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ABSTRACT

2015 marks the advent of high-throughput single cell RNA sequencing
(scRNAseq) technologies, which enabled measuring gene expression levels in
tens of thousands of cells in a single experiment. One of the methods, inDrops,
elegantly harnessed the throughput of droplet microfluidics, and received
immediate interests both from the direct environment which witnessed its
development as well as a broader community. However, the complexity of the
multi-step procedure dependent on custom-made reagents called for a detailed
public protocol before it could be widely adopted. In this thesis, I present efforts
to improve the accessibility of inDrops, as well as the application of the
technology to study two biological systems: the airway epithelium and lung
tumor-infiltrating myeloid cells.

In both studies, scRNAseq was used to generate unbiased atlases of cell types
in the sample. In the case of airway epithelium, we entered the project seeking a
better understanding of the heterogeneity of basal cells, which are the stem cells
of the niche, and how the homeostatic tissue composition is restored following
injury. While our results cover this original motivation, the focus of the study
turned in response to the discovery of a rare and previous uncharacterized cell
type, which we called pulmonary ionocytes. We further determined the location
of these cells in the airway, gained insight into their specification, and established
their relevance to cystic fibrosis. While the function of pulmonary ionocytes is
still to be fully understood, we anticipate that their identification will better inform
cystic fibrosis research.

In the second study, we sought to characterize the diversity of tumor-
infiltrating myeloid cells, estimate the conservation of observed states between
human and mouse, and summarize our results in a resource that would serve as a
starting point for mechanistic follow ups. Our analysis revealed a one-to-one
human-mouse match in dendritic cell and monocyte subsets, partial conservation
of neutrophil states, and species differences in macrophages. Neutrophil diversity
was largely novel, and a subset of tumor-specific neutrophils was established to
have tumor-promoting functions as part of a third study I had the chance to
contribute to. The goal of providing a resource was fulfilled by enabling access to
our data in multiple formats, including tools for interactive exploration. We hope
that our study will contribute to a better understanding of species differences,
which in turn would allow focusing efforts in drug and disease mechanism
research to human-relevant aspects of mouse biology.
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1. ABBREVIATIONS

ALI air-liquid interface

BC basal cells

BHB barcoding hydrogel bead

cDC classical dendritic cell

cDNA copy DNA

CF cystic fibrosis

CFTR cystic fibrosis transmembrane conductance regulator
COPD chronic obstructive pulmonary disease
CPM counts per million

DC dendritic cell

dpi days post-injury

FACS fluorescence assisted cell sorting
GEMM genetically engineered mouse model
GEO gene expression omnibus

HB hydrogel bead

HBEC human bronchial epithelial cell
HMS Harvard Medical School

HSC hematopoietic stem cell

ICB immune checkpoint blockade
IFN-y interferon gamma

KP Kras®!20, Trp -

LPS lipopolysaccharide

MCC mucociliary clearance

NK natural killer

NSCLC non-small cell lung cancer

PBA Population Balance Analysis
PCD primary ciliary dyskinesia

pDC plasmacytoid dendritic cell
PNEC pulmonary neuroendocrine cell
RT reverse transcription

scRNAseq single cell RNA sequencing
TIMs tumor-infiltrating myeloid cells
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In Paper V, I performed initial experiments showing that the addition of
pyrophosphate (PPi) to a solution containing Mg2" ions and plasmid DNA was
sufficient to obtain precipitates of DNA:PPi:Mg complexes.

In Papers VI-X, I performed either all (VI, IX and X) or part of microfluidic single-
cell transcriptome barcoding experiments using inDrops.

In Papers XI and XII, I performed the single cell RNA seq data analysis. For
Paper XII, I am also curating the resources and data which were made public,
including a GitHub repository with python code I wrote and used for the analyses
shown in the paper (github.com/rapolaszilionis/Sharir et al 2019). Although

not included in the main part of this thesis, the study described in Paper XII
represents a major effort in the context of my doctorate.
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3. INTRODUCTION

3.1. About the structure of this thesis

This thesis is composed of 3 stories, supported by 4 publications listed in
Chapter 2.1.

Story I, supported by Paper I, focuses on making a new method readily
accessible to a broader scientific community. The method in question is inDrops,
a single-cell RNA sequencing (scRNAseq) approach developed by my PhD
supervisors Linas Mazutis and Allon M. Klein, and published in Cell in 2015 (1).
Making inDrops readily accessible involved: mastering all steps of the approach
myself, optimizing steps that resulted in inconsistent results, adopting and
integrating improvements made by colleagues, and providing detailed step-by-
step instructions in a strictly organized Nature Protocols publication. InDrops is
also the unifying theme of the 3 stories composing this thesis, as Story II and III
harness the technique to gain insight into two biological systems.

Story II, supported by Paper II, describes the discovery of pulmonary
ionocytes, a novel cell type in the airway epithelium. This work is a collective
effort of two laboratories. It was led by Lindsey Plasschaert from Aron Jaffe lab
at Novartis as expert in airway biology, and myself as member of Allon Klein lab
at HMS as expert in scRNAseq. This discovery exemplifies one of the key
strengths of inDrops and scRNAseq in general: de novo characterization of the
cellular composition of tissues. Therefore, even in well studied systems like the
airway epithelium scRNAseq can reveal unappreciated cell types. The Results
Chapter 6.2 elaborates further on the findings in the paper. Here, I would like to
emphasize that pulmonary ionocytes could be found both in human and mouse
airway, this way representing a conserved cell type across the two species.

Story III, supported by Paper III, elaborates specifically on the question of
cell type conservation between human and mouse. This question is motivated by
the pivotal role of mouse model in human-focused research. In this study, we
focused on the immune context of non-small cell lung cancer (NSCLC), by first
addressing the unbiased population structure of tumor infiltrating immune cells,
and then identify cell states with counterparts between species. My role in the
study was performing scRNAseq experiments and analyzing the resulting data.
This work was performed in close collaboration with an expert lab in the field of
tumor immunology: Pittet lab at Massachusetts General Hospital. It was co-led
with Camilla Engblom, Christina Pfirschke and Virginia Savova.
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One of the insights of Story III was the existence of previously unappreciated
tumor-specific neutrophil states. Although at lower resolution, these states are
already described in Paper IV, where my contribution was to identify genes
characteristic to tumor-specific neutrophils, and related their expression to patient
survival. Apart from these analyses, Paper IV should be regarded as a separate
study, and its key insights are generally not related to this thesis.

3.2. scRNAseq-specific background (Story I)

3.2.1. Single cell RNA sequencing enables de novo identification of cell types

The primary application of single cell RNA seq (scRNAseq) is cataloguing
of cells that compose a given sample. Knowing the expression level of every gene
in thousands of individual cells enables a data-driven identification of groups of
cells sharing similar gene expression. Importantly, because all rather than a priori
chosen genes are assayed, the identification of cell types is not biased by the
experimentalist and enables a truly naive approach to the tissue being studied.

From a technical point of view, as with conventional RNA sequencing,
current scRNAseq protocols universally involve an initial reverse transcription
(RT) of mRNA (2, 3). It is followed by amplification of the resulting cDNA to
obtain a library of double stranded DNA fragments compatible with high-
throughput sequencing platforms. As discussed in the following paragraph,
exploiting the initial RT reaction to introduce cell-specific barcodes was an
important breakthrough in the evolution of scRNAseq methods.

(I) Barcoded Reads (")
transcriptome (mRNA +

Cells  (cDNA) barcode

] 4 Library prep ~ sequence) RNAseq of 1

A+z—>E & —L— cell (Tang et al)
\ = sequencing ARGAGTTATAT

B+i—oE—= >
o= High-throughput barcoding

(Klein, Mazutis et al;
Macosko et al.;
Fan et al.)

A+z—> =

Barcodes
(unique sequences
within RT primers)

z

Barcoding

Total number of published
single cell transcriptomes
2
2

(Islam et al)

cecccamarrormanacrecss
COTRCRCATOCATCRGTTRCT Genes 115 ————

—_— 9 O DDA LO 6
TAAMAGAGTTATATTAGTGRA RS IN ICIIN N-IN RN

QO Q7 Q7 Q7 Q7 Q7 Q7 Q7 QO
saremamereccernan Align to reference R e
maascrmencorgy IENOME,
Counts Year

remmcameccascsc ODIAIN gene counts

Figure A. Milestones of scRNAseq technology evolution. (i) The principle of
multiplexing: introducing barcodes in the form of unique nucleotide sequences
allows to pool the material from multiple cells right after the initial RT reaction.
Further sequencing library preparation is performed treating all the material as a
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single sample. The barcode sequence is revealed during sequencing and used to
sort reads by cell of origin, as all reads originating from the same cell share the
same barcode. The final result is a matrix containing the expression level of all
genes in each cell in the sample. (ii) Cumulative plot showing the total number of
single cell transcriptomes published since 2009. The plot reveals that although
multiplexing was introduced in 2011, rapid growth in the total number of single
cell transcriptomes was enabled by high-throughput barcoding solutions, inDrops
being one of them. Data kindly provided by Valentine Svensson (2).

3.2.2. 6 years prior to inDrops

The first whole transcriptome profile obtained from a single cell was
published in 2009. By developing efficient amplification, the authors overcame
the technical limitation that high-throughput sequencing platforms need more
material than obtained from a single cell (4). The next milestone was reached in
2011 by Islam et al., who introduced early multiplexing (Fig. A(i)) (5). This is the
principle of incorporating barcodes in the form of unique nucleotide sequences
into the cDNA during the first reverse transcription reaction of sequencing library
preparation. For a given cell, all transcripts receive the same barcode, but barcodes
are different between cells. Therefore, following the barcoding the material from
multiple samples can be pooled for further processing in a single-tube reaction,
which dramatically reduces the amount of labor and increases the amount of input
material for subsequent enzymatic reactions in library preparation (2, 5). The
barcode information is eventually retrieved during sequencing, and allows to sort
transcript reads based on cell of origin. Since then multiple scRNAseq protocols
were developed, including improvements such as introducing unique molecular
identifier which allow to correct for amplification bias (5-7), or exploring
different DNA amplification strategies (5, 8) (reviewed in (3)). However, it is
2015 that marks an explosion in the number of cells that could be sequenced in a
single experiment (Fig. A(ii))(2). This involved solving the challenge of
efficiently coupling individual cells with unique sets of barcodes. In the original
application of cell-barcoding by Islam ef al. this was performed in 96-well plates,
but this approach was not scalable. Several methods for high-throughput single-
cell barcoding were published in 2015: two of them used microwells (9, 10), and
two used droplets (1, 11) as reaction containers. A common feature was the
immobilization of barcoding reverse transcription primers onto beads. This
facilitate the creation of a wide barcode diversity through combinatorial split-and-
pool synthesis (1, 11, 12). It also simplified the challenge of coupling a cell with
a set of primers to one where a cell needs to be coupled with a bead. The following
section describes how this is achieved using inDrops.

3.2.3. Barcoding in drops

Barcoding, or indexing, of single cell transcriptomes with inDrops happens
in drops (Fig. 1 of Paper I). The choice of drops as reaction containers made the
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approach scalable and high-throughput. There is no fundamental constrain on how
many droplets can be made, and barcoding droplets are made at 100 Hz. Even
higher speed should be expected with further method development as in simpler
setups droplet microfluidics allows droplet generation at speeds exceeding 10s of
kHz (13).

The cell suspension, RT reagents, and barcode-bearing beads are injected into
a microfluidic device, where they meet to form the aqueous phase which is split
into droplets by a continuous flow of fluorinated oil containing a surfactant which
stabilizes droplets. The resulting emulsion is collected in a standard 1.5 ml tube.
The barcoding primers are attached to the beads by photocleavable linkers, which
allows their release following encapsulation for an efficient homogeneous
reaction, an aspect that turned out to be of crucial importance during the
development of inDrops (1). After primer release, cell lysis and reverse
transcription is initiated by transfer of the emulsion to 50 °C. Following RT, the
emulsion is broken, and further library preparation is performed.

Apart from the scalability offered by droplet microfluidics, a second strength
of inDrops is the use of deformable hydrogel beads to deliver barcode-bearing
primers. The squishy nature of such polyacrylamide beads allows to align them in
the microfluidic channel and synchronize their arrival to achieve a nearly 100%
occupancy of droplets with a single hydrogel bead. This means that every cell
entering the microfluidic device receives a barcode. Cell delivery, by contrast, is
Poissonian, and to avoid multiple cells entering one droplet their concentration
needs to be kept at 1 cell in 10 drops. This is in contrast with Drop-Seq, the second
powerful droplet-based scRNAseq method published back-to-back with inDrops
in the same issue of Cell in 2015. In Drop-Seq, both bead and cell arrival is
random (11). As a result, the majority of cells are lost, making the Drop-Seq
unsuitable for samples of limited size.

The library preparation is based on the Cel-Seq protocol, which is
distinguished by the use of in vitro transcription (IVT) as a strategy for
amplification of cDNA (14, 15). Briefly, following RT the second cDNA strand
is synthesized and serves as a template in an IVT reaction using the T7 promoter
which is introduced together with barcodes (Fig. 3 of Paper I). The resulting
amplified RNA is fragmented and reverse transcribed. Finally, PCR is used to
introduce Illumina sequencer-compatible adaptor sequences at the ends of library
molecules, yielding a sequencing-ready library.

3.2.4. Combinatorial barcoding of hydrogel beads

Figure 2 of Paper I summarizes the steps of hydrogel bead synthesis. The
first part is the emulsification of a solution of acrylamide/bis-acrylamide and a
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universal acrydate-modified “stub” primer. The resulting emulsion is polymerized
off-chip, resulting in monodispersed hydrogel beads (HBs). The typical synthesis
scale is in the millions of HBs.

The second part is combinatorial barcode synthesis involving two rounds of
primer extension. First, hydrogel beads are distributed into 384 wells, each
containing a barcoding oligo which anneals to the stub. Each well contains a
different barcode. Following primer extension, beads from all wells are pooled
together. The procedure is repeated with a second set of 384 barcodes, yielding a
barcode diversity of 3842,

3.3. Airway epithelium-specific background (Story II)

3.3.1. Mucociliary clearance and related pathologies

Mucociliary clearance (MCC) is the primary innate protection mechanisms
of the airway. Key components are the viscous mucous loaded with antimicrobial
compounds, a layer of liquid underneath it, and cilia, which are specialized
organelles of ciliated cells within the airway epithelium. Cilia beat in an organized
manner and constantly proper mucus with entrapped particles and pathogens from
distal airway toward the mouth. The mucus is eventually either swallowed or
expectorated. Defective MCC occurs pathological conditions like primary ciliary
dyskinesia (PCD), chronic obstructive pulmonary disease (COPD), asthma, and
cystic fibrosis (16).

PCD is a rare genetically heterogenous recessive disorder characterized by
stiff, uncoordinated and/or ineffective cilia beat, which leads to compromised
mucous removal. Symptoms include year-round wet cough and nasal congestion,
infections of the airway, and infertility, the latter in particularly pronounced in
men (17).

COPD is characterized by mucus overproduction, which leads to persistent
airflow limitations. Mucus hypersecretion is a consequence of smoking, viral and
bacterial infections, and inflammation (18). COPD is predicted to become the 3™
leading cause of death in 2030 by the World Health Organization (19). The
disease is also characterized by tissue remodeling, including a disbalance in the
cellular composition of the airway (20). As a specific example, goblet (mucus-
secreting) cell hyperplasia and hypertrophy are observed in COPD (18). Another
example is squamous metaplasia, where multiple layers of basal cells are
observed, as opposed to a homeostatic single layer (21).

Cystic fibrosis (CF) is a rare life-limiting autosomal recessive disease. It
affects multiple organs, with most of its morbidity today associated with the
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airway (22). Historically, it was first described as a separate disease by Dorothy
Hansine Andersen (23). Another milestone was reached in 1989 when 3 groups
reported the identification of the specific gene mutation, causative of most CF
cases: the deletion of 508" phenylalanine in a chloride channel, which authors
called the cystic fibrosis transmembrane conductance regulator (CFTR) (24-26).
Briefly, the pathophysiological cascade of cystic fibrosis in the airway involved
the following steps: defective CFTR prevent ion transport into the airway lumen,
concomitantly affecting the osmotic gradient and reducing water transport into
the lumen. The lack of a water layer separating the mucus and the epithelium
causes cilia to collapse compromising MCC. Next is a vicious cycle of airway
obstruction by mucus, infection and inflammation (27, 28).

Despite the organ-level effects of CF being well studied, and the causative
gene being identified, the localization of CFTR in the airway has been
controversial. It has been reported to be mainly expressed in submucosal glands,
with only a few CFTR-enriched cells in the surface epithelium (29). By contrast,
another study determined the channel to be mainly present in surface epithelium
ciliated cells with isolated single-cell enrichment (30). Story II of this thesis
describes our insight into the identity of the CFTR expressing cell.

3.3.2. Cellular composition of the airway epithelium

The mammalian respiratory system is composed of two major compartments:
the distal alveoli, where gas exchange occurs, and the proximal conducting
airway, which hydrates the air and provides a first line of defense through
mucociliary clearance (31, 32). The upper conducting airway is covered by a
pseudostratified epithelium, where all cells rest on the basement membrane but
not all reach the airway lumen. Those which do are called luminal, and those
which do not are referred to as basal. Luminal cells are composed of ciliated,
secretory, neuroendocrine, brush cells (21, 32, 33), and, as we now know from
Story II of this thesis, rare pulmonary ionocytes.

Basal cells are the stem cells of the niche which self-renew and give rise to
the luminal cell type. Across different epithelia they are generally thought of as
double positive for cytokeratins (Krt) 5 and 14 (34). However, in the airway
epithelium, basal cells are heterogenous in Krt5 and Krt14 expression. Only 20%
of basal cells are Krt14" in steady state, but following injury Krt14 expression is
upregulated and all basal cells express it (35, 36). In their study using lineage
tracing of Krt14" cells in different conditions, Ghosh et al. concluded that under
homeostasis Krt14" basal cells are unipotent and only give rise to other basal cells.
By contrast, following injury, Krt14" cells were direct progenitor to club and
ciliated cells (36).
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Secretory cells are a heterogenous populations that secretes components of
the protective respiratory tract fluids, including a variety of macromolecules, ions,
and water (37). In the trachea and larger bronchi of mice, the main secretory cells
are so-called club cells (32). It is appreciated that club cells are heterogeneous,
e.g. as in their expression of secretoglobins SCGB3A1 and SCGB3A2 (38).
Goblet cells are a type of secretory cells which is rare in laboratory mice grown
in a pathogen-free environment but relatively abundant in human airway. The
hallmark of goblet cells is mucous secretion and high production of the mucin
MUCSAC, although both features also apply to club cells (33). Goblet cell
numbers increase in response to inflammation, allergens and toxins (21).

As their name suggests, ciliated cells have cilia on their apical surface which
perform the critical function of moving the liquid and mucous out of the airway
(39). Under homeostasis, ciliated cells differentiate from club cells (40).
However, as mentioned above, a direct basal-to-ciliated differentiation has been
observed following injury (36).

Pulmonary neuroendocrine cells (PNECs) are rare innervated epithelial
cells which secrete neuropeptides in response to stimuli, such as hypoxia and
nicotine (32). PNECs modulate immune responses (41), and their secreted
compounds are believed to regulate epithelial cells as well as the flow of blood
and air. They potentially transmit stimuli to the central nervous system (32).

Brush cells are another rare epithelial cell type. Their name is based on the
appearance of these cells that have a brush of microvilli (42). Brush cells have a
chemosensory function and use a canonical taste transduction cascade to sense
“bitter-tasting” irritants, and respond by releasing acetylcholine which elicits
protective respiratory reflexes (43, 44).

3.4. Tumor-infiltrating myeloid cell-specific background (Story I1I)

3.4.1. Myeloid cells, their subsets, and functions

The distinction of myeloid and lymphoid cells. Traditionally, blood cells
have been classified into two broach categories: lymphoid cells, composed of T,
B, and natural killer (NK) cells, and myeloid cells, composed of
polymorphonuclear (neutrophils, eosinophils, basophils) and mononuclear
(monocytes, macrophages, dendritic cells [DCs]) cells (45). A broader definition
of myeloid cells also includes megakaryocytes and erythroid cells (46). All blood
cells are derived from a common hematopoietic stem cell (HSC), which sits at the
top of a differentiation hierarchy, involving multi-, oligo- and unipotent
progenitors with increasing lineage restriction. Under a classical model of
hematopoiesis, the first lineage restriction is represented by a branching into
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common lymphoid vs common myeloid progenitors (47), providing an ontogeny-
based justification for the two broad categories. However, recent studies have
challenged this view, providing evidence for alternative early hematopoietic
hierarchies (48, 49). In this thesis, the term “myeloid cells” is used in the narrow
sense and refers to mono- and polymorphonuclear phagocytes, without attempting
a justification by ontogeny.

Macrophages are highly phagocytic cells that are involved in the clearance
of dead and damaged cells. Through their cell-phagocytic activity they are also
involved in tissue development and remodeling, e.g. during wound healing.
Macrophages also play and important role detection and clearance of pathogens,
and regulation of inflammation, from induction to resolution (50). By
developmental original, macrophages are divided into monocyte-derived and
tissue-resident. In 1968, van Furth and Cohn performed experiments showing that
peritoneal macrophages were derived from blood monocytes (51), leading to a
long-lasting perception that monocytes are precursors to macrophages found in
tissues. While this is true, especially in response to insults including tumors (45),
most macrophages found in tissues have an embryonic origin with replenishment
relying on longevity and self-renewal, a now established understanding since the
2000s (52).

Tissue-resident macrophages adopt tissue-specific functions. For example,
microglia cells responsible for synaptic remodeling, osteoclasts resorbing bones,
and Kupffer cells clearing the blood of old erythrocytes in the liver are all
examples of tissue-resident macrophages (52). Defining a nomenclature that
would take into account the multiple dimension of macrophage diversity is an
ongoing effort (53, 54).

Macrophage diversity is challenging to address, as plasticity in response to
external stimuli is a hallmark of these cells (55). This plasticity is an additional
layer of complexity to tissue-specific functions that tissue-resident macrophages
adopt. Two best known macrophage states acquired in response to external stimuli
are classically and alternatively activate macrophages and deserve a separate
comment. The term “activate macrophage” dates back to the 1960s and the work
of George Mackaness, who is attributed with coining the term, although according
to his contemporaries he preferred the term “angry macrophage” (56, 57). The
term was used to described macrophages with enhanced capability of mounting
an immune response against intracellular pathogens. It was in 1992 that “activated
macrophages” were renamed “classically activated”, to accommodate the newly
observed “alternative activation” (58). In 2000s, the term M1 and M2 were
introduced to refer to classically and alternatively activated macrophages,
respectively (59). This nomenclature mimicked that of T-helper (Th) cells and the
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type of immunity they mediate through the secretion of cytokines. The main Thl
cytokine is interferon gamma (IFN-y), which promotes cell mediated immunity
against intracellular parasites and cancer cells. Th2 cytokines include interleukins
4,5, 10, 13, 25 which promote anti-helminth immunity and promote tissue repair
(60, 61). Importantly, “pure” M1 and M2 phenotypes are obtained in vitro, by
exposing macrophages to IFN-y and 1L-4/13, respectively (62, 63). It is now well
appreciated that this is an oversimplification of macrophage diversity in vivo in
different disease contexts (53, 54, 62). I suspect that the M1/M2 paradigm will
however retain its place in immunology: it exemplifies the degree of macrophage
plasticity and represents two highly-relevant types of immune response.

Monocytes are cells mainly found in circulation, and are divided into
inflammatory and patrolling subset. Inflammatory monocytes, also referred to a
classical, are those that invade sites of insult and differentiate into macrophages.
Patrolling, or non-classical monocytes, as their name suggests patrol the
vasculature and perform surveillance of the endothelium (64).

There are two major subsets of dendritic cells: plasmacytoid and
conventional (pDC and ¢DC). Classical dendritic cells are the archetypal
professional antigen-presenting cells, which have a superior ability to prime naive
antigen-specific T cells. They are specialized to sample antigens in tissues and
migrate to draining lymph nodes, where they mount specific T-cell immunity or
tolerance to self-antigens (65). Plasmacytoid DCs are predominantly found in
blood and lymphoid tissues. They show lower expression of molecules involved
antigen presentation, and seem to be specialized at detecting viral infection, in
response to which they produce large amounts of interferon alpha which induces
an antiviral state in surround cells (65, 66).

Classical DCs are further divided into ¢DC1 and ¢cDC2. The former present
a great capacity to cross-present antigens to cytotoxic T-cells, a process important
in fighting intracellular pathogens such as viruses, and eliminating cancerous cells
(67, 68). The latter have the complementary specialization of presenting antigens
to helper T-cells, a mechanism targeted at extracellular pathogens (68).

The remaining myeloid cells are collectively referred to as
polymorphonuclear cells, or granulocytes. The most abundant of them are
neutrophils, which in general are the dominant cell type among healthy blood
non-erythrocyte cells (50). They normally reside in the blood, are first-responders
to injury and pathogens, and rapidly swarm to sites of insult, a process remarkably
visualized in vivo using intravital microscopy in work by the Germain group (69).
Today, apart from their potential to kill internalized and extracellular pathogens
using the content of their granules, neutrophils are appreciated to play key roles
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in inflammation, tissue repair, and homeostasis (70). It should be noted that
neutrophils are also fierce phagocytes, an observation that dates back to the time
of Elie Metchnikoff who is accredited from defining phagocytosis in the first
place at the end of the 19™ century. However, some researchers felt that
neutrophils were later unfairly excluded from the professional phagocyte “club”

(71).

The hallmark function of eosinophils is defense against helminths, with the
direct killing mechanism involving degranulation of cytolytic granule content into
the environment around the parasite (50). Together with basophil and mast cells,
they are also important mediators of inflammation, and are implicated in allergic
reactions (72).

3.4.2. On the role of myeloid cells in cancer

It is well appreciated that the immune system can control tumor by killing
cancer cells or suppressing their growth. It can also promote tumor by selecting
tumor cells that are best fit to survive and by establishing conditions that promote
tumor growth (73). T cells play are major roles in these processes, and the
understanding of their function in the context of cancer translated into efficient
immunotherapies that benefit some patients (74). Myeloid cells remain less
studied than T cells in the context of cancer. However, they present potential
immunotherapeutic targets for a number of reasons. First, they are key player in
eliciting a tumor antigen-specific cytotoxic T cell response, which requires cross-
presentation of tumor antigens by antigen-presenting myeloid cells. This is in line
with observations that the presence of the cross-presentation competent cDCls is
associated with increased patient survival and is critical for spontaneous tumor
rejection (75). Second, myeloid cells mediate processes related to wound healing,
which are hijacked by tumors to limit inflammation and support tumor growth
(76). Third, even without assuming a particular mechanism, clinical data revealed
a link between myeloid cell abundance in tumor biopsies and patient survival. The
same myeloid cell types have been associate with both favorable and poor
prognosis depending on the cancer type and the exact choice of markers to define
that cell type (45, 77).

3.4.3. The KP tumor model

Studies described in Papers III and IV used a genetic lung adenocarcinoma
model, where tumors are induced by activation of oncogenic Kras and deletion of
Trp53 (therefore “KP”’)(78). A general strength of genetically engineered mouse
models (GEMMs) is that they develop de novo tumors in a natural immune-
proficient environment. This is in contrast with tumor cell line transplantation and
xenograft models (79). GEMMs also have lower mutation load compared to
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chemically induced models and therefore are less immunogenic (80). This can be
viewed as a lack of resemblance to most human tumors, or as a model for a
particularly challenging case. In their review, Politi and Pao (81) described an
ideal GEMM of human cancer as featuring tumors that start from a small subset
of cells within an organ by a genetic lesion found in the human counterpart and
for which steps in tumor progression resemble those in human. The KP tumor
model satisfies well this definition: it is induced in adult mice by adenoviral
delivery of the Cre recombinase to specifically to lungs, and is driven by mutation
to Kras and Trp53 as observed in patients. It also recapitulates features of the
human non-small cell lung cancer (NSCLC) including lack of immunogenicity,
and resistance to immuno- and chemotherapy (82). In Paper III and IV, we used
a syngeneic orthotopic KP mouse model, with lung tumors initiated by
intravenous injection of a KP tumor cell line. This variation of the model has been
shown to share the same characteristics as the autochthonous version (82).
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4. KNOWLEDGE GAPS ADDRESSED IN THIS THESIS

This section covers what knowledge gaps were addressed in each of the
3 stories of this thesis, explaining the scientific novelty of the work.

Story I: Accessibility and refinement of inDrops technology. Upon its
publication in 2015, the inDrops technology for scRNAseq received immediate
interest from the scientific community which was anticipating a scalable
scRNAseq approach. However, the adoption of the inDrops technology remained
challenging, as a detailed step-by-step protocol was not publicly available.
Together with colleagues, 1 provided a detailed description of the approach,
documenting the original procedure by dr. Klein and dr. Mazutis (1), and
incorporating further improvements at multiple steps. 1 believe that this
contributed to the technology being more readily adopted by academic
laboratories, and provided a starting point for further development of the
technology.

Story II: The discovery of pulmonary ionocytes and their
characterization. This study involves a truly serendipitous discovery of a cell
type in the airway epithelium, therefore some of the knowledge gaps addressed in
this study are appreciated in retrospective.

In entering this project, the upper airway epithelium was already a well-
studied biological system, known to be composed of specialized cell types derived
from a transcriptionally heterogeneous basal cell population. This prior
knowledge was based on evidence gathered by studies using diverse techniques,
including microscopy, lineage tracing, and injury models (21). Such techniques
could have overlooked cell types lacking a distinct morphology and/or known
markers. Therefore, a truly comprehensive and unbiased view of cell types was
unavailable. The lack of such a catalogue also prevented a better understanding
of how the airway epithelium is restored after injury, a mechanism which could
be harnessed for treatment of airway pathologies. Therefore, we performed
scRNAseq on human and mouse upper airway epithelium to provide a detailed
catalogue of cell types and their dynamics during airway recovery. Unexpectedly,
we identified a previously unappreciated cell type: pulmonary ionocytes. We
further characterized ionocytes, showing that they are the main source of CFTR
activity and gaining insight into their specification.

The discovery of pulmonary ionocytes can also be framed in the context
of cystic fibrosis research. At the protein level, compromised function of the ion
channel CFTR has been known to be the cause of cystic fibrosis for two decades.
At the physiological level, the airway is one of the most heavily affected organs.
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However, despite extensive research in the field, the cell type expressing CFTR
was not established. Therefore, from the point of view of cystic fibrosis research,
our study provided are missing level of resolution: at the cellular level, the CFTR-
expressing cell type was identified.

Story III: Comparison of human and mouse lung tumor-infiltrating
immune populations. The success of current immunotherapeutic approaches
justified the promise that modulating the immune system can be used as a cancer
treatment strategy. Major efforts are being made to further elucidate how tumor
and immune cells interact and create new treatment strategies. Both mechanistic
studies and drug research involve experiments in mouse models and rely on the
conservation of human and mouse immune systems. However, some aspects of
the immune system are species-specific, preventing discoveries to be translated
from mouse to human. It is reasonable to anticipate that a drug targeting a cell
population present in mouse but not human would fail to translate. Therefore, we
sought to identify conserved and divergent immune cell types in a systematic way.
A prerequisite for such a comparison is an unbiased characterization of the
immune cell populations in each of the species, which we achieved by scRNAseq.
We chose to focus on the less well characterized myeloid cells, the diversity of
which is highly context dependent. Our study serves as a starting point for further
research focusing on those cell types and pathways that are conserved in human
and mouse. It is also a resource which can be used, for example, to verify if a gene
target being studied in mice is human-relevant and is expressed on the expected
cell type.
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5. GOALS AND OBJECTIVES

The knowledge gaps discussed in the previous Chapter were addressed by
defining the following goals and objectives.

Goals:
I. To facilitate access to the inDrops technology (Story I).

II. To provide an unbiased view of the cellular composition of the airway
epithelium under homeostasis and during recovery (Story II).

III. To identify conserved and divergent lung tumor-infiltrating myeloid cell
populations in human and mouse (Story III).

Objectives:

Story 1

i) To identify and correct the source of variability between inDrops
experiments.
ii)) To prepare a detailed step-by-step protocol describing inDrops.

Story 2

i) To provide an unbiased atlas of cell types in airway epithelium using
scRNAseq.

ii) To describe the dynamics of the cellular composition of airway epithelium
during recovery.

A third objective was raised during the course of the study after observing
pulmonary ionocytes as a novel cell type, and that they are the main source of
CFTR transcripts in the airway epithelium:

iii)) To further characterize pulmonary ionocytes in terms of localization,
specification, and function of the CFTR ion channel.

Story 3

i) To provide an unbiased atlas of non-small cell lung tumor-infiltrating immune
cells in human and mouse.
ii) To identify myeloid cell population conserved in human and mouse.
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iii) To provide a resource that could be readily accessed and used by a broader
community.

6. RESULTS

6.1. Story I: availability and ease of use of inDrops

InDrops was not readily accessible following its original development

As I was about to start my PhD in summer 2014, dr. Linas MaZzutis taught me
about an exciting method that he had developed with dr. Allon Klein, and that was
being prepared for publication. The method, called inDrops but nameless at the
time, was a solution for single cell RNA sequencing (scRNAseq). Back then, the
idea alone of working with the minute amounts of mRNA from single cells
fascinated me, as my background in biochemistry allowed me to appreciate the
challenge that this involved. Upon learning more about the state of the field and
previous success in sequencing transcriptomes of individual cells (4, 5, 7, 15), I
realized that the real strength of inDrops was in the throughput that it offered,
allowing to barcode tens of thousands of cells in a single experiment. Mastering
all the steps of the method, attempting improvements, and making it widely
accessible completed my acquaintance with inDrops, as described in this Chapter.
It took me another 5 years to appreciate first-hand the power of the technology
once put in action (Chapters 6.2 and 6.3).

By the time inDrops was published in 2015 (1), interest in the technology
was already apparent, and only grew with the release of the publication. It soon
became clear that a detailed public protocol would facilitate the spread of the
method. Moreover, refinements to the original protocol were already being made
and deserved to be published. While minor updates were numerous, I decided to
highlight the following problems we had to solve:

a) The efficiency of the primer extension step during combinatorial barcode
synthesis on hydrogels (Section 3.2.2. and Fig. 2¢ of Paper I) is ~60%,
over two steps yielding 35-40% of full-length barcoded primers. Apart
from reagent loss, this also lead to the presence of incomplete primers in
the single cell transcriptome barcoding reaction. These by-products did
not cause noticeable problem with mouse and human cells. However, in
a study using Xenopus frog cells (83), the incomplete primers primed
rRNA, which is in high excess to poly-A RNA (84), preventing the use
of the technology as is.

b) We observed a lack of reproducibility in the early steps of inDrops with
reverse transcription failing to produce cDNA.
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Exonuclease I treatment removed side products of barcode synthesis

An ideal solution for the first problem would have been to increase the
efficiency of primer extension (Fig. 2c¢ of Paper I). However, unless the
efficiency was close to 100%, side products would still present a problem. We
therefore focused our efforts on cleaning up barcoding hydrogel beads (BHBs)
from incomplete primers. We made use of the fact that all full-length primers had
a poly-T tail at their 3’end (Fig. 2¢ of Paper I). After annealing a poly-A
protective oligo, BHBs were treated with Exonuclease I (Exol), which digests
single-stranded DNA in the 3’->5" direction but has no activity on double stranded
DNA. Success removal of incomplete primers was confirmed by capillary
electrophoresis (Fig. 6A,B of Paper I). The clean-up approach was suggested by
Allon Klein, first applied by James Briggs on a small batch of BHBs, and I then
incorporated it in the standard barcode synthesis procedure.

Improving the efficiency of primer extension in barcode synthesis remains to
be addressed. Possible directions to explore include adjusting the pore size of the
hydrogel mesh and using different polymerases.

Adjusting magnesium concentration lead to reproducible and more efficient
reverse transcription

The second problem causing reverse transcription (RT) to occasionally fail
turned out to be easily addressable by adjusting the reaction composition. Using
the exact conditions described in (1), the final concentration of magnesium ions
in the barcoding droplet was <1.5 mM, while dNTPs which could chelate them
were in 1.6x excess. As shown in Fig. B, the optimal Mg*" concentration was
determined to be 5 mM. The problem of insufficient magnesium was more severe
when preparing and freezing a pre-mix of dNTPs and RT buffer (source of
magnesium) in advance as opposed to mixing reagents fresh.

A detailed protocol was published

Finally, the lack of a detailed public protocol was addressed by describing
the procedure in a Nature Protocols publication (Paper I, (12)).
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Figure B. [Mg* ]sinal of 5 mM is optimal in a bulk reaction mimicking conditions
in droplets. (i) Products of a RT reactions using a 3.4kb polyadenylated RNA as
input and different concentrations of Mg?*. 1xTAE agarose gel. L —ladder (NEB
N32008). (ii) Plot showing the cumulative white color intensity along the y axis in
the red rectangle. *Original conditions described in (1). **QOptimal [Mg?] reported
in Paper I.
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6.2. Story II: discovery and characterization of pulmonary ionocytes

The understanding of the cellular composition of airway epithelium could
have been incomplete

Despite extensive prior knowledge on the biology of the airway, restoring its
function in pathological conditions remains a challenge (see also Chapter 3.3).
Progress could be hindered by failure to appreciate the full diversity of cell types
in the airway epithelium. The advent of scRNAseq motivated us to revisit the
cellular composition of the airway epithelium in a comprehensive and unbiased
manner.

To this end, we performed single cell RNA sequencing of 2,970 primary
human bronchial epithelial cells (HBECs) from 3 donors. Prior to scRNAseq,
cells were expanded and differentiated in vitro in an air-liquid interface (ALI)
culture. We also profiled 7,662 freshly dissociated mouse tracheal epithelial cells
from mice under normal homeostasis (n=3) as well as in a recovery time course
following injury by polidocanol inhalation (6 mice, 4 timepoints). This
perturbation eliminates all but basal cells in the airway epithelium (85). This
choice of experimental design enabled mechanistic perturbations in mice while
retaining the focus on findings consistent across species.
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LR Mucsb Scgb3a2 Ascl1
'* h f f !
V¢ V7 Vi V7
i
A A A A
’ ¢ o )
Ciliated cells Brush cells Cycling cells
Tubala Trom5 Mki67
! 8 NS !
o Foxi1 e o .
E’f I Interactively |, ’Y/ | E’e‘ [ \Su
v select a subsets ; : :
L of cells and get el L @ ¢
the lists of |- Gene expression
enriched genes Low NN High

Figure C. Interactive exploration of single cell transcriptomes. (i) 2D
representation of the multidimensional gene expression data using SPRING (86).
Each dot is a cell. Cells cluster together by gene expression similarity. (ii)
Knowledge-driven exploration: SPRING plot colored by canonical marker gene
expression for previously described cell types. Literature references for marker
genes: Scgb3a2 (38), Krt5 (21), Tubala (87), Trpm5 (43), Ascll (41). (iii)
Example of data-driven exploration: lists of enriched genes in a selected group of
cells can readily be accessed. A small satellite cluster in the data was enriched for
genes previously reported in ionocytes in Xenopus frog and mouse kidney (88).
PNEC — pulmonary neuroendocrine cell.
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An interactive representation of the scRNAseq data helped build intuition

After initial cleanup to remove low quality transcriptomes, the high
dimensional single cell gene expression data (10,000s genes x 1,000s cells) was
visualized in a 2D representation, allowing an intuitive interpretation of the
populations formed by single cell transcriptomes. Here, we used a method called
SPRING (86), which involves calculating a k-nearest graph (k=10) of cells and
projecting it in 2D using a force layout. Both in mouse and human data, the
majority of cells formed a continuum with a few small satellite populations (Fig.
C(i)). The next step was to define populations we observe. It started with an
interactive exploration of the data, enabled by a browser-based interface available
as part of the SPRING toolkit. Fig. C(ii) shows how exploring the expression of
previously known marker genes reveals the identity of populations observed in
the data. Exploration of the initial map was also performed in a data-driven
manner, by finding genes enriched in selected cell groups relatively to the rest of
the data (Fig. C(iii)), as a way of asking cell who they are. I believe that his
exploration is a critical step of the scRNAseq data analysis, and my experience
has been that the most salient features of a dataset are already appreciated at this
stage. The reader of this thesis is invited to explore the interactive online version
of the plot'.

Having built an intuition for the population structure, we drew boundaries
between cell states by spectral clustering. This is a graph-based partitioning
method where the number of clusters is user defined. Therefore, spectral
clustering alone cannot be used to find the “real” number of populations. Rather,
we regard clusters as a convenient way to communicate observations in the data.

Two transient cell populations appear during airway recovery

Having defined the population structure under homeostasis, we asked how it
changes during recovery following injury by polidocanol. We started by
combining scRNAseq data from uninjured and recovering mice in a single 2D
representation, which revealed two recovery-specific states: 1) recovery-specific
cycling basal cells, which made up 84% of all epithelial cells 1 day post-injury
(dpi), and 2) an alternative ciliated cell differentiation trajectory, that appeared 2
and 3 dpi (Fig. 2b-d of Paper II). Both states could be related to previous
observations, and our data provides detailed molecular descriptions of these
states.

1

kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.html?datasets/uninjured_MT
ECs/uninjured_MTECs.
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Under homeostasis, Krt14 expression is restricted to 20% of airway basal
cells while most express KrtS. However, with injury Krtl4 expression is
upregulated (35, 36). We recapitulated this observation in our data and extended
it to other cytokeratins: recovery-specific cycling basal cells showed upregulation
of Krt14, 8, 4, 13, which were co-expressed with Krt5 (Fig. 2d of Paper II). Krt8
is considered a luminal cell marker (89), and Krt4 and 13 were enriched in a subset
of homeostatic basal cells which we observed in our data but had not been
described before.

The second recovery-specific state we observed was a group of cells
transiting directly from basal to ciliated cells, referred to as pre-ciliated. By
contrast, under normal homeostasis cells pass through a secretory intermediate.
The presence of two trajectories can be readily appreciated in the SPRING plot
combining data from uninjured mice and those undergoing recovery (Fig. 2b of
Paper II). The direct conversion between basal and ciliated cells has been
reported before in the context of injury (36). Here, with transcriptome-wide gene
expression data in hand, we explored transcriptional changes along this trajectory.
The analysis involved designing a procedure for identifying genes variables along
the trajectory. In the following three paragraphs, I chose to provide more details
on this particular analysis.
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Figure D. Analysis of the basal-to-ciliated trajectory observed during recovery. (i)
Mecidas (involved in ciliated cell specification) expression in single cells ordered
by basal-to-ciliated trajectory before and after smoothing. (ii) Table showing the
effect of individual filtering steps on the selection of genes variable along the
basal-to-ciliated trajectory. Rightmost heatmap is the same as shown in Fig. S6b
of Paper II. (iii) Smoothed expression of selected ciliated cell specification factors
along the basal-to-ciliated trajectory.

Genes variable along the pre-ciliated trajectory are candidate ciliated fate
specification factors

The principle of the analysis is detailed in Fig. S6 of Paper 11, and the main
steps, except variable gene selection, had been described before (49). It starts with
ordering of cells along the trajectory. We used the ordering approach which is part
of Population Balance Analysis (90), but other methods (91) are expected to give
similar results, especially for a simple trajectory with no branching points. Next,
the expression of each gene was smoothed by averaging over a sliding window of
a chosen size (100 cells in this study). Fig. D(i) shows how smoothing mitigates
the noisy nature of scRNAseq data. At this point, the expression of genes of
interest could be easily explored along the trajectory. For example, Foxjl, Myb,
Mcidas, Rfx2 and Rfx3 are established ciliated cell specification factors (Fig.
D(ii)) (87). Our analysis enabled us to appreciate the order in which their
transcripts appear during differentiation, allowing to hypothesize on the
regulation of ciliated cell specification.
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We chose to limit the analysis of ciliated cell differentiation to providing a
resource: the list of genes which are variable in a non-trivial way along the basal-
to-ciliated trajectory (Table S4 of Paper II). Such genes could potentially play a
role in ciliated cell specification. First, the full gene list was pre-filtered on
expression level and variability but without taking into account their ordering.
Next, for each surviving gene, we asked the question whether the cell ordering

along the trajectory is special in any way. More specifically, for each gene i we
M max+100CPM

calculate a statistic t; =
i,observed mi,mm+1OOCPM’

where m; is the expression

vector of gene i in smoothed cells along the trajectory (CPM — counts per million).
A distribution of ¢;,qngom Was obtained by repeating the procedure on cell
ordered in a random way for multiple permutations, allowing the calculation an
empirical one-sided p-value p;, defined as the fraction of times t;,rqgngom
>t; observed- 10 account for multiple hypothesis testing, the Benjamini-Hochberg
procedure was used to obtain false discovery rates (FDR). Genes with
ti observea=2 and FDR;<0.05 were considered as differentially expressed along
the trajectory.

The expression of 1,237 differentially expressed genes we identified is shown
in Fig. S6b of Paper II and the rightmost plot in Fig. D(iii). Genes are ordered
by the expression-weighted mean position along the trajectory. From a data
representation point of view, such gene ordering results in gene expression
peaking along the diagonal of the heatmap. While being convenient in providing
aneat representation, this ordering approach will always result in a diagonal, even
for randomly selected genes. Fig. D(iii) shows how individual filtering steps used
for differentially expressed gene selection affect the final heatmap, support the
idea that observing a diagonal alone does not necessarily mean that gene shown
are statistically significantly variable. We hope that the list of 1,237 genes variable
along the basal-to-ciliated trajectory will serve as a resource in research of ciliated
cell specification.

The homeostatic airway composition is restored within a week

Injury by polidocanol caused a major disruption of the tissue composition.
As expected, 1 day post-injury (dpi) almost no luminal cell types were observed.
Basal cells accounted for 97% of all epithelial cells instead of the homeostatic
44%. However, by day 7, relative population abundances had returned to those
observed under homeostasis (Fig. 2¢ of Paper II). Recovery specific cycling
basal and pre-ciliated cells peaked at 1 and 3 dpi, respectively, but were almost
completely absent by day 7 (Fig. S5b of Paper II). The number of secretory cells
grew gradually with Y4 of their homeostatic abundance restored at 2 dpi, while
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ciliated cells were still virtually absent at 3 dpi. By 3 dpi, the rare PNECs, brush
cells, and ionocytes (discussed below) were all observed.

We observed a new cell types and called it pulmonary ionocytes

Observing the expected basal, ciliated, secretory, neuroendocrine and brush
cells built confidence in our results. However, the data also revealed an
unexpected new cell type, observed in both species, and appearing in the data as
a small detached cluster (0.27% and 1.5% of epithelial cells in mouse and human,
respectively). It was characterized by the specific expression of the transcription
factors FOXI as well as genes involves in ion transports. This expression profile
was reminiscent of ionocytes previously described in other contexts, such as
mouse kidney and inner ear (92) or Xenopus frog larvae skin (88), where they are
responsible for pH and osmoregulation. We called these cells pulmonary
ionocytes. Further characterization of pulmonary ionocytes was an additional aim
we raised during the study.

Additional experiments validated hypotheses on ionocytes specification and
function

When compared to other airway epithelial cells in our data, one of the most
enriched genes in pulmonary ionocytes was CFTR, the gene mutated in cystic
fibrosis (see also Chapter 3.3). lonocytes, which were <0.3% of all epithelial cells
in our mouse data, accounted for >50% of CFTR transcripts. The airway is one of
the most affected tissues in cystic fibrosis, and the genetic cause of this life-
limiting disease has been linked to CFTR mutations already back in 1989. Our
data suggested that the activity of CFTR is localized to a rare specialized cell type
in the airway. This provides cystic fibrosis research with the cellular level of
resolution which was missing before.

Toward further characterizing pulmonary ionocytes, we fulfilled the
following tasks:

1) Provided lists of enriched genes in human and mouse, which can be used as
ionocyte markers or candidates for perturbations in further studying this cell
type (Figs. 1 ¢,d and Table S1,2 of Paper II).

2) Localized ionocytes in situ by staining for FOXI1, which was specific for
ionocytes as suggested by scRNAseq data. FOXI1 expressing cell were more
concentrated in bronchial gland ducts than in surface epithelium as shown in
Fig. S7d.

3) Demonstrated that Notchl signaling is necessary for ionocyte specification.

4) Demonstrated that overexpression of the transcription factor FOXII is
sufficient to drive FOXI1 production in HBECs cultured in ALI.
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5) Showed that ionocytes are the functional source of CFTR activity in the
airway epithelium.

For tasks 3) and 4), we hypothesized that Notch1 signaling and expression of
FOXI1 would play a role in ionocyte specification in the airway as this had been
to be the case of ionocytes described in other systems (88, 92).

For task 5), we sought to address the concern that the presence of mRNA
does not necessarily mean protein function. Although highly specific to ionocytes,
CFTR transcripts were also observed in other cells at low levels. As other cells
are much more abundance, they could still contribute to a significant fraction of
the overall CFTR activity. Lindsey Plasschaert used an electrophysiological assay
(Ussing chamber) to measure the CFTR-specific ion current through the airway
epithelium. She demonstrated that this current a) correlates with the number of
ionocytes when considering the natural variation in ionocytes between donors; b)
is undetectable when HBECs are grown under conditions preventing CFTR
specification.

Tasks 2), 3), and 5) were performed exclusively by Lindsey Plasschaert and
the Jaffe group. For task 4), HBEC culture and FOXI1 overexpression
experiments were performed by L. Plasschaert, while I was responsible for
scRNAseq experiment and data analysis. We observed, that FOXI1
overexpression by lentiviral transduction lead to a 23-fold increase in the number
of ionocytes compared to the transduction by GFP, supporting the prediction that
FOXI1 is sufficient for ionocyte specification.

Discussion

Providing a catalogue of airway epithelial cells and identifying cell
population changes during recovery fell within our initial goal of the study. While
the scRNAseq dataset provided a clearer picture of the airway cellular
composition, follow up experiments are required to gain further mechanistic
insight, which could eventually be used to manipulate the airway composition. In
our study, we chose to focus on the newly identify pulmonary ionocytes, which
were intriguing both for their novelty and potential relevance of cystic fibrosis.
Pulmonary ionocytes were also identified by the Rajagopal and Regev groups,
and reported in a back-to-back publication in the same issue of Nature as Paper 11
(93). Neither study suggests direct therapeutic solutions for cystic fibrosis.
However, it is reasonable to anticipate that knowing which cell type is involved
will help guide efforts in CF research.
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6.3. Story III: identifying tumor-infiltrating myeloid subsets conserved in
human and mouse

Myeloid cells are candidate immunotherapy targets but are poorly
characterized in tumors

In this study, we performed scRNAseq to interrogate the unbiased population
structure of myeloid cells in human and mouse lung tumors, identified conserved
and diverging cell subsets between the two species, and made the data accessible
at multiple level of processing, creating a resource for the broader community.

To better understand the motivation of this project the following questions
have to be answered: Why did we focus on myeloid cells specifically? Why did
we compare mouse to human? Why scRNAseq? Why lung tumors?

As direct killers of tumor cells, cytotoxic T cells play a central role in
controlling tumors (94). Immune checkpoint-blockade (ICB) immunotherapies
targeting inhibitory pathways on T cells resulted in durable tumor control but only
benefit a fraction of patients. For example, tumor lacking T cell infiltration are
resistant to ICB (95). Despite the focus on T cells, the tumor environment houses
a wide diversity of immune cells (45, 95). Among them, tumor infiltrating
myeloid cells (TIMs) represent an untapped pool of potential immunotherapeutic
targets but remain relatively understudied compared to T cells. TIMs dominate
the immune environment of multiple tumors, are key players in T cell activation
and inhibition, and their presence has been associated with both pro- and anti-
tumor activities (45, 77). A detailed description of the diversity of myeloid cells
in cancer is instrumental to advance our understanding of their function in cancer.

At the time we were entering the project in fall 2015, immune cell diversity
was mainly characterized using flow cytometry and histology, both of which are
biased in the sense that they rely on the knowledge of discriminative molecular
markers and the availability of antigens against them. It easy to speculate that
aspect of cell diversity not reflected in known marker expression would be missed.
Moreover, even distinguishing the major lineages (monocytes, macrophages,
neutrophils) can fail in tumors, as the expression of conventional molecular
markers can become localized to different cell lineage compared to normal
homeostasis (96). The development of high-throughput scRNAseq enable us to
interrogate the myeloid cell diversity at an unprecedented degree of molecular
resolution in a truly marker-free way.

Apart from enabling the identification of transcriptionally distinct states, the
information on gene activity provided by scRNAseq creates a powerful starting
point for hypothesizing on the function of these states. The definitive
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establishment of function and role in disease requires manipulations and
mechanistic perturbations of cells, with the model organism for performing such
experiment being mice. They are also instrumental in developing therapeutic
approaches.

The conservation of the immune system between human and mouse is a major
reason why this rodent is a model organism in the first place. Yet, differences are
also appreciated. For example, the presence of arginase 1 in tumor stroma is
known to play a tumor-promoting function, and could potentially present a
therapeutic target. However, it is expressed by neutrophils and macrophages in
human and mouse, respectively (97). Failure to appreciate such a discrepancy
between species is likely to prevent the translation of approaches targeting
specific cell types.

Finally, our choice to use lung cancer as a study case is motivated by the
prevalence of the disease and its frequent resistance to existing treatment, making
it the primary cause of cancer deaths (98). For the comparison to mouse, we chose
an genetic orthotopic Kras®'*®";Trp53” (KP) non-small cell lung cancer model,
which enables studying the progression of the disease in an uncompromised
immune environment (see also Section 3.4.3).

ScRNAseq analysis of lung tumor-infiltrating immune cells in human and
mouse was used to address myeloid cell diversity

Towards to goal of characterizing TIM diversity and their conservation
between human and mouse, we:

i) Performed scRNAseq on freshly excised whole tumor biopsies from 7
NSCLC patients undergoing lung surgery.

ii) Performed scRNAseq on immune cells from lungs of healthy mice (n=2)
as well as tumor bearing lungs from an orthotopic KP mouse tumor model
(n=2).

iii) Defined cell states observed in scRNAseq data and relate them to
previous knowledge.

iv) Identified which myeloid states had counterparts between the two species.

v) Made our data available as a resource for the broader community.

In the rest of this chapter, I briefly comment on the structure of Paper III,
which entails a thorough description of the key observation we made by
performing 1)-iv). Next, I chose to highlight selected results, some of them only
briefly mentioned in the publication. Special attention is given to neutrophils,
which are also the focus of the study described in Paper IV. Finally, for our study
to serve as a basis for further investigation of TIMs, both by us and the broader
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community, the resource aspect (Task v)) of paper needed to be fulfilled, and I
therefore chose to list the resource made available during this study.

In terms of Paper IlI structure, Figures 1 and 2 cover the experimental design,
and, at the level of major lineages, help us build confidence in our ability to
identify cell types and compare them between species. We observe that at our
analytical framework correctly identifies the expected cell type conservation at
the major lineage level. Figures 3-5 focus on the previously known and novel
states identified within neutrophils, dendritic cells, and monocytes/macrophage,
respectively. Our analysis revealed a clear interspecies correspondence between
4 DC and 4 monocyte subsets; a partial correspondence within neutrophils; and
species differences among macrophages. Figure 6 demonstrates the utility of our
data in finding uniquely enriched genes within subsets, the expression of which
can be related to prognostic score by harnessing the available databases on patient
survival. Such genes can also be used as novel markers for identification of
populations in situ, as demonstrated with the gene PI3 (Fig. 6G-J of Paper III).
Finally, Figure 7 introduces matched blood scRNAseq data from the same
patients, revealing considerable differences between myeloid cell subsets across
tissues. Without ruling out that liquid biopsies could be used to predict disease
outcome, we conclude that there is a poor relationship between blood and tumor
myeloid states. Our data shows that, at least with a median of 5283 tumor and 913
blood cells per patient, blood does not reflect the diversity of TIMs.

Results I chose to highlight are the observation of tumor-specific neutrophils
with tumor-promoting properties and our attempts to relate the myeloid cell states
we define to previous studies.

Tumors cause a radical chance in lung neutrophil population structure

At 2 pm on November 18, 2015, I started barcoding transcriptomes of the
first set of samples from healthy and tumor bearing mice. These were immune
cells, which, at a specific hour of the day to control for circadian gene expression
fluctuation, had been quickly isolated from freshly excised mouse lungs by
Camilla Engblom and Christina Pfirschke. By December, Virginia Savova had
already prepared the data for exploration and we were having the first look at the
unbiased structure of immune populations revealed by scRNAseq. It took us over
a year before we finalized our analyses, including the detailed population
structure, to the format presented in Paper III. However, already at the first look
at the data, a comparison of healthy and tumor-bearing lung revealed a feature
which immediately caught our attention.

We observed that the neutrophil population structure undergoes a radical
change in tumor, including the emergence of a tumor-specific neutrophil

39



population (Fig. E(i-ii)). This observation was even more intriguing in the context
of another, mechanistic, study, which at the time was being completed by the
Pittet group and lead by C. Engblom and C. Pfirschke (described in Paper IV).
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Figure E. Tumor-specific neutrophils are observed in tumors. (i) SPRING plot of
all mouse data with healthy (left) and tumor (right) samples highlighted in black.
(i1) Neutrophils are recognizable by the expression of the marker Csf3r. (iii)
SiglecF expression in neutrophils from healthy and tumor-bearing lungs.

RS “Neutrophils

Osteoblast promote tumor growth via neutrophils

Paper IV reports on a systemic tumor-promoting positive feedback loop,
where presence of lung tumors lead to increase osteoblast activity in human and
mouse bones. These cells in turn remotely supply tumor-infiltrating neutrophils
with cancer-promoting properties. The cross-talk also involves soluble osteoblast
activity-promoting factors found in blood of tumor-bearing animals, this way
closing the feedback loop. This study is supported by a fascinating diversity of
experimental approaches, including but not limited to clinical human patient data
analysis, the derivation of multiple mouse models, use of parabiosis, in vivo cell
ablation, and manipulation of primary cells in vitro. None of these mechanistic
experiments, which I mention for context, should be considered as part of this
thesis as I did not contribute to them. My specific contribution was the
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characterization of tumor-promoting neutrophils at the whole transcriptome level.
I also related the gene expression of this cell population to human patient survival.

The tumor-promoting function is restricted to a SiglecF"" neutrophil subset

Around the same time that we observed a striking change in neutrophil
population structure in scRNAseq data, the Pittet lab independently identified
SiglecF as a cell surface marker discriminating the neutrophil subset specifically
induced by osteoblasts. Under homeostatic conditions, SiglecF is considered to
mark eosinophils and tissue resident macrophages (52, 99). Being a conventional
marker, it was included in the flow cytometry analysis used to dissect the tumor-
infiltrating immune cell types. However, in the presence of tumor, SiglecF was
expressed on a subset of neutrophils. This is also reflected in scRNAseq data (Fig.
E(iii)). In paper IV, Engblom et al. demonstrated that SiglecF"" neutrophil, and
not those negative for the marker, were specifically responsible for the tumor-
promoting function. My task was to validate the hypothesis that the tumor-
promoting role would be reflected in the transcriptomes of SiglecF"€" neutrophils.

The tumor-promoting function of SiglecF"¢" neutrophils is reflected in their
gene expression

To this end, we first divided single neutrophil transcriptomes into SiglecF™¢"
and SiglecF". Due to the noisy nature of scRNAseq data, SiglecF expression
alone could not be used to partition cells. To compensate for that, we defined a
gene expression signature composed of tens of genes positively and negatively
correlated to SiglecF, and used it to partition neutrophils from healthy (H) and
tumor-bearing (T) mouse lungs (Fig. S19A of Paper IV) into SiglecF"" vs
SiglecF"". Consistently with flow cytometry data, all neutrophils in healthy mice
were SiglecF"" (designated as H-SiglecF"") while two population were observed
in tumor, designated as T-SiglecF" and T-SiglecF"¢". A comparison of the three
groups revealed that T-SiglecF'™ and T-SiglecF™¢" differed in the expression of
over 1700 genes, while 123 genes were identified as differentially expressed
between H-SiglecF"” and T-SiglecF"". This shows that a) the gene expression
differences between SiglecF-low and -high neutrophils are substantial and by far
not limited to this one marker gene, and b) tumor does not affect the gene
expression of SiglecF" neutrophils and they represent the same cell states in both
conditions. Next, we asked how the expression of genes known to be involved in
angiogenesis, myeloid cell recruitment, tumor proliferation, extracellular matrix
remodeling, and immunosuppression was distributed among the 3 groups of cells.
As suspected, the expression of genes involves in these tumor-promoting
functions was upregulated in SiglecF™€" neutrophils (Fig. 5B of Paper 1V). By
contrast, these cells downregulated the expression of genes involved in
cytotoxicity, which is an anti-tumor function.
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The SiglecF neutrophil gene signature associates with shorter patient
survival

The knowledge of genes enriched in T-SiglecF™€" neutrophils enabled us to
interrogate available databases linking bulk tumor gene expression profiles with
patient survival. An analysis including 568 patients across 5 databases revealed
that the expression of a T-SiglecF™¢" neutrophil gene signature in bulk tumor gene
expression data significantly associated with shorter survival (Fig. SG of Paper
IV). This observation reinforces the notion of SiglecF"" neutrophils having a
tumor-promoting function.
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Figure F. Major lineage identification in human tumor-infiltrating immune cell
data. (i) Exploration of major immune lineage marker gene expression. (ii) Results
of classifying scRNAseq data by 10 expression profiles obtained from bulk
RNAseq (“LM22” dataset, (100)). Each cell is given the name of the closest bulk
expression profile. The inset shows the pDC cluster, which failed to properly
classify because there were no pDCs in the reference dataset. Mo — macrophage.
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Our findings recapitulate previous knowledge on DC and monocyte
diversity, and suggest neutrophils subsets are largely novel

In the process of defining myeloid cell populations in human and mouse
scRNAseq data, we naturally were relating our observations to previous
knowledge to orient ourselves, and identify potentially novel populations. One
simple but powerful approach was to explore the expression of known marker
genes (Fig. F(i)). The second approach was to classify each cell by the most
similar expression profiles from a reference dataset (see “Bayesian classifier” in
Methods of Paper III for details). Rather than relying on individual marker genes,
this approach made use of gene expression information at the whole transcriptome
level. It also offered the convenience of being automated and assigning a label to
every cell. In using the classifier, the most important consideration was the choice
of references profiles. Fig. F(ii) shows classification results using a reference
dataset of human immune cells, referred to as LM22, obtained by bulk RNAseq
of immune populations isolated by FACS (100). A good agreement is observed
with the expression of unique markers for major lineages (Fig. F(i)). Fig. F(ii)
also reveals how the classifier can be misused: it always assigns one of the
reference profiles, even if the reference dataset does not include the cell type of
the cell being classified. As the LM22 dataset did not include pDCs, recognizable
by the expression of LILRA4 (101), they were classified as a mixture of NK, B,
plasma cells and eosinophils (Fig. F(ii) inset).

Assigning major immune cell lineages was a necessary intermediate step of
the analysis. Yet, the main focus was on the minor subsets we defined, and we
sought to relate them to previous knowledge. The 5 human and 6 mouse
neutrophil subsets were largely novel. As covered earlier in this Chapter, in
mouse, we could relate the subsets to SiglecF-high and -low neutrophils we had
identified in the study described in Paper IV. By contrast, the 4 dendritic cells
subsets matched well previously defined populations (see also Section 3.4.1.).
Both by marker gene expression and using our classifier, 3 of the subsets we
observed were identified as cDCls, cDC2, and pDCs. The fourth subset, which
we called DC3, showed an “activated” phenotype, as supported by their classifier-
based similarity to DCs activate in vitro by LPS (102) (Fig. 4G,O of Paper III).
The designation as “activated” is not based on ontogeny but rather reflect context-
dependent functional state. We could not unambiguously identify the “resting”
counterpart of DC3s in our data. The DC3 cluster could be derived from several
resting populations activate at the tumor site or represent a population that
migrates to the tumor site only after activation.

Similarly as with DCs, we could relate two monocyte subset in our data,
Monol and Mono2, to well-established classical and non-classical monocytes,
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respectively (see Section 3.4.1). The third monocyte subset we identified was
characterized by neutrophil-associated gene expression. Although such a subset
has been reported before in the blood (103), its function and ontogeny are still to
be clarified.

We also observed a myeloid population with an expression profile similar to
both monocytes and dendritic cells (Fig. SI of Paper III), and we therefore refer
to this subset as MonoDC. Monocytes are known to be able to differentiate into
dendritic after migrating into tissue from the vasculature (104). It is tempting to
speculate that our MonoDC subset captures this process. However, this needs
further investigation.

The M1/M2 polarization paradigm (see Section 3.4.1.) places M1-like and
M2-like macrophages as anti- and pro-tumorigenic (55, 105). Consistently with
this view, no macrophage subset associated with an M1-like phenotype in our
data.

Availability of our data at multiple levels of processing fulfilled the resource
aspect of the study

A key goal of this project was to provide a resource that would help guide
efforts in tumor-infiltrating myeloid cell research. Therefore, I chose to emphasize
resources made available through this study:

1) Minimally processed single cell gene expression data of freshly excised
whole tumor samples from 7 non-small cell lung cancer patients is
accessible on the Gene Expression Omnibus (GEO), accession number
GSE127465. These raw expression matrices are prior to filtering low
quality cells and cell multiplets, and represent the least processed form of
the data for human. The raw sequence data (fastq files) could not be made
publicly available due to patient privacy concerns.

2) Online interactive tools enabling the exploration of gene expression in the
unbiased 2D representation of the data obtained after dimensionality
reduction. Web links are provided in the Key Resources Table of Paper
I11. For example, the human data can be accessed here?.

3) Candidate marker genes for populations defined in this study. In
particular, Fig. 6¢ and Table S3 present a stringent selection strategy
which find genes specific to a single population among all immune and
non-immune set subsets in our human whole tumor data.

2

https://kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.html?datasets/Zilioni
$2018/human/NSCLC_immune
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4)

5)

6)

Demographic data for the 7 patients, including gender, age, smoking
history, mutation information (Table S1 of Paper III).

Resources equivalent to 1)-2) for immune cells isolated from lung of
healthy and lung tumor-bearing mice, including the starting sequence data
(fastq files) are available on GEO (accession GSE127465).

Lists of gene orthologues similarly enriched in human and mouse in
counterpart cell populations (Table S3 of Paper III).

Limitations of this resource:

1)

2)

The number of patients is insufficient to link observations in sScRNAseq
data with the survival of the 7 specific patients studied, even after long-
term follow-up.

The use of a single mouse model. A possible reason for the lack of
correspondence in a number of subsets between human and mouse can be
due to evolutionary divergence. On the other hand, discrepancies can be
an indication that different diseases are being studied. The KP lung tumor
model could be capturing only certain aspects of the disease observed in
the 7 NSCLC patients. As a future prospect, it would be fascinating to
expand the analysis to different mouse lung tumor models, paving the
way towards more personalized mechanistic studies and treatment
strategies.

3) A resource that we always had in mind during the project but
chose to leave as a future project was specific FACS strategies for
isolating the subsets we identified. Such a resource would open doors
towards functional in vitro studies.
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7. CONCLUSIONS

The first goal of facilitating access to the inDrops technology was achieved
by:

i) Optimizing the method, including an enzymatic cleanup of barcoding
hydrogel beads and adjusted conditions of the reverse transcription in drops.
ii) Describing the detailed procedure in a Nature Protocols publication.

The second goal of this thesis was to provide an unbiased view of the cellular
composition of the airway epithelium under homeostasis and in recovery
conditions. It was accomplished by performing the following:

i) ScRNAseq was used to reveal the unbiased population structure of airway
epithelium in mouse and human. The data revealed pulmonary ionocytes as a
rare novel cell type.

ii) Extending the mouse experiment to a recovery time-course following airway
injury revealed two recovery-specific transient cell populations.

iii)) Pulmonary ionocytes were shown to be the major source of CFTR activity in
the airway epithelium. Notch signaling was necessary and FOXI was
sufficient to drive ionocyte specification in vitro.

The third goal of this thesis was to identify conserved and divergent lung
tumor-infiltrating myeloid cell populations in human and mouse. It was
accomplished by performing the following:

i) An unbiased atlas of mouse and human lung tumor-infiltrating immune cells
was generated. A novel tumor-specific and -promoting neutrophil population
was identified.

ii)) The comparison of myeloid cell subsets between human and mouse revealed
a 1-to-1 correspondence in monocytes and DCs, conserved neutrophil subsets,
and species-specific differences in macrophages.

iii)) The data was made publicly available in multiple formats, including online
interactive explorers.
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If T were to choose a single keyword for Story I, II, and III, it would be
accessibility, discovery, and resourcefulness, respectively.

While Paper I provides a detailed description of the inDrops technology, it
should be decoupled from the development of the method, which was reported in
2015. Improvements of the method described in Section 6.1 are relatively minor
changes when compared to the efforts required for early development of inDrops.
Therefore, I consider my main contribution to this technology through my efforts
of making it more accessible to others.

Story II demonstrates how scRNAseq can lead to discovery. SCRNAseq by
itself is considered to be a hypothesis generation tool, but not definitely proof. For
example, the characterization of basal cells described in Section 6.2 is descriptive
and raises more questions than answers. What is the functional role of cytokeratin
overexpression during injury? Do Krt4/13" basal cells correspond to the basal
luminal precursors from a previously proposed model (89)? Each such question
requires further experiments and possibly deserves a separate study. In the case
of pulmonary ionocytes, after observing them in scRNAseq data as a potentially
novel cell type and the major source of CFTR transcripts, we only convinced
ourselves of their existence and relevance to cystic fibrosis after performing a
number of specifically designed follow-up experiments.

Story III delivers a resource and therefore is just the beginning of a story. We
created a reference map of tumor-infiltrating myeloid cell populations for further
mechanistic studies by ourselves and others, which would in most cases be
performed in mice. By identifying cell populations conserved in human and
mouse we reduced the list of possible research directions to human-relevant ones.
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8. METHODS

The central method of this thesis is inDrops single-cell RNA sequencing, a
multi-step procedure requiring microfluidic fabrication and device operation,
gentle handling of cell suspensions, and application of molecular biology
techniques. The latter was also necessary in optimizing the technology, as
described in Chapter 6.1.

While the application of inDrops was a prerequisite to obtain the data on gene
expression in thousands of cells used in Papers II-1V, the main effort consisted of
analyzing and turning data into insight. This is in line with common wisdom in
the scRNAseq field saying that it takes days to gather the data and years to analyze
it. Data analysis can be further divided in low-and high-level analyses. Low-level
processing involves a well-defined bioinformatic task of turning the raw sequence
data (fastq files) into a gene expression matrix (cells x genes). By contrast, high-
level analysis encompasses a wide diversity of techniques, including quality
filters, data dimensionality reduction and visualization, the definition of cell
populations and their characteristic genes. High-level analysis often needed to be
tailored around the specific questions asked. Care was taken to explain analytical
procedures used in Methods sections of Paper II-1V. In addition, example python
code for selected analyses of Papers II-Ill is available at
github/rapolaszilionis/Sharir_et_al 2019°.

InDrops single cell RNA sequencing

Paper I provides a detailed description of the procedure as applied during the
thesis. All step including custom reagent synthesis (i.e. microfluidic chips and
barcoding hydrogel beads) were performed in Klein lab at HMS. Microfluidic
chip fabrication was performed at the HMS Microfluidic facility. Liquid handling
was performed at the ICCB-Longwood Screening Facility.

Data analysis

Gene expression count matrices were obtained from raw sequence data (fastq
files or bel files) using the indrops.py python pipeline available at
github.com/adrianveres/indrops. The pipeline sorts sequencing reads by cell
barcode information, aligns them to a reference transcriptome, and quantifies
transcripts detected per gene. Computation resources needed to process the data
were obtained by running the pipeline on a Linux-based high-performance
computer cluster at Harvard Medical School.

3 One of the resources of Paper Xl
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High-level data analysis was performed in python mainly using standard
libraries (numpy, pandas, matplotlib, scipy). While noteworthy packages with
wrappers around published scRNAseq methods exists (e.g. Seurat in R and, more
recently, Scanpy in python), most of the code for analyses shown in Papers II-IV
was explicitly written using the standard libraries. Exceptions are SPRING, used
for visualization and interactive exploration of scRNAseq data (86), and Scrublet,
used for identification of cell multiplets, which occur when two or more cells
share the same barcode (106).
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“Revisiting the composition of airway epithelium by single cell RNA
sequencing”

2018 11 27 4Bio Summit Europe, Rotterdam, “Droplet microfluidics
technology for single-cell biology research”

2019 02 26 theCOINS, Vilnius University, keynote speaker, “Single cell
RNAseq as a tool for cell type discovery”
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REZIUME

2015 metai zymi didelio naSumo pavieniy lasteliy RNR sekoskaitos (angl.
single cell RNA sequencing, scRNAseq) technologijy atsiradima. Sios
technologijos leidZia vieno eksperimento metu iSmatuoti visy geny raiskos lygj
kiekvienoje i§ desimciy tukstanciy Iasteliy. Vienas §iy metody — ,,inDrops* —
kurybiskai iSnaudojo mikroskysciy technologijy suteikiamg didelj nasumg ir
netrukus susilauké susidoméjimo tiek i§ metodo kiirimg liudijusios akademinés
aplinkos, tiek ir i§ platesnés mokslinés bendruomenés. Vis délto, technologijos
platesnj taikomuma apsunkino Sio daugiazingsnio ir nestandartiniy reagenty
reikalaujan¢io metodo sudétingumas. Sioje daktaro disertacijoje aprasomos
pastangos palengvinti ,,inDrops* technologijos pricinamumg. Taip pat
pristatomas technologijos pritaikymas dviejuose kontekstuose: tiriant kvépavimo
taky epitelio ir plaucio navikus infiltruojanciy imuniniy lgsteliy sudet;.

Abiejuose tyrimuose scRNAseq buvo naudojama sudarant nesaliSkus, nuo
eksperimentatoriaus pasirinkimy nepriklausomus lasteliy tipy katalogus.
Kveépavimo taky epitelj tyréme tikédamiesi geriau jvertinti baziniy lasteliy, kurios
yra §io audinio kamieninés lastelés, heterogeniskuma. Taip siekéme suprasti, kaip
homeostatiné audinio sudétis atstatoma po pazaidy. Nors tyrimo metu laikémeés
savo pradiniy tiksly, pagrinding tyrimo krypti pakeité netikétas atradimas: iki Siol
neaprasytas lasteliy tipas, kurj pavadinome plauciy jonocitais. Papildomais
eksperimentais parodéme plauciy jonocity lokacijg audinyje, geriau supratome,
kas lemia $io Igsteliy tipo specifikacija, ir nustatéme jy funkcinj ry$j su cistine
fibroze. Nors jonocity funkcija kvépavimo takuose dar laukia papildomy tyrimy,
Siy lgsteliy identifikavimas turéty tiesiogiai pasitarnauti cistinés fibrozés
tyrimams.

Antrame tyrime siekéme tiksliau aprasyti vézj infiltruojanc¢iy imuniniy
lasteliy jvairove, bei palyginti lasteliy tipus tarp Zmogaus ir pelés. Pasirtipinome,
kad gaustis scRNAseq duomenys biity lengvai prieinami ir tapty atskaitos tasku
tolimesniems tyrimams in vitro ir in vivo. Duomeny analizé atskleidé tiksly
zmogaus-pelés atitikimg tarp dendritiniy lgsteliy ir monocity potipiy, dalinj
neutrofily jvairovés atitikima ir Zenklius tarpriiSinius skirtumus tarp makrofagy.
Misy ziniai, aptikti neutrofily potipiai iki misy tyrimo nebuvo gerai
charakterizuoti. Dalis neutrofily buvo aptikti tik véziu serganciy, bet ne sveiky
peliy plauciuose. Siy lasteliy vézj skatinantis poveikis buvo jrodytas atskirame
projekte, prie kurio turé¢jau galimybe prisideti. Tikimes, kad misy atliktas
zmogaus ir pelés imuniniy lasteliy palyginimas padés geriau jvertinti skirtumus
tarp raiSiy ir nukreipti pel¢je atlieckamus tyrimus zmogui aktualiomis kryptimis.
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STRAIPSNIAI SUDARANTYS DISERTACIJOS PAGRINDA

I Zilionis R, Nainys J, Veres A, Savova V, Zemmour D, Klein AM?,
Mazutis L*. Single-cell barcoding and sequencing using droplet microfluidics.
Nature Protocols. 2017 Jan;12(1):44-73.

Atlikau metodo optimizavimo eksperimentus, paruoSiau duomenis ir paraSiau
protokolg.

II. Plasschaert LW, Zilionis R”, Choo-Wing R, Savova V, Knehr J, Roma
G, Klein AM”, Jaffe AB”. A single-cell atlas of the airway epithelium reveals the
CFTR-rich pulmonary ionocyte. Nature. 2018 Aug;560(7718):377-81.

Atlikau scRNAseq eksperimentus, iSanalizavau gautus duomenis ir paruoSiau
galutinius grafikus, pavaizduotus straipsnyje. Dalyvavau straipsnio raSyme ir
Siuo metu kuruoju duomenis, kuriuos pateikéme j viesas duomeny bazes.

111 Zilionis R”, Engblom C", Pfirschke C*, Savova V**, David Zemmour,
Saatcioglu HD, Krishnan I, Maroni G, Meyerovitz CV, Kerwin CM, Choi S,
Richards WG, De Rienzo A, Tenen DG, Bueno R, Levantini E, Pittet MJ*, Klein
AM". Single-Cell Transcriptomics of Human and Mouse Lung Cancers Reveals
Conserved Myeloid Populations across Individuals and Species. Immunity. 2019
May 21;50(5):1317- 34.e10.

Mano indélis toks pats, kaip ir llI-ame straipsnyje.

IV.  Engblom C°, Pfirschke C", Zilionis R, Da Silva Martins J, Bos SA,
Courties G, Rickelt S, Severe N, Baryawno N, Faget J, Savova V, Zemmour D,
Kline J, Siwicki M, Garris C, Pucci F, Liao HW, Lin YJ, Newton A, Yaghi OK,
Iwamoto Y, Tricot B, Wojtkiewicz GR, Nahrendorf M, Cortez-Retamozo V,
Meylan E, Hynes RO, Demay M, Klein K, Bredella MA, Scadden DT, Weissleder
R, Pittet MJ”. Osteoblasts remotely supply lung tumors with cancer-promoting
SiglecFhigh neutrophils. Science. 2017 Dec 1;358(6367).

Atlikau neutrofily scRNAseq duomeny analize ir pacienty isgyvenamumo analize
pateiktas pav. 5 ir S19, aprasiau atitinkamg metoding dalj, redagavau rezultaty

skyriy.
*Siy autoriy indélis laikomas vienodu.

*Autoriai korespondencijai.
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KITI STRAIPSNIAI

Doktorantiiros metu paskelbti straipsniai, nesudarantys disertacijos pagrindo:

V. Galinis R, Stonyte G’, Kiseliovas V, Zilionis R, Studer S, Hilvert D,
Janulaitis A, Mazutis L*. DNA Nanoparticles for Improved Protein Synthesis In
Vitro. Angewandtle Chemie. 2016 Feb 24;55(9):3120-3.

VI.  Derr A, Yang C, Zilionis R", Sergushichev A, Blodgett DM, Redick S,
Bortell R, Luban J, Harlan DM, Kadener S, Greiner DL, Klein AM, Artyomov
MN, Garber M. End Sequence Analysis Toolkit (ESAT) expands the extractable
information from single-cell RNA-seq data. Genome Research. 2016
Oct;26(10):1397-410.

VIIL. Hrvatin S°, Hochbaum DR’, Nagy MA", Cicconet M, Robertson K,
Cheadle L, Zilionis R, Ratner A, Borges-Monroy R, Klein AM, Sabatini BL,
Greenberg ME". Single-cell analysis of experience-dependent transcriptomic
states in the mouse visual cortex. Nature Neuroscience. 2018 Jan;21(1):120-9.

VIII.  Tusi BK", Wolock SL*, Weinreb C, Hwang Y, Hidalgo D, Zilionis R,
Waisman A, Huh JR, Klein AM*, Socolovsky M. Population snapshots predict
early haematopoietic and erythroid hierarchies. Nature. 2018 Mar
1;555(7694):54-60.

IX. Zemmour D, Zilionis R, Kiner E, Klein AM, Mathis D”, Benoist C*.
Single-cell gene expression reveals a landscape of regulatory T cell phenotypes
shaped by the TCR. Nature Immunology. 2018 Mar;19(3):291-301.

X. DiSpirito JR”, Zemmour D", Ramanan D, Cho J, Zilionis R, Klein AM,
Benoist C*, Mathis D*. Molecular diversification of regulatory T cells in
nonlymphoid tissues. Science Immunology. 2018 Sep 14;3(27).

XI. Jones KB, Furukawa S, Marangoni P, Ma H, Pinkard H, D'Urso R,
Zilionis R,
Klein AM, Klein OD. Quantitative Clonal Analysis and Single-Cell
Transcriptomics Reveal Division Kinetics, Hierarchy, and Fate of Oral Epithelial
Progenitor Cells. Cell Stem Cell. 2019 Jan 3;24(1):183-92.e8.

XII. Sharir A, Marangoni P’, Zilionis R*, WanM, Wald T, HuJ, Kawaguchi
K, Castillo-Azofeifa D, Epstein Leo, Harrington K, Pagella P, Mitsiadis T, Siebel
CW, Klein AM” and Klein OD”. A large pool of actively cycling progenitors
orchestrates self-renewal and injury repair of an ectodermal appendage. Accepted
to Nature Cell Biology.
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*Siy autoriy indélis laikomas vienodu.

*Autoriai korespondencijai.

V-ame straipsnyje atlikau pradinius eksperimentus rodancius, kad pirofosfato
(PPi) pridéjimas j DNR tirpalg turintj Mg”" jony uztektinas DNA:PPi:Mg
nuosédoms susidaryti. VI-X straipsniuose atlikau arba visus (VI, IX ir X), arba
dalj lgsteliy transkriptomy indeksavimo eksperimenty. XI ir XII straipsniuose
atlikau visq bioinformating scRNAseq duomeny analize.
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PROBLEMATIKA IR MOKSLINIS NAUJUMAS

Si darba sudarantys 4 straipsniai suskirstyti j 3 temas, kuriy kiekviena
sprendzia atskiras problemas.

I-a tema: ,,inDrops*“ technologijos prieinamumas ir optimizavimas.
»inDrops®“ — didelio nasumo pavieniy lgsteliy RNR sekoskaitos metodas,
leidziantis iSmatuoti visy geny raiska tikstancivose individualiy lasteliy vieno
eksperimento metu. Pagrindinis metodo taikymas: lasteliy populiacijy
identifikavimas de novo. Kadangi matuojama visy, o ne eksperimentatoriaus
pasirinkty geny raiSka, duomenys atskleidzia pilng Igsteliy transkripciniy biiseny
jvairove ir leidzia sudaryti iSsamius lasteliy tipy katalogus. Po to, kai ,,inDrops*
metodas buvo publikuotas 2015 m. (1), jis i§ karto susilauké susidoméjimo i$
norin¢iy jj taikyti laboratorijy. Platesnj taikomuma sunkino detalaus protokolo
stoka. Taip pat buvo pastebétas variabilumas tarp ,,inDrops* eksperimenty, kurj
reik¢jo identifikuoti ir paSalinti. Galiausiai, nuo originalaus metodo publikavimo
jau buvo sukaupta patobulinimy daugelyje metodo zingsniy, kuriais noréjome
pasidalinti su platesne mokslininky bendruomene. Savo doktorantiiros metu
atlikau ,,inDrops“ metodo optimizavimo eksperimentus, iSsiaiSkinau ir iStaisiau
eksperimenty techninio variabilumo priezastj, bei apraSiau metoda grieztai
strukttirizuotoje ,,Nature Protocols® publikacijoje. Manau, kad Sie darbai prisidéjo
prie platesnio metodo taikymo bei sukiiré pagrindg tolimesniems jo tobulinimams.

II-a tema: Plauciy jonocity atradimas ir charakterizavimas.
Pradedant §j projekta, virSutiniy kvépavimo taky epitelis jau buvo gerai iStirtas.
Buvo Zinoma, kad jj sudaro bazinés lastelés, kurios atlicka kamieniniy lgsteliy
funkcijg ir diferencijuoja j sekretorines (secretory), blakstienuotasias (ciliated),
neuroendokrinines  (neuroendocrine) ir Sepetines (brush) lasteles su
specializuotomis funkcijomis (2). Kartu Sios lgstelés atsakingos uz svarbiausia
kvépavimo taky apsaugine funkcija — mukociliarinj transporta (mucociliary,
MCC). Tai procesas, kurio metu blakstienuotyjy lgsteliy blakstien¢lés iSstumia i$
kvépavimo taky gleives, kurios sugauna jkvepiamus patogenus ir daleles. Zinoma,
kad MCC procesas ir epitelio lastelinés sudéties balansas yra sutrike daugelyje
kvépimo taky patologijy, tarp jy astmos ir cistinés fibrozés atvejais (3, 4). Peliy
modeliai leidzia tirti epitelio atsistatymg po pazaidy. Supratus §j procesg galima
bty kurti terapines strategijas gydant ligas. Vis délto, nepaisant pazangos tiriant
$i audinj, su kvépavimo takais susijusios patologijos yra tarp pagrindiniy mirciy
priezasCiy pasaulyje (5). Siekiant progreso ligy gydyme, svarbu geriau suprasti
kvépavimo taky epitelio sudéti. SCRNAseq atsiradimas suteiké tam galimybe.
Savo atliktame projekte iStyréme kvépavimo taky epitelio sudétj homeostatinémis
salygomis ir i$siaiSkinome, kaip sudétis kinta gijimo po pazaidy metu. Be Zinomy
lasteliy tipy identifikavimo, jvertinome baziniy lasteliy heterogeniskuma ir
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atskleidéme dvi tik gijimo metu atsirandancias lgsteliy populiacijas. Svarbiausias
atradimas — naujas, anksCiau necharakterizuotas retas lasteliy tipas, kurj
pavadinome plauciy jonocitais. Kadangi taikant scRNAseq prarandama erdviné
informacija, atskirais eksperimentais parodéme jonocity lokacija audinyje.
Naujojo lasteliy tipo pavadinimg pasirinkome pagal geny raiskos panasumag i
jonocitus, aprasytus kituose biologiniuose kontekstuose, kaip Xenopus varlés
buozgalviy oda ir peliy inkstai. Siose biologinése sistemose buvo nustatyta Notch
signalinio kelio ir FOXI transkripcijos veiksnio svarba jonocity specifikacijai (6,
7). Papildomais eksperimentais jrodéme, kad ir kvépavimo takuose Sie veiksniai
svarbils jonocity diferenciacijai i§ baziniy lasteliy.

Jonocity atradimas svarbus ir kitame, cistinés fibrozes tyrimy kontekste.
Cistiné fibrozé —reta genetiné recesyviné autosominé liga, paveikianti daugelj
organy ir ypac pasireiSkianti kvépavimo takuose. Ligai biidingas gleiviy
sutirstejimas, dél kurio jos sunkiai pasalinamos i§ kvépavimo taky. Be kvépavimo
taky kimSimosi, tai sukelia salygas komplikacijoms, tokioms kaip bakterinés
infekcijos, kurios sveikiems individams néra pavojingos (8, 9). Nuo tada, kai liga
buvo pripazinta atskira patologija 1938-ais (10), buvo sukauptos gausios Zinios
apie jos pasireiskimg organy lygmenyje. 1989-ais trys tyréjy grupés identifikavo
geneting ligos priezastj: daugeliu atveju, jg sukelia mutavegs genas, kurj
mokslininkai pavadino CFTR (ang. Cystic Fibrosis Transmembrane
Conductance Regulator) (11-13). Sis genas koduoja membranos jony kanala,
kuris ligos atveju yra paZeistas ir neatlieka savo funkcijos. Sutrikus jony judéjimui
i§ lastelés, kartu pasikeiCia osmosinis slégis ir i kvépavimo takus nebepatenka
vanduo ir dél to sutirstéja gleivés.

Visgi, lgsteliniame lygmenyje nebuvo Zinoma, kuriose lgstelése
lokalizuotas CFTR. Savo duomenyse pastebéjome, kad Sio geno transkripty
daugiausiai jonocituose. Papildomais eksperimentais jrodéme, kad ne tik
transkriptomo lygmenyje, bet ir funkciskai jonocitai atsakingi uz CFTR veikla.

III-a tema: Plaudiy navikus infiltruojanfiy imuniniy lasteliy
palyginimas tarp Zmogaus ir pelés. Siandieniniy imunoterapijy sékmé pateisino
lukestj, kad imuninés sistemos manipuliavimas gali biiti naudojamas kaip gydymo
strategija. Kadangi Sios terapijos padeda tik daliai pacienty, toliau skiriamos
intensyvios pastangos geriau suprasti imunings sistemos ir vézio sgveika, bei kurti
naujas gydymo strategijas (14). Tiek mechanizmy tyrimai, tiek vaisty paieska
atlickama pelése, o rezultaty aktualumas zmogui yra priklausomas nuo imuninés
sistemos konservatyvumo tarp rii§iy. Vis délto, nepaisant panaSumy, dél kuriy
pelés ir yra patrauklus modelinis organizmas, yra Zinomi ir skirtumai. Nesunku
nuspéti, kad pelése veikiantis vaistas neveiks Zzmoguje, jei lgsteliy tipas, i kurj
vaistas nukreiptas, bidingas tik peléms.
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Savo projekte siekéme sistemingai identifikuoti Zmogaus ir pelés panasumus
ir skirtumus lasteliy populiacijy lygmenyje. Tokiam palyginimui bitina sglyga
buvo detaltis imuniniy lasteliy tipy katalogai kiekviename i§ organizmy. Kaip ir
II-os temos atveju, scRNAseq suteiké galimybe pirma kartg tokius katalogus
sudaryti. Tyrimo metu susitelkéme | mieloidines lasteles, kurios vézio kontekste
palyginti maziau iStirtos uz limfoidines (15). Didesnis démesys limfoidinéms,
ypac T lasteléms, suprantamas: citotoksinés T lastelés specifiSkai atpazjsta ir
tiesiogiai naikina vézines (16). Vis délto, mieloidinés lgstelés vézio kontekste
svarbios keliais aspektais: a) jos biitinos citotoksiniy lgsteliy aktyvavimui bei
slopinimui; b) jos moduliuoja Zaizdy gijimo procesus, kuriuos navikai gali
panaudoti savo naudai; c¢) jos gausiai infiltruoja navikus ir nuo jy jvairovés
navikuose priklauso pacienty iSgyvenamumas, daugeliu atveju neigiamai (15).

Siame projekte, pasinaudoje ,inDrops“ technologija, sukiiréme detalius
plauciy navikus infiltruojanciy lgsteliy katalogus ir palyginome juos tarp Zmogaus
ir pelés, atskleisdami panasumus ir skirtumus. Tikimés, kad §is darbas pasitarnaus
tolimesniems tyrimams nukreiptiems ] mechanizmy aiskinimasi ir vaisty paieska.
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TIKSLAI IR UZDAVINIAI

Tikslai:
I. Palengvinti ,,inDrops* technologijos prieinamumg (I-a tema).

II. Sukurti i§samy kvépavimo taky Igsteliy tipy kataloga homeostatinémis
salygomis ir vykstant audinio regeneracijai (II-a tema).

III. Nustatyti, kurie plauciy navikus infiltruojan¢iy mieloidiniy Igsteliy tipai tarp
zmogaus ir pelés yra konservatyviis (IlI-a tema).

Uzdaviniai:
I-a tema

i) Identifikuoti ir iStaisyti priezastj, lemiancig techninj variabilumg tarp
»inDrops® eksperimenty.
ii) Paruosti detaly protokola, aprasantj ,,inDrops*.

II-a tema

1) Sukurti i§samy kvépavimo taky epitelio lasteliy tipy katalogg panaudojant
scRNAseq.
ii) Nustatyti, kaip lasteliy tipy sudétis kinta epiteliui atsistatant po pazaidy.

Trecias uzdavinys buvo suformuluotas jau projekto metu, identifikavus nauja
lasteliy tipa — plauciy jonocitus — bei pastebéjus, kad jie yra pagrindinis CFTR
transkripty Saltinis:

iii) Nustatyti jonocity padétj audinyje, juy specifikacijos veiksnius ir CFTR jony
kanalo funkcijg Siose lastelése.

III-a tema

1) Sukurti i§samius Zmogaus ir pelés plauciy navikus infiltruojanciy imuniniy
lasteliy katalogus.

ii) Identifikuoti mieloidiniy lasteliy populiacijas, kurios konservatyvios tarp
zmogaus ir pelés.

iil) Sukurti iSteklj, kuris leisty platesnei mokslinei bendruomenei pasinaudoti
surinktais duomenimis.
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REZULTATAI IR ISVADOS

I-as tikslas buvo pasiektas jgyvendinus Siuos uZdavinius:

)
ii)

Optimizavus atvirkstinés transkripcijos zingsnj.
Metoda detaliai aprasius grieztai strukttirizuotoje publikacijoje.

Kaip ir kitose scRNAseq technologijose, pirma fermentiné reakcija, taikant

»~inDrops®, yra atvirkstiné transkripcija (AT), kurios metu poliadenilintos RNR
molekulés transkribuojamos j kopijing DNR (kDNR). Svarbiausios optimizacijos,

kurias atlikau, susijusios biitent su AT zingsniu. Pirma, buvo nustatyta, kad
magnio jony koncentracija reakcijos misinyje nepakankama ir ji buvo padidinta

iki 5 mM. Antra, AT pradmenys turéjo priemaisy, kurios lémé pasaliniy produkty

susidarymg. Pradmeny sintezés protokolas buvo modifikuotas taip, kad buty
pasalintos priemai$os.

II-as tikslas buvo pasiektas jgyvendinus §iuos uzZdavinius:

i)

ii)

iii)

Taikant scRNAseq, buvo sudaryti detaliis zmogaus ir pelés kvépavimo taky
epitelio lasteliy katalogai ir atskleistas naujas lasteliy tipas — plauciy jonocitai.
ScRNAseq metodu tiriant pelés kvépavimo taky atsistatyma po pazaidos,
buvo nustatytos dvi papildomos Iasteliy populiacijos, laikinai atsirandancios
audinio regeneracijos metu, bet neaptinkamos homeostatinémis salygomis.
Buvo pademonstruota, kad plauciy jonocitai yra pagrindinis CFTR jony
kanalo funkcinis Saltinis kvépavimo takuose. Taip pat buvo nustatyta, kad
Notch signalinis kelias yra reikalingas jonocity specifikacijai ir kad FOXI
transkripcijos veiksnio raiSka nukreipia bazines lasteles jonocity
diferenciacijos keliu.

I1I-as tikslas buvo pasiektas jgyvendinus Siuos uzdavinius:

i)

ii)

iii)

Buvo sudaryti detaliis zmogaus ir pelés plauciy navikus infiltruojanciy
imuniniy Igsteliy katalogai. Buvo nustatyta nauja, tik vézio atveju aptinkama,
neutrofily populiacija, turinti vézj skatinantj fenotipa.

Mieloidiniy Igsteliy palyginimas tarp rusiy atskleidé tiksly atitikima tarp
monocity ir dendritiniy lgsteliy, dalinj atitikima neutrofily populiacijose ir
zenklius skirtumus tarp makrofagy.

Duomenys buvo pavieSinti jvairiais formatais, tarp jy buvo pateiktos ir
internete prieinamos priemonés duomenims narSyti interaktyviai.
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METODAI

Pagrindinis Sios disertacijos metu taikytas eksperimentinis metodas —
»~inDrops® pavieniy lasteliy RNR sekoskaita. Tai daugiazingsnis metodas
reikalaujantis jgidziy mikroskys¢iy technologijoje, dirbant su Zinduoliy
lastelémis, bei molekulinés biologijos techniky valdymo, kurios buvo ypac
svarbios atliekant ,,inDrops“ optimizavimo eksperimentus. ,,InDrops* metodas
prasideda disocijuoty lasteliy suspencijos enkapsuliacija | nanolitry dydzio
lasiukus, o viso proceso pabaigoje gaunama sekoskaitai paruosta DNR biblioteka.
I-3 straipsnj sudaro detalus metodo aprasymas. Sio protokolo buvo laikomasi
atliekant scRNAseq eksperimentus, aprasytus Sioje disertacijoje.

ScRNAseq duomeny analizé buvo atliekama ,,Python“ programine kalba
daugiausiai naudojant standartines bibliotekas, tokias kaip ,,numpy*, ,,pandas*,
»,matplotlib®, ,,scipy“. Analizés detaliai apraSytos II-IV straipsniy metodiniuose
skyriuose. Programinio kodo pavyzdziai pagrindinéms disertacijoje naudotoms
analizéms prieinami adresu github/rapolaszilionis/Sharir_et_al 2019.
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ZODINIAI PRANESIMAI TARPTAUTINESE KONFERENCIJOSE

L 2018 01 03 Zodinis praneSimas tema ,,New cell type discovery by single
cell RNA sequencing® tarptautinéje konferencijoje Vita Scientia, Vilniaus
universitetas.

IL 2018 10 05 Zodinis praneSimas tema ,,Revisiting the composition of
airway epithelium by single cell RNA sequencing” tarptautinéje konferencijoje
Baltic Biophysics Conference, Vytauto DidZiojo universitetas.

III. 2018 11 27 zodinis pranesimas tema ,,Droplet microfluidics technology
for single-cell biology research™ tarptautingje konferencijoje 4Bio Summit
Europe, Roterdamas.

Iv. 2019 02 26 zodinis praneSimas tema ,,Single cell RNAseq as a tool for
cell type discovery” tarptautingje konferencijoje theCOINS, Vilniaus
universitetas. Kviestinis (keynote) praneséjas.
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