treating MI is alleviating downstream consequences of heart failure, such as increased
stiffness of the ventricle following improvement in clinical management. Currently, typical
treatments involve medications that promote reperfusion or reduction of clots formed due to
plaque. These include statins, blood thinners, beta blockers and, in more severe cases, medical
procedures involving coronary stents and angioplasties (Lu, Liu, Sun, Zheng, & Zhang, 2015).

Despite rapid improvement in clinical management of MI, we still face problems such as
adverse remodeling which is defined by cardiac fibrosis or stiffness of the heart and
cardiomyocyte hypertrophy or enlargement of cardiac muscles. Ultimately, these symptoms
contribute to significant reduction in the heart’s pumping efficiency. Also, this often leads to
heart failure and recurring events of post-MI fibrosis. (Konstam, Kramer, Patel, Maron, &
Udelson, 2011). These downstream events are fueled by an inflammatory response comprised of
multiple immune cells including neutrophils and monocytes that promote fibrosis leading to
heart failure (Suthahar, Meijers, Sillje, & de Boer, 2017). Currently, clinicians do not focus on
the immune system in the context of MI because no immune modulating drugs have

demonstrated significant benefit. However, recent clinical research has shown that immune



modulators may attenuate the inflammatory response caused by immune cell recruitment and
improve symptoms of heart failure (Aday & Ridker, 2018).

Recently, there is growing evidence of immune cell recruitment and potential
therapeutics that function to reduce inflammation in the heart (Frangogiannis, 2014; Swirski &
Nahrendorf, 2018). For instance, inflammatory signals composed of cytokines are released from
necrotic cells in the infarcted myocardium and immune cells including neutrophils and
macrophages from the bone marrow infiltrate to clear the dead cells (Frangogiannis, 2014). This
inflammatory response is followed by a reparative phase, defined by the disappearance of
neutrophils and the appearance of specialized macrophages that promote angiogenesis and
fibrosis (Nahrendorf et al., 2007). Clinically, the first studies associated elevated leukocyte
numbers with early stages of inflammation leading to adverse outcomes in acute MI (Barron,
Cannon, Murphy, Braunwald, & Gibson, 2000). Moreover, studies also emphasized the role of
immune cells including interferon stimulating cells, plasmacytoid dendritic cells (pDCs), and
macrophages in MI. For instance, depletion of pDCs proved to reduce hyperplasia in lymphoid
organs (Rowland et al., 2014). Additionally, when macrophages were reduced by active
treatment, mortality due to MI was increased (Frantz et al., 2013). Thus, reducing levels of
macrophages post-MI through immune modulating drugs may benefit patients’ recovery.

Historically, immune modulators have typically only targeted cancer-related diseases and
function by stunting tumor growth or controlling immune checkpoints (Naidoo, Page, &
Wolchok, 2014). Modulating drugs targeted cancer diseases because chronic inflammation was
found to be a major contributor to promoting cancer (Coussens et al., 2002). Armed with the
knowledge that the immune response increases inflammation post-MI, the first breakthrough

came with the use of immune modulators under the CANTOS trial. This trial utilized



canakinumab, an IL-1B monoclonal antibody designed to reduce the effects of downstream
activation of IL-6, a pro-inflammatory cytokine and inflammasome integrating proteins. This
trial was an important landmark in recognizing inflammation as an attractive therapeutic target

for cardiovascular diseases. (Aday & Ridker, 2018).

DAMPs and PAMPs contribute to immune cell heterogeneity post-MI

On the molecular level, it is generally accepted that the immune system response to MI
involves inflammatory stimulation by heterogenous populations of neutrophils and macrophages
and recognition of damage associated molecular patterns (DAMPs) (Mann, 2011). However,
recent research shows there is increased levels of pathogen associated molecular patterns
(PAMPs), defined as pathogen lipoproteins or nucleic acids, present post-MI (Mogensen et
al.,2009). Broadly speaking, PAMPs originate from microorganisms due to microbial infection
and DAMPs originate from the host’s cells in response to tissue damage, ischemia, or trauma
(Tang et al., 2012). These molecules both signal the innate immune response to become active
and destroy intruding or necrotic cells.

PAMPs typically involve neutrophils and two subgroups of macrophages, M1 and M2
(Martinez & Gordon, 2014). Previous research conducted by King and colleagues noted that
DNA released by necrotic cardiac cells in MI act as PAMPs, stimulating tissue resident M2
macrophages to produce cytokines (King et al., 2017). The cytokines promote neutrophil
recruitment, and the neutrophils migrate toward the site of infection and recruit monocytes.
Migrated monocytes differentiate into M1 macrophages and proceed to engulfing foreign
pathogens. Following engulfment, M1 macrophages bind to neutrophils to induce apoptosis and

M1 macrophages polarize towards an M2 phenotype to resume homeostasis (Prame Kumar,



Nicholls, & Wong, 2018). Sterile injury due to MI can introduce DAMPs in the form of necrotic
cells that alarm the immune system to recruit heart shock proteins (HSPs) and high-mobility
group box-1 (HMGBI1). (Timmers et al., 2012). The HMGB1 stimulates macrophages,
neutrophils, monocytes, and cytokines to the site of injury, which ultimately increases
inflammation (de Haan, Smeets, Pasterkamp, & Arslan, 2013).

Both these patterns, DAMPs and PAMPs, bind to pattern recognition receptors (PRRs)
including Toll-like receptors (TLRs) and NOD-like receptors (NLRs). These receptors are
differentially expressed by immune cells such as macrophages and neutrophils and when
activated, the cells are transported from the bone marrow to the heart (Mann, 2011). Due to the
involvement of DAMPS, PAMPs, and unique populations of neutrophils as well as macrophages,

determining which cell population to target with drug therapy becomes difficult.

Immune cell heterogeneity and single cell analysis

Due to the heterogeneity of immune cells involved in inflammation after M1, single cell-
RNA sequencing techniques have evolved to characterize heterogenous populations and identify
novel distinct immune cell subsets. Knowledge of heterogenous or novel populations of immune
cells can lead to precise therapeutic strategies that combat inflammation after MI. Research on
immune cell transcriptomics techniques have been established to identify differential genes
expressed by the immune cells including macrophages, monocytes, and neutrophils. Previously,
researchers used flow cytometry to characterize for immune cell subsets within heterogenous cell
populations. However, this technique is limited to the number of fluorophore-conjugated

antibodies available (Pockley, Foulds, Oughton, Kerkvliet, & Multhoff, 2015).



With the advent of single cell techniques, identification of new immune subsets and
temporal patterns within the heart is possible without limitations due to antibodies. This
technique is also designed to identify new immune cell mouse post-MI samples at a higher
resolution and define cells by their differentially expressed genes (Hwang, Lee, & Bang, 2018).
For instance, Delile and their group discovered new progenitor and neuronal markers in the
spinal cord of a mouse using single cell RNA analysis (Delile et al., 2019).

Previous research also shows heterogeneity in cell types and existence of subsets of cells
within the mouse heart (Skelly et al., 2018). Certain cell types including neutrophils and
macrophages within the heart have their own subgroups that express genes differentially.
Preliminary results based on single cell RNA-sequencing defined the differentially expressed
genes in the circulating neutrophils and macrophages in the bone marrow, blood, and heart (D.
Calcagno, personal communication). Further studies progress towards functionally characterizing
neutrophils and macrophages and how different subgroups of both will participate in improving
survival of mice post-MI. Besides the canonical two subgroups of M1 and M2 macrophages,
there are other types of macrophages including proliferating macrophages and adipose tissue
macrophages (ATMs). These ATMs are typically involved in obese mice that can be present in
the bone marrow (Russo & Lumeng, 2018). These immune cell subgroups can provide valuable
information on cell types that can be detrimental or beneficial in repairing and remodeling the

heart post-MI.

Single cell characterization of interferon pathways in vivo

Using single cell techniques, new pathways and immune cell subsets present after MI can

be analyzed for gene expression. By analyzing the single-cell gene expression of heart cells after



MI, our group unexpectedly discovered excessive Interferon Regulatory Factor 3 (IRF3)
activation following damage to the heart, resulting in autoinflammatory conditions that pose a
threat to patient health. IRF3 is a transcription factor that is activated by PAMPs such as DNA
released by necrotic cells in the heart through the TLR pathway. Interestingly, mice deficient in
IRF3 exhibited improved post-MI survival compared to WT mice, suggesting IRF3 signaling
might be a promising target for reducing inflammation following heart damage. IRF3 acts as a
cofactor to induce activation of interferon stimulated genes (ISGs) such as Cxcl10, Rsad2, and
Isg20 (King et al., 2017). However, little is known of the origin of ISG activation and requires
analysis of the single-cell expression of the immune cell transported from the bone marrow to the

heart.

Single cell characterization of bone marrow in vitro vs. in vivo

The bone marrow provides the hematopoietic stem cells (hSCs) that differentiate into
immune cells including monocytes, macrophages, and neutrophils, indicating a promising target
for single cell analysis (Dutta et al., 2015). Bone marrow derived macrophages (BMDMs) are
commonly used macrophages that are cultured in vitro and known to exhibit macrophage
characteristics in vivo. To produce BMDM s in vitro, naive bone marrow cells are differentiated
by a growth factor, macrophage-colony stimulating factor (M-CSF). Research shows use of
BMDMs to study the immune response in obese mice and macrophage polarization (Liu et al.,
2015). We have previously stimulated these cells with interferon stimulants including interferon-
alpha (IFN- a)) and interferon-beta (IFN- ) to induce ISG expression, and we have taken naive

bone marrow cells from the bone marrow of MI-induced mice and control mice for culture.



It remains unclear whether ISG expression is induced in BMDMs cultured from MI-
induced mice compared with BMDMs from control mice. Previous research has shown
similarities in gene expression profiles of in vitro immune cells and in vivo immune cells after
stimulation with IFN-a using quantitative PCR (Zimmerer et al., 2008). However, these
differentially expressed genes present in macrophages in vitro and in vivo macrophages have not
been studied using a single cell analysis approach. Novel distinct subpopulations of macrophages

present in vitro could drive ISG expression to promote inflammation post-MI.

Anti-inflammatory pathways and immunometabolites

In contrast to the inflammatory pathways that detriment the heart, anti-inflammatory
pathways exist to reduce the detrimental effects in the heart. In the IRF3 pathway, we understand
that the inflammatory response involving immune cells including neutrophils and macrophages
can exacerbate recovery post-MI. Interestingly, one notable ISG in the IRF3 pathway,
Immunoresponsive gene 1 (Irgl), was found to activate the Nrf2 pathway, an anti-inflammatory
response. This finding suggests a mechanism of how the heart ameliorates the detrimental effects
of interferons. The Nrf2 pathway functionally inhibits NF-kB activation and subsequently
eliminates reactive oxidants and electrophilic agents, whereas the IRF3 pathway promotes NF-
kB activation inducing a pro-inflammatory response (Ma, 2013). Moreover, itaconate, an
immunometabolite derived from molecules in the citric acid cycle, was found to increase Nrf2-
related gene expression levels (Mills et al., 2018). Recently, our group found that the Nrf2
pathway is active after MI and expressed in cells not found in the IRF3 pathway (D. Calcagno,
personal communication). Consequently, itaconate is an attractive therapeutic target for reducing

detrimental interferon-stimulated inflammation post-ML



Our group sought to study the effect of itaconate on ISG expression and the mechanism
by which itaconate is transported. Exogenous itaconate was found to negatively regulate IFN-B,
one of the key intermediates in the type I interferon response (Mills et al., 2018). However, the
mechanism remains unclear by which itaconate attenuates ISG expression and whether we can
activate the Nrf2 pathway without the use of exogenous itaconate. It is possible that other Nrf2
constituents may attenuate components of the IRF3 pathway.

Moreover, studies thus far have not focused on the mechanism of transporting
endogenous itaconate between immune cells. Further investigation into the cell-to-cell
communication of itaconate can elucidate information regarding itaconate’s origin. Endogenous
itaconate has been shown to modify proteins that limit glycolysis, suggesting attenuation of
inflammation (O'Neill & Artyomov, 2019). Therefore, studying the mechanism by which

endogenous itaconate is transported is a promising target for reducing inflammation after MI.

Potential anti-inflammatory therapeutics and neutrophils

A novel subgroup of neutrophils marked by a high expression of SiglecF appeared in
elevated numbers post-MI and suggested potential anti-inflammatory antibody therapeutics (D.
Calcagno, personal communication). Preliminary single cell analysis shows that circulating
blood neutrophils post-MI not only induce ISGs but also SiglecF™i€" genes. Previously, these
cancer-promoting neutrophils expressing high levels of the gene SiglecF have been found in lung
tumors that drive an inflammatory reaction (Engblom et al., 2017). Recently, we found the
presence of SiglecF neutrophils in the heart using single cell analysis (D. Calcagno, personal
communication). It remains unknown the function and the temporal signature of these SiglecF

neutrophils. Currently, it is unknown whether these SiglecF neutrophils can induce ISG



expression after MI and if so, what causes this ISG expression. Preliminary results of heart co-
culture experiments show that co-culturing minced hearts, presumably dead tissue, can prolong
the survival of neutrophils. If the viability of neutrophils can be further increased, potential
SiglecF expression may be observed (D. Calcagno, personal communication). If SiglecF
expression can be attenuated within the context of MI, there could be potential therapeutics by

blocking SiglecF expression.

Project Aims

In summary, the immune system response to MI involves specialized immune cells
including M1 and M2 macrophages and specialized neutrophils that orchestrate an inflammatory
response to repair and remodel the heart. My overarching goal is to define the single cell
transcriptomics of specialized macrophages and neutrophils and define the mechanisms of
potential anti-inflammatory pathways with reference to the interferon pathway. My first aim is to
identify the diversity of macrophages and neutrophils by single-cell RNA analysis. My second
aim is to determine if bone marrow derived macrophages (BMDMs), a commonly used in vitro
cell, is a good model for in vivo bone marrow macrophages after MI by comparing single-cell
gene expression between the two. My last aim is determining if there is any crosstalk between
Nrf2-stimulated macrophages, IRF-3-stimulated macrophages and SiglecF neutrophils using

single-cell RNA analysis and quantitative PCR.
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MATERIALS AND METHODS

11



Animals

Adult male C57BL/6J (WT, stock: 000664) and Nrf2-deficient mice (stock: 017009)
mice were purchased from the Jackson Laboratory or obtained from Fitzgerald lab after
derivation from cryopreserved embryos obtained from the European Conditional Mouse
Mutagenesis Program (EUCOMM). IRF3”" mice were a generous gift from Tadatsugu Taniguchi
and provided by Michael Diamond. Experiments were performed with 10-14-week-old animals
and carried out using age and gender matched groups without randomization. All genotyping was
performed either in-house using methods recommended by Jackson Laboratory or by
Transnetyx. All mice were maintained in a pathogen-free environment at the UC San Diego
Leichtag Research Building vivarium. All experiments with animals were approve by the

Subcommittee on Animal Research Care and IACUC at UC San Diego.

Murine Tissue Processing and Cell Culture

Mice were anesthetized using isoflurane and death was confirmed by cervical dislocation.
Bone marrow cells were extracted from the femur and tibia and flushed with ice-cold PBS. The
flow-through solution was filtered through a 40 um nylon mesh and treated with red blood cell
(RBC) lysis buffer (BioLegend) to remove erythrocytes. Bone marrow cells were spun down and
resuspended in DMEM (containing 10% FBS, 1% penicillin/streptomycin and 10ng/mL M-CSF)

for 6 days. Unless stated, 1 x 10° BMDMs per milliliter were used in in vitro experiments.

Flow cytometry and sorting
Isolated cells from bone marrow were stained at 4°C in FACS buffer with DAPI to

remove dead cells. Ter119 (BioLegend, clone TER-119) was used to removed unlysed red blood

12



cells. Secondary staining of the leukocyte subsets was performed using CD45.2 (BioLegend,
clone 104), CD11b (BioLegend Clone M1/70), F4/80 (BioLegend, clone BMS), Ly6G
(BioLegend, clone 1A8). Monocytes were identified as (DAPI/Ter119/Ly6G) "% (CD45/CD11b)
high Neutrophils were identified as (DAPI/Ter119) % (CD45/CD11b/Ly6G) ™8, Further sub-
classification of neutrophils was identified as SiglecF™€" (BioLegend, clone E50-2440 or
S17007L) or SiglecF'°". Flow cytometry was performed on a Sony MA900 and analyzed with

FlowJo software (Tree Star).

RNA Extraction and Quantitative Real-Time PCR (qPCR)

Total RNA was isolated from cell culture plates or FACS-sorted cells using the RNeasy
Plus Micro kit (Qiagen). First-strand cDNA was prepared by using a High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems) according to the manufacturer's instructions.
Quantitative PCR (qPCR) was performed on cDNA using SYBR Green probes. qPCR was
performed on a Quantstudio 3 (Applied Biosystems) using 2x PCR Advanced Fast master mix
(Applied Biosystems). Tagman gene expression assays (Applied Biosystems) were used to
quantify target genes (Gapdh: Mm99999915 g1, Tnf: Mm00443258 ml, Icaml:
Mm00516023 m1, Retnlg: MmO00731489 sl, Lrgl: Mm01278767 ml, Siglecf:
Mm00523987 ml, Ppia: Mm02342430 g1, Slpi: Mm00441530 g1, Ccl6: Mm01302419 ml,
Gcelm: Mm00514996 _m1, Ngol: Mm01253561 ml, Isg20: MmO00469585 m1, Cxcl10:
Mm00445235 ml, Irgl: Mm01224532 ml, Irf7: Mm00516793 g1, I/1h: Mm00434228 ml,
Tnfaip3: Mm00437121 ml, 7/6: Mm00446190 m1, Ifnb1: Mm00439552 sl) Fold changes in
expression were calculated using the AACt method using mouse Gapdh as a housekeeping gene

control for mRNA expression.
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Single cell RNA Sequencing and Analysis

Single-cell RNA-Seq (scRNA-seq) was performed using microfluidic droplet-based
encapsulation, barcoding and library preparation (inDrop and 10X Genomics) as previously
described. Paired end sequencing was performed on an Illumina Hiseq 2500 and Hiseq 4000
instrument. Low level analysis, including demultiplexing, mapping to a reference transcriptome
(Ensembl Release 85 — GRCm38.p5), and eliminating redundant unique molecular identifiers
(UMIs), was performed with a custom inDrops software (URL:

https://github.com/indrops/indrops, accessed April, 2017) or a 10X CellRanger pipeline. All

scRNA-seq analyses were conducted using the Seurat R package (v3.1).

Single-cell RNA-Seq Quality Control, Normalization, and Integration

The total transcript count for each cell was scaled to 10,000 molecules, and mitochondrial
and ribosomal reads were removed. Raw counts for each gene were normalized to cell-specific
transcript count and then natural-log transformed. Cells between 200 and 4000 uniquely
expressed genes and <5% mitochondrial counts were retained for further analysis. Any highly
variable genes across datasets were identified with the FindVariableFeatures method from
Seurat R Package (v3.1) by selecting 4,000 genes with the highest feature variance after
variance-stabilizing transformation. Integration of multiple single-cell RNA-seq datasets was
performed to enable harmonized clustering and comparative analyses across in vitro and in vivo
conditions. Anchoring paired cells between datasets were done by Canonical Correlation
Analysis (CCA) and Mutual Nearest Neighbors (MNN) using the Seurat FindIntegrationAnchors

function.

14



Single-cell RNA-Seq Dimensional Reduction, Clustering and Sub-clustering

After scaling and entering expression values for each variable gene, linear dimensionality
reduction was performed on integrated data using principal component analysis (PCA). Cells
were clustered using the Shared Nearest Neighbor (SNN) clustering method with the Louvain
method for modularity optimization, as executed through the FindNeighbors and FindClusters
functions. Uniform Manifold Approximation and Projection (UMAP) was used to visualize data
in a two-dimensional space. Differentially expressed genes (DEGs) between clusters were
determined using a Wilcoxon Rank Sum test. Sub-clustering was performed by subsetting cell-
type clusters, identifying a new set of DEGs within that subset, and reclustering the subset based
on the newly determined DEGs. This was performed to examine cell-state heterogeneity within

cell-types in an unbiased manner.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism software. All data are
represented as mean values + standard error of mean (SEM), unless indicated otherwise. A
statistical method was not used to predetermine sample size. For comparisons of the qPCR data,
a 2-tailed Mann Whitney U test was used to determine statistical significance. All analyses were
unpaired. P<0.05 were considered significant and are indicated by asterisks as followed:

*P<0.05, **P<0.01, ***P<0.001.
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Single cell transcriptomics of specialized macrophages in in vivo bone marrow and in vitro
BMDMs

The standard workflow to process bone marrow derived macrophages into single-cell
data starts with the extraction of the bone marrow cells from the femur and tibia of a mouse. The
bone marrow cells are then sorted into a flow cytometer and then barcoded using [llumina’s
HiSeq system. The remaining output is then analyzed using Seurat, an R package. (Figure 1A).
Using heatmaps (Figure 1B), we can see the top 10 differentiated genes and classify these
yellow groups (expressed genes) as subsets. Generally, these subsets are ill-defined in the in vitro
BMDMs, but we noticed that there are still some distinct groups present. We found four distinct
subpopulations labeled 0, 1, 2 and 6. Cluster 0 highly expressed proliferative genes such as
Top2a and Mki67. Cluster 1 expressed high levels of adipose tissue macrophage related genes
including Fapb5 and Fabp4. Cluster 2 expressed high levels of Cd74 and Ifitm3. Lastly, cluster 6
expressed high levels of E2F cell cycle regulated genes including Mcm5 and Mcmé6. In the in
vivo bone marrow, there are ten distinct subpopulations. Using previously defined genes to
identify specific cell types, we classified each subpopulation (Skelly et al., 2018). The clusters
include granulocytes, neutrophils, B cells, Schwann cells, macrophages, NK cells and T cells. In
the BMDMSs, we noticed there are seven distinct clusters of macrophages that are spatially close
(Figure 1C). In in vivo bone marrow, we noted that there were ten distinct clusters, and these
clusters were more spatially distant than clusters in BMDMs. We then performed supervised
clustering on the two subsets of macrophages in the in vivo bone marrow and this resulted with

two spatially distinct clusters. (Figure 1D).
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Integrated Analysis of in vitro BMDMs and in vivo bone marrow

Beyond taxonomic listing of clusters, we can integrate two datasets together by a recently
discovered method in Seurat and compare them directly with each other (Stuart et al., 2019).
Using this new method, we integrated the in vivo bone marrow sample with the BMDMs and
created an integrated UMAP. This allowed us to investigate if BMDMs, a commonly used in
vitro tool for studying macrophages, was representative of in vivo bone marrow macrophages.
We reported 11 distinct clusters and a slight overlap in conserved clusters amongst the two
samples (Figure 2A). Additionally, we performed a dot-plot to investigate the conserved genes
between the in vivo and in vitro samples. The genes that were distinctly present in only the in
vivo sample were: Ltf, Retnlg, Ebf1, Vpreb3, AA467197, and Ms4a4b. There were no significant
genes that were only present in the in vitro sample. Conserved genes that were present in both
samples include: Birc5, Cdca3, H2afz, Stmnl, Mcm6, and S100all (Figure 2B).

We further investigated Retnlg, a highly expressed gene in neutrophils, and we found
significant expression only in the in vivo sample. We also investigated Top2a, a gene we
previously found abundant in the in vitro sample and found that there was only significant
expression in the in vitro sample (Figure 2C). To further investigate the genes Top2a and Mki67,
we plotted the cell cycle phases onto the UMAP for BMDMs. Most of the cells expressing these
two genes were in the G2-M phase while cells expressing Mcmé6, a gene regulated by E2F, were
mostly in the S phase (Figure 2D). To further elucidate differentially expressed genes between
the in vitro and in vivo sample, we focused on two clusters of genes distinctly expressed in either
sample. Top2a, Stmnl, Tubalb, Smc2 and Ube2c were robustly expressed in the in vitro sample
while Ltf, Len2, Anxal, Wfdc21 and Ifitm6 were robustly expressed in the in vivo sample (Figure

2E).
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Exogenous itaconate increases Nrf2-regulated gene expression and attenuates interferon-
stimulated gene expression

Nevertheless, BMDMs have provided robust results regarding stimulation assays. Our
group attempted to study itaconate, an immunometabolite and component of the Nrf2 pathway.
The Nrf2 pathway inhibits inflammation by inactivating the NF-kB pathway while the IRF3
pathway promotes inflammation by promoting the NF-kB pathway. Our group wanted to study if
there is crosstalk between IRF3 and Nrf2. Previously, itaconate was found to negatively regulate
IFN-B, one of the key intermediates in the type I interferon response (Mills et al., 2018).
Interestingly, one notable interferon-stimulated gene (ISG) in the IRF3 pathway,
Immunoresponsive gene 1 (Irgl), was found to activate the Nrf2 pathway, an anti-inflammatory
response. Our group sought to study the effects of itaconate on ISG expression.

When BMDM cells were stimulated with itaconate alone, ISGs were not as active, but
when stimulated with cyclic di-GMP (cdGMP), ISGs were significantly more expressed (Figure
3A). On the other hand, BMDM cells stimulated with itaconate greatly increased Nrf2-stimulated
genes (NSGs), especially Gelm and Ngol while cdGMP did not increase NSG expression
appreciably (Figure 3B). Expectedly, BMDMs stimulated with IFN-B showed increased ISG
expression (Figure 3C). Additionally, ISG expression is attenuated when BMDMs were treated
with both itaconate and IFN-f, suggesting that itaconate can reduce IFN-f induction of ISGs
(Figure 3C). BMDMs stimulated with both itaconate and IFN-f increase NSG expression but do

not increase ISG expression (Figure 3C and 3D).

Co-cultured SiglecF LO neutrophils with BMDMs attenuate Cxcl10 expression after
interferon stimulation and SiglecF HI and LO increase IL6 expression after LPS
stimulation
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Tumor-infiltrating neutrophils that have high expression of a marker, SiglecF"¢" (SigF
HI), appear in elevated numbers after myocardial infarction (MI). This unique class of neutrophil
has been shown to exhibit cancer-promoting properties and has been found to promote tumor
growth in the lung (Engblom et al., 2017); however, the effects of SigF HI on inflammation in
the heart have not been well characterized. Here, we compared SigF HI neutrophils to
neutrophils not expressing SiglecF (SigF LO) to determine how SiglecF expression induces
macrophages, and ultimately, produce an interferon (IFN) response. When macrophages are
activated by endotoxins including lipopolysaccharides (LPS), type I IFNs are produced. These
IFNs such as interferon beta (IFN-3) subsequently activate IFN-stimulating genes (ISGs) driving
the IFN response and ultimately, inflammation in the heart (Sheikh et al., 2014). This
inflammation can then deter the heart’s recovery, which underscores the importance of
understanding the expression of these inflammation markers post-MI (King et al., 2017). We
chose to look at both stimulating the production of type I [FNs indirectly through the LPS
pathway and directly by adding IFN-f3. We emulated the infarcted heart in vitro by extracting
SigF HI and SigF LO neutrophils from mice post-MI using flow cytometry and co-culturing
these neutrophils with bone marrow derived macrophages (BMDMs). BMDMs were extracted
from femur and tibia of WT mice and cultured for 6 days. SigF HI, SigF LO and Ctrl were
cultured alone as a negative control. LPS or IFN-f3 was added to Ctrl as a positive control.

Single-cell results show that Retnlg expressing neutrophils are mostly present within the
in vivo bone marrow sample and minimally present within the in vitro BMDMs (Figure 4A).
Using violin plots, we confirmed that there is an overall absence of SiglecF HI expressing
macrophages within both the in vitro and in vivo sample (Figure 4B). Using qPCR, we measured

gene expression profiles of both SigF HI and SigF LO granulocytes. SigF HI granulocytes
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expressed significantly higher levels of Siglecf, Ppia and Icaml while SigF LO cells expressed
higher levels of Retnlg, Ccl6, Slpi and Lrgl (Figure 4C). Thus, we measured the gene
expression of co-cultured neutrophils and macrophages using quantitative PCR (qPCR) and
compared IFN activation and LPS activation in SigF HI and SigF LO neutrophils (Figure 4D
and 4E). The expression of ISGs: Cxcl10, Isg20, and Irf7, were studied to determine the
activation of an IFN response. Interestingly, we found that when SigF HI and SigF LO
neutrophils were co-cultured with BMDMs, they reduced levels of Cxcl10, indicating that they
may be valuable to reduce inflammation in the heart (Figure 4D). There was no significant
difference between SigF HI and SigF LO neutrophil gene expression across all tested ISGs,
which shows that shows the SiglecF expression may not play a role in the interferon pathway.
However, when macrophages were indirectly activated through the LPS pathway and co-cultured
with SigF HI and LO neutrophils, the expression of interleukin 6 (iL6), a pro-inflammatory
cytokine, was increased (Figure 4E). Other LPS-stimulating genes including Tnfaip3 and IL1b
showed no significant difference across all cellular groups (Figure 4E). These results suggest
that these neutrophils may in fact, increase inflammation in the heart through elevation of IL6, a
different pathway than previously suggested. Therefore, further investigation into SigF HI

neutrophils in the IL6 pathway post-MI is necessary.
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DISCUSSION
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The bone marrow houses the hematopoietic stem cells (hSCs) that differentiate into
immune cells including monocytes, macrophages, and neutrophils and travel to the injured heart.
This indicates that the bone marrow is a promising target for single cell analysis (Dutta et al.,
2015). Bone marrow derived macrophages (BMDMs) are commonly used macrophages that are
cultured in vitro and are known to exhibit macrophage characteristics in vivo. However, we do
not know the heterogeneity of both BMDMSs and in vivo bone marrow. We are not certain of any
specialized macrophages present in BMDMs that may have an impact in modeling the in vivo
bone marrow. Based on our results, we were able to identify a group of proliferative
macrophages that function like canonical M2 macrophages and are characterized with
proliferative and wound healing properties (Yap et. al., 2019). We suspect that these
macrophages may have become induced by the abundance of macrophage-colony stimulating
factor (m-csf) and this is what causes them to be proliferative as well. However, if this were the
case, we would imagine that every cluster expresses a high expression of proliferative genes such
as Top2a and Mki67 which makes us to believe that this is a unique and interesting group of
macrophages (Figure 1B). Further studies we could perform could be focused on isolating and
functionally characterizing these macrophages without the presence of m-csf.

Another interesting subpopulation of macrophages we found are called adipose tissue
macrophages (ATMs) and are marked by genes, Fabp4 and Fabp5 (Russo & Lumeng, 2018).
Fabp4 plays an important role in atherosclerosis and cardiovascular diseases (Furuhashi, 2019).
Previous studies also showed that these macrophages are required for neutrophil recruitment in
Pseudomonas (Liang et al., 2019). Another study linked Fabp4 with the regulation of
macrophage redox signaling and inflammasome activation (Steen et al., 2017). Further studies

could investigate the isolation of Fabp4-expressing BMDMs as a therapeutic target for
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cardiovascular diseases, especially myocardial infarction. Other clusters included a
subpopulation of cells expressing high levels of E2F-regulated genes or Cd74. This could point
to the fact that there are a portion of cells regulated by E2F and in the G1 and S portion of the
cell cycle. The cells expressing high levels of Cd74 tells us that this subpopulation of
macrophages is responsible for cell survival, especially because Cd74 has been associated with
tumor progression and lymphocytic survival (Gil-Yarom et al., 2017). Further studies could
investigate the isolation of these cells and performing viability assays on these types of
macrophages. Overall, there were seven distinct subpopulations of macrophages. However, only
four subpopulations had robust results showing differentially expressed genes in the BMDMs
(Figure 1C). On the other hand, there were ten distinct gene clusters in the in vivo bone marrow.
This was expected due to the heterogeneity of all cells in the bone marrow. To further analyze
the differences between in vivo and in vitro bone marrow, we performed a supervised cluster of
the populations of macrophages.

Visually, the differences in gene expression and cluster of cell types vary greatly between
BMDMs and the in vivo bone marrow. As seen on the UMAP of the integrated sample, only one
cluster within the in vivo sample showed appreciable overlap, marked by genes Birc5, Cdca3,
H2afz and Stmnl (Figures 2A, 2B). H2afz is a histone variant responsible for regulation of
heterochromatin and DNA modification by H2A occurs in the cell nucleus (Giaimo et al., 2019).
Naturally, we would expect this gene to be expressed ubiquitously considering this gene can be
found in the nucleus of all macrophages. Previously, researchers found that down-regulation of
Stmn1 is required for the classical activation of macrophages (Xu et al., 2015). This leads us to
believe that these macrophages are not yet activated, and this is expected for both samples that

have not induced an immune response. Further studies could measure the level of Stmnl between
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non-MI and post-MI samples to determine the validity of Stmn/ as a biomarker for an immune
response. Both Cdca3 and Birc5 are highly regulated by the cell cycle during the G2-M phase
(Phan et al., 2018). This is further confirmed by being in the same cluster with proliferation-
related genes such as Top2a, Mki67, and Stmnl (Figure 2E). Interestingly, the gene Top2a was
not significantly present in the in vivo bone marrow. This confirms our previous hypothesis that
proliferative macrophages marked by genes such as Top2a are unique in BMDMs. In addition,
Lcn2, a gene primarily found in the in vivo sample, was previously found to promote M1
polarization, suggesting that most BMDMs are mostly M2 polarized (Cheng et al., 2015).
Unexpectedly, we found that Retnlg, a gene highly expressed in neutrophils, was only
expressed significantly in the in vivo sample (Paris et al., 2016). This could be caused by
incidental clustering of neutrophils into the macrophage cluster we sub-clustered. The absence of
Retnlg in the BMDMs further confirms that the differentiation into macrophages was successful
and there is no contamination in the sample and little to no presence of neutrophils (Figure 2C).
Previously, researchers have studied three proliferation-related genes, Mki67, Top2a and E2F 1
(Malhotra et al., 2011). Our results show that cells expressing Top2a and Mki67 are typically in
the G2-M cell cycle phase (Figure 2D). This confirms previous findings that TopZ2a is majorly
expressed during the G2-M phase (Chen et al., 2015). In addition, this confirms that Mki67 is
implicated during the G2-M phase as well (Sun et al., 2018). The presence of most cells
expressing mcm6 in the S phase was surprising considering that this gene is most active in the
G1 and S phase. In fact, previous research findings indicate that high mcm6 expression indicated
early G1 phase arrest (Schrader et al., 2005). Other findings showed that mem6 is mediated by
the transcription factor E2F and studies have shown that mRNA levels peaked at the G1/S phase

(Ohtani et al., 1999). Our results support that mem6 expressing cells are more likely in the S
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phase than the G1 phase. This indicates that there may be an abundance of the transcription
factor, E2F, causing cells to transition from G1 to S. Further studies could measure levels of
E2F] using quantitative PCR. Taken together, BMDMs, a commonly used in vitro cell, is not a
good model for in vivo bone marrow macrophages.

Nevertheless, our group succeeded in using BMDMs to study the interactions between
the Nrf2 pathway and IRF3 pathway. In our experiment, we added cdGMP to BMDMs to
activate ISGs and itaconate to activate NSGs. Activating ISGs with cdGMP is expected because
stimulator of interferon genes (STING) is known to directly bind cdGMP and subsequently
activate an interferon response (Yin et al., 2012). Itaconate was also expected to increase NSG
expression, considering this immunometabolite was previously found to alkylate KEAP1 and
activate the Nrf2 pathway (Mills et al., 2018). Our results also confirmed previous findings that
itaconate was found to negatively regulate IFN-B. Despite IFN-B present, itaconate strongly
reduced expression of Ifnbl and Cxcll0, while the reductions in /rg/ and Isg20 were present but
less impressive (Figure 3C). Previous findings have suggested that Nrf2 negatively regulates
STING directly by decreasing STING mRNA stability (Olagnier et al., 2018). Our findings lead
us to believe that itaconate’s inhibition of the IRF3 pathway may be positioned downstream of
STING. Furthermore, our findings show that BMDMs stimulated with both itaconate and IFN-B
can rescue cells that were determined to become ISGs. Further studies could focus on studying
the interactions of itaconate directly with STING.

Neutrophils, a class of immune cell, recruit macrophages to clear necrotic cells from the
infarcted heart. In addition to macrophages, we decided to study neutrophils as well considering
its integral role in inflammation and great presence in the bone marrow. This study identifies

gene expression differences between cancer promoting SiglecF HI neutrophils and interferon
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promoting SiglecF LO neutrophils when co-cultured with macrophages. These results will
elucidate to which inflammatory pathway neutrophils recruit macrophages post-MI. Our single-
cell results confirm that Retnlg-expressing neutrophils or macrophages are mostly present within
the in vivo bone marrow. This leads us to believe that there are little to no presence of Retnlg or
SiglecF LO neutrophils present within BMDMs to begin with (Figure 4A). SiglecF HI
neutrophils are also Retnlg LO, suggesting that SiglecF HI neutrophils are distinct from other
subsets of neutrophils. Overall, there are no significant differences in ISG expression and IL6
related gene expression between SiglecF HI and SiglecF LO (Figure 4D and 4E). Previous
single-cell gene expression analysis suggested that SiglecF LO neutrophils participate in the
interferon pathway while SiglecF HI do not participate (D. Calcagno, personal communication).
Our results confirm that SigF HI neutrophils do not stimulate ISG expression: Cxc10, Isg20, Irf7
(Figure 4D). However, these results contradict previous findings that SigF LO neutrophils may
drive the IFN response. A possible explanation may be that the SigF LO neutrophil viability was
low or that there was not clear cell-to-cell communication between neutrophils and macrophages.
Both SiglecF HI and LO neutrophils participate in the IL6 pathway based on increased IL6
expression (Figure 4E). LPS is known to stimulate the IL-6 pathway and recently has been
associated with pathways including the inflammatory JAK-STAT pathway (Beurel et al., 2009).
SigF LO neutrophils should not stimulate IL6 expression, but LPS may have a dose dependent
response, and overstimulating with LPS could increase IL6 expression.

We hypothesize that both SiglecF HI and SiglecF LO neutrophils drive inflammation in
the infarcted heart through the IL6 pathway based on our LPS stimulated results (Figure 4E).
We are limited to the low sample size of the study so increasing our sample size may prove a

stronger significance. To further test this hypothesis and the relationship to M1, we will perform
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SiglecF antibody treatments between control and post-MI mice to examine any therapeutic
benefits of blocking both SiglecF HI and SiglecF LO expression. To address the issue pertaining
to neutrophil and macrophage communication, we will test the cell-to-cell communication using
contactless co-culture systems to study whether this interaction is either contact-dependent or
paracrine mediated. We are also limited to treatments in vitro so further in vivo studies will
portray a more accurate measure of SiglecF treatment in the heart. Due to the vascular
inflammation that occurs post-MI with mice, we suggest the IL6 pathway is also associated with
the inflammatory NF-KB pathway. Previously, NF-KB has been shown to control monocyte
activation via the IL-6 pathway (Brasier et al., 2010). It would be interesting to investigate
SiglecF neutrophils and their effect on the NF-KB pathway.

This study highlights the importance of investigating specialized neutrophils, SiglecF HI
and SiglecF LO neutrophils in their role in improving or exacerbating the inflammatory response
of the infarcted heart. Specifically, we should consider the potential therapeutic benefit of
attenuating SiglecF HI neutrophil recruitment in the heart to alleviate inflammation post-MIL.
This can be achieved by potential SiglecF antibody treatments to reduce overall eosinophil

counts during inflammation of the heart.
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Figure 1: Single-cell transcriptomics of in vitro bone marrow derived macrophages (BMDMs) and
in vivo bone marrow. A. Schematic showing standard workflow for single-cell processing of BMDM
cells. B. Heatmap showing differentially expressed genes and clusters in in vitro BMDMs (left) and in
vivo bone marrow (right). C. Uniform Manifold Approximation and Projection (UMAP) of specialized
macrophage clusters in BMDMs D. Clustering strategy and UMAP of sub-clustered macrophages in in
vivo bone marrow.
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Figure 2: Integrated Analysis of in vitro BMDMs and in vivo bone marrow. A. Integrated UMAP of
BMDMs and in vivo bone marrow. B. Dot-plot of conserved genes across both in vitro and in vivo
clusters. C. Violin plot of Retnlg, a canonical neutrophil marker, and Top2a, a proliferative macrophage
marker. D. Dimensional reduction plot showing cell cycle phases of clustered macrophages in BMDMs
(top) and Feature plot of Top2a, Mki67, Mcm6 and Pcna (bottom). E. Feature plots of differentially
expressed clusters of genes and cell types between in vitro and in vivo bone marrow.
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Figure 3: Exogenous itaconate increases Nrf2-stimulated gene (NSG) expression and attenuates
interferon-stimulated gene (ISG) expression. A. Gene expression of ISGs (Ifnbl, Irgl, Cxcli0, Isg20)
in BMDM cells stimulated with Itaconate (black) or cdGMP (grey). B. Gene expression of NSGs (Gclm,
Ngol) in BMDM cells stimulated with Itaconate or cyclic di-GMP (cdGMP). C. Gene expression of ISGs
in BMDM cells stimulated with IFN-B or Itaconate + IFN-B. D. Gene expression of NSGs in BMDM
cells stimulated with IFN-§ or Itaconate + IFN-f. Data are shown as mean = s.e.m. (n = 6), p-values

calculated using two-tailed Mann Whitney test. * P<.05, ** P<.01, *** P<.001
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Figure 4: Co-cultured SiglecF LO neutrophils with BMDMs attenuate Cxcl10 expression after
interferon stimulation and co-cultured SiglecF HI and LO neutrophils increase IL6 expression after
LPS stimulation A. Feature plot of Retnlg and associated genes shown in a cluster within the in vivo
bone marrow (Retnlg, Mmp8, Mmp9, Cxcr2, Slpi). B. Violin plots of Retnlg, Sipi, SiglecF and Icami. C.
Relative gene expression of SiglecF LO (grey) and SiglecF HI (green) granulocytes (n=5) D. Relative
gene expression of interferon beta (IFN- ) stimulated BMDMSs co-cultured with cancer promoting
SiglecF HI and SiglecF LO neutrophils from post-myocardial infarction (post-MI) mice. E. Relative gene
expression of Lipopolysachharide (LPS) stimulated BMDMs co-cultured with SiglecF HI and SiglecF LO
neutrophils. Ctrl is only BMDMs. SiglecF HI and LO neutrophils were sorted from post-MI mice using
flow cytometry and cultured with mature BMDMs. SigF HI neutrophils have high expression of a cancer
promoting marker and potential inflammatory properties. Cxcl10, Isg20 and Irf7 are interferon-stimulated
genes (ISGs) and IL6, Tnfaip3, and IL1b are LPS-stimulated genes. (n =4), individual points are
individual co-culture wells, bars are shown as mean + s.e.m of 4 co-cultures. p < 0.05 *, p <0.01 **,
Student ¢ test).
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Material from this thesis appears in “Calcagno, D. M., Ng, R. P., Jr, Toomu, A., Zhang,
C., Huang, K., Aguirre, A. D., Weissleder, R., Daniels, L. B., Fu, Z., & King, K. R. (2020). The
myeloid type I interferon response to myocardial infarction begins in bone marrow and is
regulated by Nrf2-activated macrophages. Science immunology, 5(51), eaaz1974.” and
“Calcagno, D. M., Zhang, C., Toomu, A., Huang, K., Ninh, V. K., Miyamoto, S., Aguirre, A. D.,
Fu, Z., Heller Brown, J., & King, K. R. (2021). SiglecF(HI) Marks Late-Stage Neutrophils of the
Infarcted Heart: A Single-Cell Transcriptomic Analysis of Neutrophil Diversification. Journal of
the American Heart Association, 10(4), €019019.” The thesis author was the sole author of the

subsets of these publications that appear in the thesis.
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