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FOREWORD 

The lnterdisciplinary Research Group (IAG) Gene Technology Report at the Berlin-Brandenburg 
Academy of Sciences and Humanities (BBAW) has been observing and monitoring new develop-
ments in gene technolog ies and their relevance for science and society since 200 1. lts tasks at the 
interface between science, pol itics, business and the public include addressing current topics as 
promptly as possible and comprehensively examining them in order to in it iate and promote an 
objective, fact-based public discussion. 

Sing le-cell analyses comprise a mult itude of analytica l methods that share a common feature, 
namely the focus on individual cells. Th is is in contrast to previous methods that provided summa-
rized data for cel l clusters, groups of cells, t issues and organs. The new field offers huge potentia l 
not on ly for basic research, but also for medical and biotechnolog ical app lications, as it opens up 
new levels in the context-related and personal interpretation of bio logica l interconnections. This 
brochure on single-cell analysis provides an overview on the new possibi lit ies from the viewpoint 
of developmental biology, biomedicine and b io informatics, but also addresses possible socia l im-
plications and consequences. 

Author-attributed articles do not necessarily reflect the editors' or the group's opin ion. Howev-
er, the group shares responsibi lity for the chapter "Core Statements and Recommendations for 
Action on Single-Cell Ana lysis". The recommended actions presented have been agreed on by the 
members of the IAG, but might not represent views of all members of the academy; however, the 
BBAW unreservedly stands behind the quality of t he work carried out . 

Heartfelt thanks to the Friede Springer Foundation for promoting the work of the IAG at the 
BBAW. Thanks also to the authors of the articles as weil as the ed itoria l team and the office of the 
IAG. 

This brochure has been compiled on the init iative of the IAG Gene Technology Report at the 
BBAW. We are delighted that our work has been supported by the network Single Ce// Omics 
Germany (SCOG). 

Boris Fehse 
Spokesperson of the lnterdiscipl inary Research Group Gene Technology Report 
at the Berlin-Brandenburg Academy of Sciences and Humanit ies. 

Hamburg, August 2019 
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Jörn Walter, Nina Gasparoni 

1. INTRODUCTION 

1.1 FROM COMPLEX TISSUES TO SINGLE-CELL SIGNATURES -

NEW HORIZONS FOR MODERN CELL BIOLOGY 

Since the b irth of modern ce ll bio logy in the early 2Qth century, sc ientists have searched for 
technologies allowing them to capture the molecular mechanisms that regulate the b io logica l 
programs of individual cells in a complex organism. The recent development of sing le-cel l ana ly-
sis provides science w ith the means to generate comprehensive and h ighly precise data about 
the molecu lar character and function ing of individual cells. The interpretation of these data 
opens up entire!y new possibilit ies of understanding complex b iolog ica l processes w ith in cells, 
from complex developmental processes and ag ing to adaptation to environmenta l cond itions, 
and from complex processes of organ development to the cause and consequence of d iseases. 
With the help of new techno log ies, these processes can be captured precisely for thousands to 
mil lions of individual cel ls at once. New techn iques enable researchers to use the obta ined data 
for modelling the spatial al location of an individual cell in the t issue as wel l as its developmenta l 
dynamic. Thus single-cel l analysis brings biolog ists closer to their goal of precisely understanding 
and infl uencing the properties and function ing of individua l cells in the organism. 

Until recently, h.mctiona l concepts of ce ll programs were based on a combination of genetic, 
biochemical, and molecular data generated from cell populations. All comprehensive analyses 
prior to single-cell omics' had tobe performed on cells that were iso lated in large quantities from 
t issues or body fluids as "homogeneous" cel l populations. The molecu lar signatures (such as the 
gene expression patterns) gathered for such cel l populations always reflect the sum of indiv id-
ual cel ls and hence face serious restrictions: they do not allow to capture individual functional 
variation, changes during development, d ifferences in cel l cycle states, in the indiv idual age of a 
cell, or its response to its spatial local ization. These indiv idual properties cannot be determined 
adequately by t he ana lysis of cell populations; w ith single-cell ana lysis it became possib le to 
revea l the molecu lar d ifferences between single cells. Moreover, the analysis of cell populations 
often depends on sorting/selection procedures, so that not all cells from the same t issues can be 
collected and analyzed simultaneously. 

For many of these problems, far-reach ing solutions are now emerging w ith the development of 
comprehensive single-cell omics technolog ies. Combined with new unbiased sorting techn iques, 

"Omics" is a neologism that describes several research areas in the field of life sciences that conta in the suf fix "omics", 
such as genomics, transcriptomics, metabolomics and proteomics. The suffix indicates, that t he focus of t he st udy 
lies on t he whole cellular content of the molecules being st udied (e.g., an entirety of the genes, transcript s of genes, 
metabolites or prot eins in t he cells). 
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extended microscopic techn iques such as multi-RNA-FISH.2 and novel bio informatics approaches, 
single-cell analyses wi ll provide answers to hitherto unsolvable questions and o pen up new sys-
temic insights into t he f unction of individua l cells in a complex biolog ica l environment. 

1.2 TECHNOLOGICAL DEVELOPMENTS AND THE BIRTH 
OF MODERN SINGLE- CELL BIOLOGY 

The basis of modern single-cell omics was t he f unctional annotation of the human genome 
and the genomes of all major model organisms. The localization of genes and other functiona l/ 
regu latory parts of t he genome boosted numerous stud ies in "functional genomics" in order to 
assign individual molecular programs to cell types. This f unctiona l genome revo lution was made 
possible by a fast development of novel techno log ical advances in massive paral lel sequencing 
methods, known as next-generation sequencing (NGS) technologies. NGS methods, orig inally 
developed for genome sequencing, were rapid ly adapted for functiona l analyses of cells, such as 
comprehensive gene expression prof iling3 using NGS-based RNA-sequencing (RNA-seq)• methods. 
About 10 years ago, the first manual attempts were made to obta in comprehensive mRNA5-seq 
signatures from a few sorted single mammalian cel ls (Tang et al., 2009). The first successful appl i-
cations boosted th is new field of research and very rapid ly novel high t hroughput methods for 
single-cell isolation and NGS processing were developed to obta in comprehensive RNA-seq-based 
gene expression profi les for manysingle cells. All t hese novel technologies combine microprocess-
ing w ith sophisticated molecular protocols for t he preparation of complex sequencing " libraries".6 

The new technolog ies are expanding the possibilit ies in two important d irections: i) an increas-
ingly comprehensive capturing of molecular signatures in individua l cells and ii) the possibility to 
analyze high numbers of individual cel ls in cheaper and massive parallelized sequencing systems.1 

2 FISH (fluorescence in sit u hybridization) is a method where specific molecules in a sample are labeled wit h fluore-
scent markers that can then be detect ed. The term " in sit u" expresses t hat the molecules are being detected at the 
position where they naturally occur. Multi -mRNA-FISH can detect many mRNAs at the same t ime. 

3 Gene expression profiling st udies which genes are being expressed in cells. 

4 RNA-seq is a method t hat uses NGS in order to detect t he quantity and presence of RNA transcripts in a sample at 
the t imepoint of t he investigation (also called "whole t ranscriptome shotgun sequencing"). Since the method is 
used to analyze the cellular transcriptome it is a met hod of transcriptomics. 

5 mRNA is t he abbreviation for messenger RNA. the molecule that is the product of gene expression. In a process 
called t ranscription DNA is used as a template for the generation of RNA. which in turn get s processed to mRNA 
that leaves t he cell nucleus and is being t ranslated into an amino acid sequence, thus building up a protein. mRNA 
is t herefore the t ranscript of t he corresponding DNA and the study of RNA content in a cell is called transcriptomics. 
The transcriptome of a cell consists in all of its RNA, which allows conclusions on which genes are expressed in this 
particular cell (at a given time). 

6 DNA copies are g enerated of t he transcriptome (mRNA is re-transcribed into DNA. called cDNA for complement ary 
DNA), i. e. a " library" of t he individual mRNA molecules present in a cell is created. Such a library can then be read 
out using high-t h roughput sequencing, determining the presence and number of mRNA copies of a gene. 

7 Current RNA-seq methods are either based on microflu idic systems such as the most popular met hods of "Drop-seq", 
or they use microwell "cell-container-like" solutions. In both systems, the RNA-l ibraries of individual cells are labeled 
by sophisticated adaptor barcoding techniques to distinguish the expression profiles of individual cells. Some of the 
new technologies such as "MARS-seq" (Jaitin et al., 2014; Keren-Shaul et al., 2019), "Drop-seq" (Macosko et al., 2015), 
"Seq-Well" (Gier ahn et al., 2017), "SPLiT-seq" (Rosenberg et al., 2018) - to name just a few of the current "leaders" -
have reached a h igh t hroughput level that allows RNA-seq signatures tobe obtained for mill ions of single cells at 
reasonable sequencing costs. 
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The fie ld started by producing a series of deep single-cell maps for blood cell s, providing new 
insights into d ifforent immune cel l types in both healthy development and d isease (Kowalczyk et 
al., 2015; Wi lson et al. 2015). Soon after, the first comprehensive maps of model organisms were 
produced, fol lowed by recent publications on tissues and organs in human and mouse (Han et 
al., 2018), such as liver (Ha lpern et al., 2017; MacParland et al., 2018; A izarani et al., 2019), bra in 
(Darmanis et al., 2015; Lake et al., 2018; Rosenberg et al., 2018), kidney (Magella et al., 2018), 
lung (Treutlein et al., 2014; Xu et al., 2016), or even who le an imals (Drosophila, mouse embryonic 
stages: Kara iskos et al., 2017; Mohammed et al., 2017). The first comprehensive analyses of t issues 
and developing organisms show that, besides identifying novel (previously unspecified) cel l types 
or cell states, it is possib le to identify similarit ies and changes of cell functions across tissues, to 
capture the tranisition of cell populations, i. e., the dynamics of appearance and d isappearance 
during development, to determine the heterogeneity of cell types in diseased t issues (e.g., can-
cer), and to follow the variation of cel l composition in aging t issues, to name only a few of the 
most intriguing conclusions. 

1.3 EFFORTS IN THE FIELD OF SINGLE-CELL OMICS 

With the emergence of sing le-cell applications, it soon became clear that comparative ana lysis 
would requ ire some kind of standardization at both the experimental and data interpretation 
leve ls. International research consortia such as the Human Cel l Atlas (HCA) 8 or LifeTime9 were 
established in order to take the lead in these tasks and to rapid ly develop t h is fast growing f ield 
of research by providing high-quality sing le-cel l data with defined standards and contro ls in ref-
erence databases. The first databases for mouse, human and Drosophi la have been establ ished, 
from which cell-specific single-cell data can already be retrieved.'0 The Human Cell Atlas was the 
first consortium formed in 2017 w ith the goal of generating a comprehensive sing le-cel l atlas of 
all human cells and of developing new cloud-based informatics solutions for data storage and 
ana lysis. The European LifeTime initiative launched in 2018 complements these efforts by focusing 
on medical applications in several d isease-related areas. A major goal of LifeTime is to develop 
and analyze disease-related models and to produce novel approaches that can be transferred 
into cl in ica l use of sing le-cel l data. In Germany, the Sing le Cell Omics Germany (SCOG) network11 

supported by the Federa l M inistry for Education and Research (BMBF) was founded in 2018 w ith 
the aim of establish ing the first network of laboratories performing single-cell a111alyses and offer-
ing further education in single-cell technolog ies, especially in emerging fields such as single-cell 
multi-omics, comprehensive data ana lysis and interpretation. 

The intention of all of these joint efforts is to establish a scientific community working together 
on a complete atlas of all cell types of the human body at single-cel l resolution, in the context 

8 See: https://www.humancellatlas.org/ [13.08.2019). 

9 See: https://lifetime-fetflagship.eu/ [13.08.2019). See also Junker, Popp, Rajewsky, Chapter 2. 

10 Comprehensive l ist of dat abases: https://www.singlecell.de/index.php/resources/databases/ [13.08.2019). 

11 See: https://www.singlecell.de/ [16.08.2019). 
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of the body/tissue, organ aging and d isease, to make these data freely ava ilable to the research 
community, and to develop new informatics approaches for deep b iological interpretation. The 
complexity of single-cel l data and the many new questions that can be addressed w ith th is type 
of high-resolution data requ ire the development of new b io informatics approaches which go 
far beyond the applications developed for bu lk NGS data. Al iee, Sacher and Theis outline th is in 
more detail in Chapter 4. 

1.4 UPCOMING DEVELOPMENTS IN SINGLE-CELL OMICS 

Currently, the majority of single-cell omics assays focus on RNA-seq, mainly capturing expression 
signatures of the last exon12 of a gene (e.g., Chromium (Zheng et al., 2017), Drop-seq). While 
such approaches are fair ly robust and are well-su ited for generating cell signatures that allow 
the distinction of major cell types, they do not investigate more soph isticated changes in gene 
regu latory programs such as alternative transcriptional or spliced isoforms of genes which often 
play a different functiona l role. Therefore, deeper and more comprehensive RNA-seq methods 
are emerg ing to capture the entire spectrum of gene transcription, such as Smart-seq2 (Picel li et 
al., 2013) and others (Chen et al., 2019). Whi le such approaches are still rather costly, decreasing 
sequencing costs w ill make them become more and more a routine - simply because the richness 
of such data allows much better and deeper interpretations. 

The generation of a high resolution signature from single cells is at the expense of the loss of spa-
t ial orientation o f the individual cells. This means that the researchers have no information about 
the evironment and posit ion the cel l had w ith in its t issue. However, th is knowledge is important 
for the interpretation of the single-cel l data and their integration with existing knowledge about 
the t issue or the organism. To overcome th is restriction problem, methods are being developed 
that generate a frame for the spatial reconstruction of single-cell omics data into "virtua l t issues". 
The main current methods use h igh-resolution imaging data to localize expression signatures 
in tissues for a sufficient number of genes and cells, for example by multicolor RNA-FISH. Such 
methods al low the quantification of the relative expression of genes " in situ" in single cells of 
tissue slices. The expression map of these "marker" genes can then be used as anchors for a 
spatia l reconstruction of the single-cell RNA-seq signatures in order to subsequently generate a 
kind of "virtually" reconstructed t issue from the single-cell data. Th is means it is possible to know 
exactly when and where a gene is be ing expressed in which cell of an organism. Th is aspect is 
further discussed by Junker, Popp and Rajewsky in Chapter 2. An alternative upcoming approach 
to generate anchor points is to collect few or single cells from defined regions within t issue slices 
by laser capture microscopy followed by deep (single-)cel l sequencing (N ichterwitz et al., 2016; 
Chen et al., 2017). 

A comprehensive and mechanistic interpretation of sing le-cell omics data comes w ith a com-
parison to other omics data, including genomic and functiona l epigenomics data (changes in 

12 Exons are the part of the original RNA t ranscript t hat make up t he mRNA after a processing step known as "splicing". 
To det ect the last exon serves as proof that the gene has been transcribed. 
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chromatin and DNA modifications), ideally generated in single cells. So far, genomics and func-
tional genomics reference data have been produced for "bu lk"13 cel l types by consortia like 
the Internationa l Cancer Genome Consortium (ICGC),14 40Nucleome,15 the Encyclopedia of DNA 
Elements (ENCOIDE),16 the International Human Epigenome Consort ium (IHEC)11 and others. For 
some, such as e.g., ATAC-seq, single-cell-based applications have been developed (Buenrostro et 
al., 2015) and already have been commercial ized. However, most of the genomics and epigenom-
ics NGS-based methods are techn ica lly chal leng ing and d ifficu lt to app ly at the single-cell level. 
Until recently it seemed impossible to link the expression of single cells d irectly to the epigenetic 
profiles of single cells. Pilot experiments by Clark et al. (2018) have now shown that also single-cell 
gene expression, DNA-methylation and chromatin data18 can be obta ined simultaneously from 
the same cell. In addition, the first highly technica l approaches were developed to determine 
the three-d imenisiona l configuration of chromosomes in single cells, provid ing insights into the 
spatia l organization of genes in the cell nucleus and the importance for the regu lation of gene 
activ ity (Nagano et al., 2017). 

The integrated interpretation of such multi-omics single-ce ll data constitutes an important 
emerging field in sing le-cell b io logy, as it bu ilds bridges between (descriptive) transcriptional 
signatures of individua l cel ls and the mechanisms by which these gene programs are establ ished 
and executed. Functional multi-omics data wi ll allow researchers to address biomedical questions 
at a resolution never reached before and pave the road for a precise understand ing of mecha-
nisms regulating gene expression. However, the complexity of the generated data poses great 
challenges for sing le-cel l bioinformatics, as different data types (with d ifferent dynamic ranges) 
have tobe integrated and analyzed. 

1.5 SINGLE-CELL ANALYSIS AND DEVELOPMENTAL BIOLOGY 

Studies in developmental biology w ill benefit greatly from the use of single-cell (mult i-)omics. 
Sing le-cell resol U1tion w ill provide a novel comprehensive view on cell program changes and their 
dynamic adaptation during development. lt is likely that sing le-cel l data w ill change our current 
view on (stochastic and d irected) mechanisms that drive differentiation processes, and possib ly 
also our (rather s.tatic and pre-knowledge-based) view on cell type defin it ion. lt w ill certa inly also 
enhance our understanding of how cells adapt to changing environmenta l condit ions. 

13 "Bulk" refers to more or less homogeneous cell t ype mixtures, w here t he average gene expression or epigenet ic 
modifications are measured over thousands to millions of cells. In cont rast, single-cell omics dat a focuses on indi-
vidual cells, not b ulks of cells. 

14 See: https://icgc.org/ [13.08.2019]. 

15 See: https://www.4dnucleome.org/ [13.08.2019]. 

16 See: https://www.encodeproject.org/ [13.08.2019]. 

17 See: http://ihec-epigenomes.org/ [13.08.2019]. 

18 "Chromatin" is a complex of the DNA st rand and associat ed proteins. The DNA is wrapped around t he so-called 
histone proteins and twisted in itself. The degree of t wisti ng (condensation) influences t he accessability of t he 
chromatin for f u rt her binding proteins w hich can for example activate or inactivate genes. DNA-met hylation is a 
biochemical modificat ion of t he DNA t hat affect s t he binding behavior of regulatory protein s and the chromatin 
conformation and t hus influences gene expression. 
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First impressive examples of "developmental fate maps" have been generated for planarians (Cao 
et al., 2017), early mouse embryos (Peng et al., 2016; Mohammed et al., 2017) and Drosophila 
larvae (Kara iskos et al., 2017). These data provide insights into the dynamics of changes in cel-
lu lar programs that occur during rapid phases of seif re-organizing processes (e.g., during gas-
tru lation). They a llow to track the formation and organization of cells spatially and tempora lly 
during brain (and kidney, heart etc.) development and to identify the determined and stochastic 
mechanisms driving cellular diversification and d ifferentiation (e.g., during early mammalian 
development). Complex computational models have been established to infer the dynamics of 
developmental traj ectories of cell lineages and to follow the cellu lar transitions across lineage 
commitment. In combination with genetic labe ling or overlaying w ith microscopic reference 
data, such high reso lution omics data wi ll provide a deep understanding of mechanisms regu lat-
ing spatial and tempora l organization of developmental transit ions in various organisms. These 
aspects w ill be outlined in more detail in Chapter 2 by Junker, Popp, Raj ewsky, and Chapter 4 by 
Al iee, Sacher, Theis. 

1.6 SINGLE-CELL ANALYSIS IN BIOMEDICAL RESEARCH 

The composition and relative loca lization of cells in a t issue and an organ is an important param-
eter to understand the physio log ica l functions related to natural organ function, homeostasis, 
aging, regeneration, but also to d iseases. Sing le-cell omics offer an unbiased approach to inves-
t igate the precise relationship between cellular composit ion and organ biology.n Moreover, con-
sequences of loca l dysfunction of cel ls in the organ can be traced, for example, in processes lead-
ing to wounding, scar formation, f ibrosis, steatosis etc. Single-cell analysis w ill allow to directly 
address changes in cell composit ion that occur in pathological situations like in abnormal organ 
development, in auto immune d iseases, in chron ic d iseases or in cancer. The determination of 
the cellular heterogeneity in solid tumors or in leukemic cells w ill open up a new d iagnostic leve l 
to determine or ig in, progress ion and heterogeneity of the tumor and offers a tumor specific 
d iagnosis and prediction for therapy responses (see Aschenbrenner, Mass, Schultze, Chapter 3 
for further details). The extensive possib ilit ies for medical application of sing le-cel l ana lysis raise 
the question as to whether th is field of work may evoke ethica l questions. This aspect w ill be 
d iscussed by Fangerau, Marx-Stölting and Osterheider in Chapter 6. 

1.7 CHALLENGES AND LIMITATIONS OF SINGLE-CELL TECHNOLOGIES 

As with all new techno log ical developments, single-cell ana lyses come w ith technica l and con-
ceptua l cha llenges. One challenge is the preparation of high quality single-cell suspensions from 
complex t issues as weil as limitations in obtain ing sufficient high-quality RNA or DNA (but also 
lip ids and proteins) from single cells (see Mül ler-Röber, Chapter 5 for further d iscussion of th is 

19 "Unbiased" in t h is context means that researchers can obtain results w ithout narrowing down possible results 
according to their own prior hypothesis before running the experiment. 
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problem regarding plant cells). Phys ical constra ints like the difficulty to singu larize ce lls (e.g., 
in bra in t issues) can compromise the experiment. New approaches of using iso lated nuclei and 
ana lyzing nascent RNA may overcome some of these problems (Krishnaswami et al., 2016) even 
allowing to study diseases such as A lzheimer's d isease in preserved post mortem t issues (see also 
Aschenbrenner, Mass, Schultze, Chapter 3). 

The analysis of non-nucleic acid-based parameters, such as the presence of proteins, lip ids and 
metabolites, at the single-cell level w ill be essentia l for the interpretation and modeling of single-
cell mult i-omics data. First successfu l implementations have been published, but the technica l 
possibilit ies for a comprehensive representation of proteome and metabolome as weil as lipidome 
data from single cells rema in very limited (Marx, 2019; Duncan et al., 2019; Pasarell i et al., 2019). 
Sing le-cel l ana lyses depend on methods in which cells are grouped accord ing to their similarities 
in expression profi les, it is important to control whether the obta ined d istinct groups/patterns 
represent the expected and complete spectrum of cells in the starting single-cell suspension. For 
many applications, particu larly the detection of rare cel ls, a sufficient efficiency in single-cell 
library construction and in sequencing depth needs to be considered. Th is is usually associated 
w ith high preparation and sequencing costs. Furthermore, experimental and bioinformatical 
standards need tobe establ ished to avoid over-interpretation of single-cel l NGS data due to "sin-
g le gene" dropout effects20 (Van den Berge et al., 2018). Final ly, the identification and biological 
interpretation of grouped cel ls requ ire some a priori knowledge, for composit ional estimates an 
approximate knowledge of the number of cell types, and for spatial reconstruction an orientation 
by cell specific „marker genes" (Al iee, Sacher, Theis, Chapter 4). New and o ld approaches wi ll have 
tobe developed (further) to meet th is need. 

1.8 FINAL REMARK 

Single-cel l omics is a fast growing and extremely important area in functional genomics. lts 
broad spectrum of applications and data usage w ill revo lutionize and enrich modern b io logy 
and medicine in many aspects and drive them into a new deep molecular d ime111sion. lt wi ll shed 
new light on co111cepts of cell and systems b iology which w ill be explored in greater depth. NGS-
based single-cell data w ill influence almost every bio log ica l field ranging from basic cell bio logy 
to developmenta l b iology, from physiology to pathology, from taxonomy to ecology. Single-cell 
d iagnost ics is furthermore one of the hottest emerging f ields in personalized medicine w ith 
high potential to ra ise precision diagnostics to a new level.The success of single-cell ana lysis very 
much depends on the development of novel experimental and bio informatical solutions. The 
core structures for such a development are g iven but progress in th is field is extremely fast and 
requ ires a constant investment and adjustment. 

20 A dropout effect has occurred, if expressed t ranscripts are not being detected due to technical reasons, e.g., inef-
ficient re-transcription of RNA into cDNA. Such effects can lead to an excess of zero read cou nt s when single-cell 
data is compared to bulk RNA-seq data. 
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J. Phi lipp Junker, Christian Popp, Nikolaus Rajewsky 

2. SINGLE-CELL GENOMICS IS TRANSFORMING 
DEVELOPMENTAL BIOLOGY 

2.1 INTRODUCTION 

New developments in single-cell genomics have transformed developmental biology over the 
past few years. Researchers were quick to recogn ize the potential of single-cell transcriptomics' 
for unbiased and systematic identification of cell types which constitutes a major improvement 
on previous ly used approaches based, for example, on cell morphology or a smal l number of 
marker genes. New comprehensive cell-type atlases are an extremely va luable resource for the 
scientific community: for instance, they enable a more systematic analysis of the effects of muta-
t ions by revea ling the cel l type in wh ich the mutated gene is expressed (e.g., !Human Cell Atlas, 
tabu la muris, fly cell atlas, which aim to identify all cell types in the respectiv,e organism based 
on single-cell tiranscriptomics). 2 However, as discussed in more detail below, current efforts in 
single-cell genomics in developmental biology are moving beyond cell-type identif ication toward 
functiona l information about effects of perturbations, the origin of cell types, d ifferentiation 
trajectories, spatia l arch itecture of t issues, and mechanisms of gene regu lation (Griffiths et al., 
2018). Due to t heir genetic accessib ility, their high degree of experimental reproducibi lity, and 
the detailed understanding of major developmental mechanisms accumulated over decades of 
research, developmenta l b iology is currently serving as a testbed for new experimental and 
computationa l methods, which often go on tobe applied to d isease models or human patient 
samples. Single-cell transcriptomics is by far the most advanced of the single-cell omics technol-
og ies and wi ll hence take up the largest part of this review. However, single-cell measurement 
of other param eters, in particular protein abundance, DNA-methylation, and open chromatin 
profiling,3 are progressing rapid ly and w ill also be d iscussed. 

2.2 PERTURBATION ANALYSIS IN DEVELOPMENTAL MODEL SYSTEMS 

Developmenta l models that are frequently used for single-cell ana lysis include the classical an i-
mal model organisms like fruit fly, zebrafish and mouse, which are very wei l su ited for genetic 

Transcriptomics is the study of the entirety of transcripts within a cell, encompassing its RNA. 

2 A ll of these proj ects are about establishing reference maps of all cells of the o rganisms studied (e.g., human, 
mouse, fly). By way of example, it is t he aim of the Human Cell Atlas "to create comprehensive reference maps 
of all human cells - the f undamental units of life - as a basis for both understanding human healt h and diag-
nosing, monitoring, and t reating disease". See: https://www.humancellatlas.org/ [24.06.2019]. 

3 Prot ei n abundance refers to t he amount of protein available in a single cell; DNA-methylat ion is a common 
biochemical modificat ion of DNA t hat i nfluences t he state of t he chromat in (t he complex of DNA and accom-
panying protei ns), w hich in t urn influences and regulates gene expression. Open chromatin refers to t he pa rts 
of t he genome that are accessible for binding of regulatory proteins. These regions are typically involved in 
cont roll ing gene expression. 16 
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perturbation stud ies. 4 An important recent add ition are organoids5 derived from human patient 
materia l, wh ich, for the first t ime, make human t issue accessible for genetic man ipu lation (Camp/ 
Treutlein, 2017). This is particu larly important for human bra in organoids, dU1e to the unique 
properties of the human brain, which are often recapitulated poorly in animal models. The 
single-cell analysis enables stud ies of the effect of genetic perturbations on cell fate decisions 
to be performed. This is already carried out regu larly by comparison of wildtype and mutant 
an imals, or, as in the case of a recent publication focusing on early mesoderm specification, by 
analyzing mosaic an imals (Pijuan-Sala et al., 2019). In this study, the authors created a ch imeric 
mouse embryo consisting of w ildtype and Tawl- cells, which allowed them to directly compare 
the d ifferentiation potential of the w ildtype and mutant cells in the same animal.6 

Beyond the class ica l genetic perturbations, single-cell ana lysis is also ideally su ited to dissect the 
molecular and ce llu lar impact of other perturbations. Regeneration of the axolotl limb after 
amputation is a particularly powerfu l example of th is type of app lication (Gerber et al., 2018). 
In th is study the authors focused on identifying the cell types that transiently appear at the site 
of injury to drive skeleta l regeneration. By combin ing sing le-cell ana lysis w ith Brainbow-based 
lineage tracing (a method that uses fluorescent proteins to stain individual cells), they found that 
there are no pre-existing stem cells. lnstead, they observed that a heterogeneous population of 
fibroblasts dedifferentiated to form a multi potent skeleta l progenitor expressing the embryonic 
limb program. 

In the past few years, we have w itnessed an increased interest in non-standard nnodel organisms. 
This is largely due to the fact that single-ce ll transcriptomics makes identification of cell types 
and d ifferentiation pathways much easier. Furthermore, the emergence of CR1SPR/Cas91 gene 
editing provides a simple tool for making transgen ic an imals in many species. Besides the work on 
axolotl mentioned above, other notable examples include evolutionary stud ies on annelids and 
the cn idarian nematostella (Ach im et al., 2018; Sebe-Pedr6s et al., 2018). These projects, together 
w ith novel computationa l methods for comparing single-cell datasets across d ifferent species, 
are beginn ing to yield interesting insights into the evolution of cell types. 

The combination of single-cell genomics and CR1SPR/Cas9 genome ed it ing has not only led to a 
renewed interest in non-standard model systems, but is also an inspiring method development 
in other fields sU1ch as perturbation screens and lineage tracing (with the latter being discussed 
in more detail below). In CRISPR screens, cu ltured cells are transfected with Cas9 and a library 

4 Perturbat ion stU1dies interrupt specif ic genes in order t o examine the effect that this pertu rbat ion has on t he 
development of t he cell studied. Thus, the funct ion of the gene can be inf erred . 

5 Organoids are three-dimensional stem cell cultures that resemble organs. They are multicellular entities, have 
the ability t o form three-dimensional st ructures, and display f unct ions t hat are t ypical for t he resembled organ 
(Bartf eld/Clevers, 2018). 

6 Mosaic animals are animals consisting of at least t wo dif f erent cell populations w ith a different chromosome 
content. The described chimeric mouse embryo is one such mosaic, containing normal cells ("wi ldtype") as 
weil as so-called Ta11-/- cel ls that lack the t ranscription factor Tal1 on both chromosomes. Tal1 (t he abbrevi-
ation represents the name "T-cell acut e lymphocytic leukemia prot ein 1") plays a ro le i n regulat ing genes 
connect ed t o leu kemia . 

7 CRISPR/Cas is a method used to edit genes in a specific manner by cut ting at desired loci in the genome that 
are determined by a guide RNA. 
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of sgRNAs8 that target a large number of different genes. Readout by single-cell transcriptomics 
then allows for association of the activity of a specific sgRNA w ith changes in gene expression 
(Dixit et al., 2016; Jaitin et al., 2016; Datlinger et al., 2017). While these methods are currently 
limited to cu ltured cells and are not yet applicable to developmental model systems, they hold 
great promise for systematic identification of gene regu latory networks. 

2.3 SPATIAL INFORMATION 

In t issues and organs, cells are organ ized in intricate spatial structures that are necessary for their 
proper function. Furthermore, cel ls are heavily influenced by their surroundings (e.g., stem cell 
niches) and the signals they send to each other. However, sing le-cel l genomics typica lly requ ires 
d issoc iation of samples into a sing le-cell suspension, so in most approaches all information 
about spatial organization is lost. lt is currently a major focus of both academic and industrial 
research al ike to reta in spatial information in single-cell ana lysis. These approaches can rough ly 
be grouped into three categories: 

1) Methods that make use of additiona l spatial information recorded by m icroscopy. 
lf the spatial expression patterns of cell-type specific marker genes are known, cel ls 
can be positioned according to these landmark genes (Satija et al., 2015; Kara iskos 
et al., 2017). lmportantly, the Rajewsky and Fr iedman labs have recently shown that 
spatia l expression patterns can largely be derived from first principles even w ithout 
additional information, since the majority of genes is expressed in simple patterns 
and smooth transit ions (novoSpaRc9

) . 

2) Another d ass of methods uses sequential rounds of single-molecule flllorescence 
in situ hybrid ization (F1SH}'0 to detect transcripts w ith spat ial reso lution. While 
unti l very recent ly these methods were limited to profiling hundreds of genes, 
transcriptome-wide transcription imaging was recently reported (Eng et al., 2017). 
One important advantage of these imaging-based techn iques is that they have much 
higher transcript recovery rates than sequencing-based approaches, since they re ly 
on hybridization rather than on the often inefficient reverse transcription reaction. 
However, still today these methods rema in laborious toset up and t ime-consuming 
to operate. 

3) Final ly, there are novel methods that add molecu lar barcodes ( in the form of 
short DNA sequences) encoding spatial information directly in t issue slices. These 
approaches are either based on arrays of barcoded primers for reverse transcription 
spotted on a surface (Stah l et al., 2016) or on barcoded beads that are positioned on 
a surface (Rodriques et al., 2019). 

8 A library in t his cont ext is a collect ion of similar molecules, in this case sgRNA. SgRNA is single guide RNA and 
directs Cas9 to the place where it is supposed to cut. 

9 novoSpaRc is a comput ational met hod that predict s locations of single cells in space by solely using single-cell 
RNA sequencing data . lt t ransposes distances of single cells in expression space to thei r physica l d ist ances 
across t issues. 

10 FISH is a technique that uses the specif ic binding of fluorescent probes to nucleic acid sequences. 
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2.4 TEMPORAL INFORMATION - PSEUDO-TEMPORAL ORDERING 

Besides spatial information, another important challenge in single-cel l genomics is inclusion of 
temporal information. Since the cells are destroyed during sequencing, it is impossible to fol low 
the ir expression changes and fate decisions in real t ime. However, if the number of cells that 
are sampled is big enough, even extremely transient (and hence rare) states can be detected in 
the dataset. This allows for an ordering of cel ls along an inferred pseudo-tempora l trajectory11 

(Moignard et al., 2015; Setty et al., 2016; Haghverdi et al., 2016; Kester/van Oudenaarden, 2018). 
For short-term processes that occur continuously (e.g., hematopoiesis), the entire process of tran-
scriptiona l changes can therefore be sampled and reconstructed computationally in a single 
experiment (see also: Al iee, Sacher, Theis, Chapter 4). 

While methods for pseudo-tempora l ordering of single-cell transcriptomics efficiently orient cel ls 
along continuous trajectories, the d irectional ity of the d ifferentiation process is not obvious from 
the data alone. However, La Manno et al. (2018) recently introduced RNA velocity, a computa-
t ional method that infers the d irection in gene expression space in wh ich cel ls are moving based 
on unspliced vs. spliced12 (i.e. "o ld" vs. "new") transcript molecules. Another emerging method 
for looking into the immediate future of cells is RNA metabolic labeling (Hendriks et al., 2018; 
Erhard et al., 2019), which allows for separation of o ld from new molecu les based on labels that 
are introduced experimenta lly into RNA molecu les during a defined time w indow. 

Despite the relative novelty of pseudo-temporal ordering, there are already numerous bio logica l 
app lications. These include a complete d ifferentiation trajectory of planaria (P lass et al., 2018) 
and a study that revealed transit ions between veins and arteries du ring coronary development in 
mice (Su et al., 2018). Expansions of the approach measure single-cell transcriptomes at different 
developmenta l stages and then computationa lly stitch the indiv idual t ime points together to 
form continuous trajectories (Farrell et al., 2018; Wagner et al., 2018). 

2.5 TEMPORAL INFORMATION - HIGH-THROUGHPUT LINEAGE ANALYSIS 

Whi le pseudo-tempora l ordering and RNA metabolic label ing yield short-term tempora l infor-
mation, it is often desirable to record relationships of cells over longer periods of t ime, rang ing 
from days to months and years. The f ield of lineage tracing has a long history of using v isual 
markers (e.g., fluorophores) to label and track cel ls. More recently, w ith the emergence of sin-
g le-cell genomics, it has become possible to use the enormous information storage capacity of 
the genome to determine the lineage relationsh ips of cells. Sequence-based methods for lineage 

11 For pseudo-temporal analysis, t he sequenced cells are ordered by t he similarity of t heir transcriptome. The 
resulting sequen ce of single-cell transcript omes is cal led a "traj ect ory" and is interpreted as a temporal suc-
cession of cel l st ates, e.g., a gradual transit ion from t he st em cell state to a differentiated state. 

12 After t ranscr iption, RNA is subj ect to modifications leading to a mat urat ion of the RNA. "Splicing" is t he 
process through which cert ain parts of t he original RNA (introns) are cut and discarded, while t he remaining 
part s (exons) are connected to est abl ish a mature RNA. 
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analysis generally fall into two categories: those that use natural ly occurring mutations; and those 
that seek to actively modify the genome. 

In theory, naturally occurring somatic mutations (such as sing le nucleotide variants or copy num-
ber variations) are powerfu l lineage markers that can be read by sequencing. Since lineage tracing 
by somatic mutations is non- invasive and does not requ ire continuous observation, it is ideally 
su ited for studying human samples. In the last few years, pioneering stud ies have started to apply 
th is strategy to early embryonic lineage decisions. In organoids derived from single mouse cells 
(Behjati et al., 2014) and in human blood samples analyzed in bu lk (Lodato et al., 2015), ana lysis of 
somatic mutations allowed reconstruction of early embryonic lineage trees. In a recent landmark 
paper publ ished by the Walsh lab, the authors placed neurons from postmortem human bra ins 
in a developmenta l lineage tree after who le genome amplification and sequencing of single 
cel ls (Ju et al., 2017). However, general appl icability of th is approach is currently hampered by 
the high cost of sequencing the who le genome of large numbers of single cel ls. Lineage tracing 
based on mutations in mitochondria (which have a much higher mutation rate) offers a promising 
alternative for h igh-throughput lineage tracing in humans (Ludwig et al., 2019}. 

While these approaches are ideal ly su ited for human samples, for model organisms, lineage trac-
ing techniques that are based on experimental manipu lation are typically the better choice due to 
the higher degree of contro l. Experimentally controlled genome modifications for lineage tracing 
can be achieved via recomb ination of synthetic Cre- lox cassettes13 (Pe i et al., 2017) or by using 
CR1SPR/Cas9 technology. High-throughput lineage tracing based on CR1SPR/Cas9, combined with 
cell-type identification by single-cell RNA sequencing, has recently been established in zebraf ish 
(Alemany et al., 2018; Raj et al., 2018; Spanjaard et al., 2018) and in mice (Ka lhor et al., 2018; 
Chan et al., 20191). While many experimental and computational cha llenges rema in, CR1SPR/Cas9 
lineage tracing holds great promise as a general approach to identify the developmenta l orig in 
of cell types and to understand the mechanisms of cell-type dependent d iseases. 

2.6 MEASURING OTHER PARAMETERS BEYOND RNA 

As mentioned above, RNA sequencing is by far the most advanced techno logy in single-cell 
genomics. However, measurement of other parameters is rapid ly catch ing up, in particu lar with 
regard to identification of open chromatin profi ling, DNA-methylation, and single-cell prote in 
detection. Single-cell ATAC-seq (scATAC-seq), a transposase-based method for open chromatin 
profi ling, can now routinely be performed in thousands of cel ls due to new protocols for combi-
natorial barcoding of single cells. Applications include atlases of chromatin accessibil ity in mice 
(Cusanovich/Hill et al., 2018) and in drosophi la development (Cusanovich/Redd ington et al., 2018). 
In a remarkable recent publication, Yosh ida et al. (2019) generated matched epigenome and 
transcriptome measurements in 86 primary cell types that span the mouse immune system and its 
d ifferentiation cascades. They found that genes fall into two d istinct classes, controlled by either 

13 Cre-lox casset tes are a syst em of enabling gene deletions in specific cell lineages in living animals. Using this 
technology, specif ic cell types or t issues may be genet ical ly modified, while others are not. 
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enhancer- or promoter-driven logic. Relating transcription factor expression to the genome-wide 
accessib ility of their binding motifs classifies them as predominantly openers or closers of local 
chromatin accessibility. 

While scATAC-seq is rapid ly being adopted by the scientific community, the use of single-cell DNA-
methylation ana!ysis has so far remained restricted to relatively few laboratories, wh ich is probably 
largely due to the high cost of DNA-methylation analysis. However, single-cell DNA-methylation 
has already y ielded important insights, in particu lar in early development. For instance, Rulands 
et al. (2018) ident ified unexpected genome-scale osci llations in DNA-methylation during exit from 
pluripotency. lmportantly, detection of DNA-methylation has already been combined successful ly 
with measurement of RNA from the same sing le cells (Clark et al., 2018). 

While protein detection in single cel ls has not yet been successfully established on the level of the 
fu ll proteome, there are already highly promising approaches for detection of panels of proteins: 
Single-cell mass cytometry (Bendal l et al., 2011) allows for paral lel detection of a large number 
of proteins in single cells by using specific antibodies labeled w ith heavy metals. Antibodies cou-
pled to distinct transit ion element isotopes are used to bind to their epitopes. Individua l cells are 
then vaporized and ionized in a plasma, and elemental ions are detected by time-of-flight mass 
spectroscopy.1

• Another sequencing-based approach, CITE- seq (Stoeckius et a l., 2017) enables 
simultaneous detection of o ligonucleotide-labeled antibodies and transcriptome measurements 
in an efficient sing le-cel l readout. 

W ith more and more datasets using different measurement techn iques wh ich became avai lab le, 
there is a growing real ization in the field that novel computationa l methods for data integration 
are needed. Th is. includes, for instance, matching of cell types identified by scRNA-seq and scAT-
AC-seq, but also remova l of d ifferences between scRNA-seq datasets that are due to techn ical 
artifacts (e.g., batch effects caused by d issociation techniques). Severa l promising computationa l 
approaches have recently been proposed (Barkas et al., 2018; Butler et al., 2018; Haghverdi et 
al., 2018). 

Single-cell ana lysis is transforming our understanding of development. W ith the help of new 
methods and approaches as described in the review above, developmental b io log ists have gained 
tools that allow them to unlock long-kept secrets in spatial and tempora l t issue organization. 
But th is fundamenta l knowledge does not j ust g ive us a better view of bio log ica l processes in a 
healthy state. lt also g ives us the opportunity to hone in on deviations from the norm that lead 
to disease. The last paragraph of th is review wi ll focus on a new init iative, LifeTime, that aims to 
harness the power of single-cell analysis to advance understanding, early d iagnosis, interception 
and treatment of a w ide range of diseases toward innovative and personal ized medicine. 

14 In time-of-fl ight mass spectrometry, an ion's mass-to-charge rat io is determined via a t ime-of-fl ight measure-
ment . Ions are accelerat ed by an elect ric f ield of known strength. 
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2.7 LIFETIME, A NEW INITIATIVE BUILT ON SINGLE-CELL ANALYSIS 

The power of single-cell analysis technologies has not only been recogn ized by the journal Science 

recently, who named it "Breakthrough of the year 2018" (Pennisi, 2018) but has also inspired the 
creation of the European Research Initiative, LifeTime. The consortium compri ses hundreds of 
researchers in 18 European countries and is supported by more than 70 compan ies, by all major 
European science academies and many nationa l governments. lts mission is to map, understand 
and target human cells for treatment during d isease in patients. By harnessing t he full potential 
of sing le-cel l technolog ies, artificial intel ligence and indiv idualized experimenta l d isease models 
(such as organoids), LifeTime researchers want to be able to better predict the onset of diseases 
and/or eure them by analyzing a patient's own t issue. To ach ieve this, it w ill be necessary to be 
able to understand how genomes function w ith in cells - someth ing on ly the cell itself is currently 
capable of - to decipher how cells form tissues and to identify the dynamics that lead from a 
healthy cell or t issue to a patho logica l state. 

Sing le-cell technolog ies offer a great opportunity in overcoming some of the fundamenta l short-
comings in our current scientific approaches, such as resolving spatial cellu lar heterogeneity or 
capturing cellula r changes in t ime. lmportantly, the advent and utilization of new computationa l 
too ls and artific ial intelligence w ill be essential to achieve LifeTime's mission . lt provides the 
power required to integrate the data generated and w ill allow for not only an understanding of 
the healthy state but also of the cause and biology of d isease. The improvement of experimental 
d isease models by employing new technolog ies in genome manipu lation and cell reprogramming 
wil l enable LifeTime researchers to manipulate the genomes and cells from patient t issues. 

To facilitate the p rofi ling of multiple layers of genome regu lation - an important step in ach iev-
ing LifeTime's goals - single-cell multi-omics and imaging w ill need to be further developed and 
integrated (e.g., transcriptome, ep igenome, metabolome, proteome, etc.). A lso, major efforts 
in experimental sca ling wil l be necessary to arrive at the requ ired sample throughput w ith the 
appropriate ana lytic resolution. Judging by the experience in the evolution of other techno l-
og ies in the pas.t (e.g., DNA sequencing), adequate progress can be expected w ith in severa l 
years, accompan ied by sign ificant reductions in cost. Th is is in fact already happening w ith some 
single-cell technolog ies currently operating in the order of millions of cells per sample. 

Further developments w ill also be required in the other technologica l pillars that LifeTime is being 
bu ilt on, not least at the intersection of technolog ica l fields. Some are of course intrinsica lly t ied 
to each other: for example, the adaptation of computationa l and statistica l techn iques to the 
sca ling and integration of single-cell multi -omics. Similarly, as detailed molecular and spatial cell 
reference maps are becoming availab le, new machine learning too ls w ill be requ ired to facil itate 
the integration of patient trajectories and to predict a patient's d isease trajectory from electronic 
health records. lt w ill also be necessary to develop new computationa l methods to understand 
mechanistically what drives a cell's transcriptional state and ult imately its precise function in the 
context of a specific t issue (see also A liee, Sacher, Theis, Chapter 4). 
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This improved knowledge of cause and effect in cellu lar regu lation profi les w ill enable a true 
move towards personalized medicine. By applying it to patient-matched organoids and organ-
on-chip models, wh ich w ill also be developed further and improved, LifeTime researchers want 
to facil itate the translation into clinics. Th is w ill spur the transformation of personalized experi-
mental disease models into powerful predictive systems. 

The LifeTime too l kit of methods and technolog ies w ill be amenable to a wide range of d iseases. 
These include neurologica l d isorders, infectious diseases, cancers and many other d isease areas. 
The d iseases that w ill be stud ied using the LifeTime Technology Platform w ill be selected through 
an interactive, t ransparent and peer-reviewed mechanism, termed the LifeTime Launchpad. lt 
wil l take into account a range of parameters (such as societa l impact, heterogeneity on a cel lular 
leve l, availab ility of cell models, cl inical feasibility etc.) and rema in in place during LifeTime's 
implementation to ensure that new ideas and opportunities can be explored as they arise. 
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3. THE PAST, PRESENT AND FUTURE OF 
SINGLE-CELL OMICS IN BIOMEDICINE 

3.1 SINGLE-CELL OMICS 1 FORGES NEW PATHS AHEAD BY CHANGING 
OUR PERCEPTION AND TREATMENTS OF MAJOR DISEASES 

Cellular heterogeneity with in tissues has been a major obstacle in understand ing and treating 
d iseases such as cancer, chronic inflammatory d iseases, autoimmune diseases, infections, or neu-
rodegeneration. Previous approaches in genomics were restricted to bulk ana lyses provid ing on ly 
resu lts averaged across all sampled cel ls. Probing cellu lar heterogeneity at sing le-cel l reso lution 
became poss ib le only in the past few years and is now applied world-wide to understand the 
under lying mechanisms and thereby the pathogenesis of these d iseases. Here, we provide an 
overview of how single-cell omics starts to revolution ize our view on cancer and neurodegener-
ative d iseases, how basic research is currently implemented in the clinical setting and with which 
innovative and experimental ideas we w ill be ab le to forge new paths in order to help patients 
and allow individualized treatment. 

3.2 THE PAST OF SINGLE-CELL OMICS 

Cancer as the most advanced example for applying single-cell omics to diseases 

The tumor microenvironment is characterized not on ly by different compositions of cancer cell 
clones but also by infi ltrat ing immune ce lls and stromal ce lls. lt is unsurprisirng that compre-
hensive ly ana lyzing cancer on the single-ce ll level has been a long-sought goal and therefore 
tumor research has been a driving force in the sing le-cel l omics field. To understand the tumor's 
ecosystem, sing le-cel l atlases of breast (Wagner et al., 2019), head and neck (Puram et al., 2017), 
lung (Lavin et al., 2017; Zilionis et al., 2019) and k idney (Chevrier et al., 2017) cancers - j ust to 
name a few examples - have already been generated and provide us w ith va luable insights into 
the bio logy of tu mors, describe novel biomarkers that al low for conclusions to be drawn about 
pathogenic processes and defi ne new attractive targets for therapeutic interventions. 

Mass cytometry, a method for assessing up to 50 proteins on a single cell, already allows for large 
ce ll throughputs. lndeed, profi ling of 26 million cells from 144 breast cancer tumors by mass 
cytometry revea led that 18 % of tumors exh ibited patterns of strong T-cell exhaustion (Wagner 

1 Single-cell omics is an area of research that focuses on the collective charact erizat ion an d quantif icat ion of 
sing le cells t hat translat e into t he function and dynamics of tissues. lt encompasses several different t echno-
logies (e.g., transcriptomics, prot eomics or met abolomics) and opens up many dif f erent laiyers of informat ion 
about the cells (e.g ., about the transcripts, the prot eins or the metabolites). 
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et al., 2019), wh ich was accompanied by the expression of the eo-suppressive molecule PD-1 . 
T-cells typically recognize and attack foreign or "non-seif" cells (such as cancer cel ls) in our body. 
However, some tumors escape th is protection mechanism of our immune system. They inactivate 
the cytotoxic act iv ity of T-cells via expression of PD-L1 , the ligand for PD-1, thereby contribut-
ing to the T-cells' exhaustion. In that case, patients typica lly do not respond well to standard 
therapies or develop therapy resistance and metastases. However, armed w ith th is particu lar 
knowledge of the tumor heterogeneity and stratification of patients, physicians cou ld adjust 
the treatment such that some patients can benefit from anti-PD-1 and anti-PD-L1 therapy, also 
cal led checkpoint blockade, an immunotherapy approach that has been introduced successfu lly 
for many d ifferent tumor types. 

In contrast to t he large numbers of cells that can be assessed w ith mass cytometry, single-cell 
sequencing approaches are more limited due to significant costs, thereby restricting the ana lysis 
to a smaller number of cells derived from tumor biopsies. The assessment of a limited number 
of cells may therrefore not represent the fu ll picture needed to correctly d iagnose and classify 
the tumor wh ich is a prerequisite for find ing the correct treatment. However, these aspects are 
addressed in mu lt ip le studies around the world and efforts to combine these stud ies are already 
underway. 

Single-cell omics reaches the brain and its diseases 

Despit e the d ifficulty in obta ining bra in biopsies, the first study applying single-cell RNA sequenc-
ing to postmortem b iopsies of bra ins from A lzheimer's patients has been reported (Mathys et 
al., 2019). Alzhei mer's disease (AD) is a progressive neurodegenerative disorder that accounts 
for the vast majority of age-related dementia in the world. Despite enormous research efforts, 
mainly in animal models, we still do not have a comprehensive understanding of AD, wh ich is also 
reflected in the fai lure of clinica l trials targeting molecules mainly identified and characterized 
in an imal models. There is an urgent need to move into much more detai led ana lyses - prefera-
bly in humans - to be ab le to fight the disease. A recent study ana lyzing approximately 80,000 
single-cell transcriptomes from 48 individuals with varying degrees of AD pathology (Mathys et 
al., 2019) identified myelination - a process that allows nerve impulses to travel faster - as a key 
factor in AD pathophysio logy. Moreover, there is a sex-dependent molecular response in severa l 
cell types including o ligodendrocytes, cells that produce myel in. This study is an excellent example 
of how single-cell omics is enhancing our understanding of major d iseases wh ich are relevant in 
our societies. Only single-cel l resolution has allowed to unravel these novel pathophysiologica l 
mechanisms that can now be targeted by completely new therapeutic strategies. lt is on ly the 
t ip of the iceberg and we anticipate many more find ings of th is type relating to d iseases of the 
bra in and other major organs. 
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3.3 THE PRESENT OF SINGLE-CELL OMICS 

Single-cell omics is fast-evolving into clinical research 

Basic research is currently profiting greatly from the advances made by novel single-cell technolo-
g ies. Th is new layer of resolution al lows for an unprecedented view of heterogeneous cel l popu-
lations, t issue composit ion and altered immune cell infi ltration in d isease. The recent emergence 
of techn iques omitting sample d isaggregation for integration of spatial information is push ing 
boundaries even further. The most prominent example of the current endeavors in the field is the 
Human Cell Atlas (HCA) - an enormous consortium effort committed to systematical ly mapping 
all cel ls of the human body at high resolution as a basis for understanding fundamenta l human 
bio log ical processes and consequently use it as a reference resource to be ab le to gain insights 
into d ifferent pathologies (HCA, 2017; Regev et al., 2017). While the HCA is build ing the frame-
work, large consortia are forming throughout the world, addressing the application of single-cell 
omics for disease-related questions. For example, w ith in the European FET Flagsh ip program, the 
LifeTime in itiative (see also Junker, Popp, Rajewsky, Chapter 2) has been received as one of the 
most promising inetworks of experts eager to tackle future challenges of precision medicine by 
app lying single-cell omics technolog ies. 

Clinical trials utilizing single-cell omics are now within reach 

Progress in the field has made it possible to move from proof-of-concept experiments to apply 
single-cell omics in broader settings. Clearly, in basic research, major goals are to understand 
differentiation processes during development, to gain insights into immune cell lheterogeneity in 
classica lly defined cel l populations, or studying pathogenesis in model systems. However, recent 
technical and computationa l advances have made it possible to move toward larger cl inica l stud-
ies, opening up new possibi lit ies to study diseases, but also for the development of diagnostics, 
therapies and therapy management (see Junker, Popp, Raj ewsky, Chapter 2). 

As blood is the most access ible human t issue b iopsy sample, isolated periphera l blood cells 
have long been the focus for studying disease or to serve as a surrogate for d isease in other 
organs. Single-cell approaches have already helped us to learn about the cellular heterogeneity 
of expanded circulating immune cell populations in leukemia and have produced data that can 
be linked to clinical outcomes, for example to develop signatures for survival prediction (Gawad, 
2014; Levine, 2015). Human solid t issue samples are harder to come by but are tremendously use-
fu l for gain ing insights into cell composition and functiona l priming of cells present in d iseased 
t issue. 
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3.4 THE FUTURE OF SINGLE-CELL OMICS 

Scaling single-cell technologies to larger patient cohorts 

The fie ld has reached a po int where single-cel l omics can be applied to larger patient cohorts 
of cl inica lly relevant d iseases - an avenue that w ill elevate our understanding of d isease to new 
heights. Unbiased comprehensive molecular profi ling using single-ce ll omics technolog ies wi ll 
enable us to define the molecular pathways and molecules involved in pathophysio log ica l pro-
cesses w ith in every individua l cell. This w ill be critica l for the foundation of precision medicine, 
wh ich requ ires a linking of molecular mechanisms w ith single-cell resolution to cl inical pheno-
types. We anticipate that th is w ill trigger a change in trad it ional disease classifications. We w ill 
be ab le to much better stratify patients based on single-cell omics information. Th is w ill lead 
to much more precise identification of correspond ing biomarkers including those for predicting 
and monitoring d isease. Furthermore, it w ill be possible to comprehensively characterize novel 
and/or less defined rare diseases or cl inica l cases of uncerta in d iagnosis. Clearly, the knowledge 
gained w ill benefit approaches in precision medicine. 

As it wi ll become possib le to make predictions relating to the reaction toward availab le medica-
t ion, guided decisions on suitab le therapeutic avenues w ill become available by screening indi-
v idual patients. Another area which wi ll be impacted is cell -based therapies, where single-ce ll 
analysis wil l aid in better characterizing and refin ing the utilized cell populations. For example, 
the purity of CAR (ch imeric antigen receptor) T-cell therapy products cou ld be improved using 
targeted sing le-cel l omics analysis prior to admin istering a product to the patient. 

Clinical application to immune-mediated diseases is most promising 

Human immunology has been at the forefront of applications of sing le-cell omics technolo-
gies, as immune cells are easily obta ined from periphera l blood (Bassler et al. , 2019; Schultze/ 
Aschenbrenner, 2019). Moreover, blood does not need any t issue d isintegration as the cells are 
already in so lution for further downstream analytical processing. Furthermore, immunologists 
can bu ild upon a profound knowledge obtained by single-cel l molecular profil ingi by flow cytome-
try. Thus, we expect d iseases involving an immunological component, for example autoinflamma-
tory condit ions, chronic infections, metabolic syndrome, neurodegenerative diseases, or cancer, 
to be the frontrunners for being profiled. 

Approaches from these types of systems applied to increasing numbers of individuals w ill also 
shed light on the functiona l variab ility between indiv iduals w ith respect to complete organ 
systems, including the immune system. lt has become clear that the combination of genetic 
susceptib il ity plus environmenta l factors influences an individua l's well-being. For the immune 
system, it has recently been shown that immunosenescence, the ag ing of the immune system, 
is greatly affected by genetics and environmenta l influences and correlates better w ith d isease 
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outcome and development than the actual chronolog ica l age (A lpert et al., 2019). The great 
potential of gain ing insights into the variation of immune responses in healthy individuals has 
also been demonstrated by the Human Functional Genome Project (HFGP; Ter Horst et al., 2016; 
Li et al., 2016). We foresee that such large cohorts wi ll bu ild the backbone for future single-cell 
omics approaches to be applied to clinica l questions. This is of particu lar relevance since these 
cohort stud ies al ready provide important information about the influence of environment and 
genetic susceptib ility on immune functions d isturbed during major inflammatory diseases (can-
cer, auto immunity, chronic infections). Therefore, in addition to characterizing d isease patho-
physiology on the single-cell level, one of the tasks in the near future is to further delineate the 
factors influencing variation in the human immune system, as this w ill support the development 
of precision medicine approaches and d isease risk pred iction. For example, the frequency of a 
particu lar monocyte subset was highly predictive for therapy outcomes w ith anti-PD-1 immuno-
therapy, indicating how high-dimensional single-cell analysis predicts a response to checkpoint 
blockade (Krieg et al., 2018). 

Multi-disciplinary teams will tackle clinical questions 

The co llaborative work of cl inicians, b iolog ists, bio informaticians, computat iona l b io log ists, 
Artificia l lntelligience (Al) specialists, but also medical device developers and engineers w ill be 
particularly important to deduce medically re levant implications from the wealth of informa-
t ion produced by sing le-cel l omics approaches. We envision sing le-cel l approaches to derive dis-
ease-specific signatures that wi ll be used for diagnostics instead of, for example, commonly used 
analytical parameters that are often not specific enough, such as white b lood cell counts. As 
techn iques and experience in the f ield are improving, costs wil l decrease over t ime, which w ill 
make these much more in-depth approaches cl inically appl icable. The gained knowledge may 
favor a switch ing to defined-marker tests, or even back to bu lk sequencing at some point, making 
single-cell omics as a d iscovery tool even more attractive for the cl inics. 

Outlook - Future developments and requirements 

Single-cel l omics is an extremely fast-moving field and the fol lowing major aspects w ill drive th is 
field over the next decade. In addition to " in-solution" single-cell omics, technolog ies preserving 
spatial information of the orig in of individual cells wi ll become major players w ith in the clinica l 
setting. This is not on ly due to the need to understand pathophysiological mechanisms in a spa-
t ial context, but also since the d iagnostic framework of pathology is already spatia l. Numerous 
d ifferent technolog ies are currently developed for spatial sing le-cell omics. Th is is an area of great 
potential, particu larly in the context of cl inica l applications. More problematic w ill be the assess-
ment of the tempora l component of disease. Except in the case of blood, it is more d ifficu lt to 
envision repetit ive b iopsies derived from solid organs for single-cell omics ana lysis. Here, a strat-
egy might be to develop blood-based single-cell omics as a surrogate. The second requirement 
w ill be the application of Al methods to the complete ana lytica l p ipelines of single-cell omics 
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data. These data are both big and sparse, which comes w ith particular challenges. Based on first 
successfu l applications of Al methods (Eraslan et al., 2019), we envision this fie ld to be crit ical 
for cl inical applications (see A liee, Sacher, Theis, Chapter 4). To increase the pred ictive value of 
model systems, human organoids together w ith sing le-cell level analyses wil l further drive our 
understanding of human bio logy and major d iseases (Roerink et al., 2018; Bolhaqueiro et al., 
2019; Gehart et a l., 2019; Klaus et al., 2019; Velasco et al., 2019; Xiang et al., 20191; see also Junker, 
Popp, Rajewsky, Chapter 2). The combination of single-cell level analysis, human organoids and 
A l w ill also drive the development for better animal mode/s, which w ill still be necessary to 
determine causa l relationships of molecular mechanisms responsible for major diseases. Probably 
the most important requ irement is the development of sufficiently large structures - preferably 
international networks - that bring together all of th is d iverse expertise. lt wou ld be detrimental 
for any clinical development of single-cell omics if these sectors cou ld not be efficiently linked 
to work together seamlessly. 
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4. DATA ANALYTICS IN SINGLE-CELL 
GENOMICS USING MACHINE LEARNING 

4.1 INTRODUCTION 

In both science and industry, datasets are growing at a faster rate than ever before because 
they are increasingly gathered by a great number of cheap devices and techno log ies resu lting 
in so-cal led "Big Data". Big data is a synonym for large, complex, and often unstructured data, 
wh ich therefore needs to be processed with statistica l tools to revea l meaningful information. 
The analysis of such data is known as "data science", and it opens up new avenues in terms of 
combin ing data from various sources that helps to achieve deeper insights into a problem and 
make better decisions. 

To extract va lue ifrom data, methods of Machine Learning (ML), one of the main drivers of the Big 
Data revolution, are often used. ML is a subset of Artificial lntelligence (Al), which more gener-
ally aims to imitate human intell igence in particular tasks. More specifical ly, ML can be defined 
as computational algorithms applied to autonomously learn from both labeled and unlabeled 
data1 to provide data-driven insights to guide decision-making and predictions. However, as the 
volume of data increases, conventional ML techn iques may not be sca lable so as to describe the 
complexity conta ined in the data. Hence, Deep Learning (DL) has emerged as a new area of ML. 
Deep learning is an ML technique based on artificial neural networks wh ich concatenate simple 
nonlinear processing units2 into mult iple layers. DL arch itectures can capture complicated, hier-
archical statistical patterns w ith in data in supervised (e.g., for classification) and/or unsupervised 
(e.g., for clustering) modes.3 The main advantage of DL algorithms is that they learn h igh-level 
features from data in an incremental manner. This eliminates the need of domain expertise for 
feature extraction, but commonly necessitates larger-scale, annotated datasets. 

DL has revolution ized many fields such as computer vision and natural language processing in 
recent years, and has found applications ranging from astronomy to robotics, finance, healthcare, 
etc. In this chapter we focus on health research, in particu lar genomics, which itself has seen true 
exponentia l acceleration due to new advances in b iomedical techniques from next-generation 
sequencing (NGS), wh ich nowadays routinely creates a vast amount of genomic data. NGS-based 

Unlabeled data consists of data without any informat ion about t he data, whereas labeled data contains addi-
tional informati on about t he dat a (a label). 

2 These units, called artificial neurons, loosely model the neurons in a biological brain. A connection can transmit 
a signal from one artif icial neuron to anot her. The receiver neuron processes the input signal and signals to 
other artificial neurons connected to it . 

3 " Superv ised" indicates t hat, based on known datasets, f unct ions are inferred t hat allow the classification of 
unknown data. "Unsupervised" means that unknown dat a are being examined and st ruct ures w ithin the data 
are ident ified, w hich allows clust ering . 
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technologies, like genomics, transcriptomics, proteomics, and ep igenomics,4 are now increasingly 
focused on profi ling indiv idual cells. Unlike trad it iona l profil ing methods that assess bulk pop-
ulations, single-cell technolog ies iso late single cells, generate cell-specific sequencing libraries, 
and mark each cell indiv idually with a cel l-specific molecu lar barcode. Single-cell techno log ies 
then make it possible to profile the information of thousands to millions of single cel ls in a single 
experiment. Th is uncovers the heterogeneity among even similar cell types (see Aschenbrenner, 
Mass, Schultze, Chapter 3) and reveals potentially complex and rare cell populat ions, cellular 
dynamics, regu latory relationsh ips between genes as weil as developmental trajectories of dis-
t inct cell lineages (Hwang et al., 2018; see also Junker, Popp, Rajewsky, Chapter 2). However, the 
complexity of single-cell data coup led with the massive volume makes it a paradigm of Big Data. 
Th is makes it necessary to develop analytics capable of handling big datasets contain ing a large 
number of cells. As one of the most popular single-cell technolog ies with the largest sca labi lity, 
th is review w ill focus on single-cell transcriptomics and high light its cha llenges and opportun ities 
with a particular focus on modern ana lytics based on ML and DL. 

4 .2 MACHINE LEARNING IN SINGLE-CELL TRANSCRIPTOMICS 

Single-cell RNA sequencing (scRNA-seq) entai ls the profil ing of all messenger RNAs (mRNAs) 
presented in a sing le cell and provides the gene expression profi le of hundreds of thousands and 
even mill ions of individua l cells. Therefore, scRNA-seq represents tru ly Big Data with a superior 
statistical power that opens new horizons for applying Machine and Deep Learning for single-cell 
data ana lysis. 

However, due to technical limitations and biolog ica l factors, the single-ce ll data generated is 
inherently sparse and noisy.5 Th is g ives r ise to severa l computationa l and statistica l cha llenges 
relating to recognition of patterns, like cel l types, in gene expression. Commonly, add it ional qual-
ity control is performed to d iscard unreliable cells (e.g., outliers or possible doublets)6 followed by 
normalization1 which accounts for d ifferences in read coverage and other techn ica l confounders. 
Subsequently, feature selection8 and dimensionality reduction 9 are performed, wh ich filter the 
most informative genes and strengest signals from the background noise (Luecken/Theis, 2019). 

4 Genomics entail s t he st udy of t he entire genome, t ranscriptomics the study of all transcript s of genes (gene 
expression products, RNAs), prot eomics t he entirety of al l prot eins, and epigenomics all of the epigenetic data 
contained withi n cells. See Wa lter/Gasparoni, Chapter 1. 

5 "Noise" in this context means t hat there are signals t hat are considered to be irrelevant or incidental to the 
quest ion examined and that are obt ained and need t o be fil t ered in order to identify significant signals. 

6 Outliers are cells t hat differ from the average expression level of t heir cell type, t hereby making it harder t o 
identify commonly expressed genes. Doublets are expression profiles t hat are accident a lly generated from 
two cells instead of j ust one, oft en due to errors in cel l sorting or capture. They can compromise the correct 
interpretation of results. For example, they can point towards t he exist ence of intermediate populations or 
transitory stat es that do not actually exist . 

7 Normalization typica lly scales count data to obtain correct re lative gene expression abundances bet ween cells. 

8 Feature selectio n filters t he dat aset to keep only features/variables (for t his concept , genes) that are informa-
tive of the variability in the data. 

9 Dimensionalit y reduct ion is the process of reducing t he number of random variables by obt aining a set of 
principal variables. 
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This is necessary for downstream analysis like clustering the cel ls to d iscover the sub-populations 
or inferring cell trajectories. In the following, we discuss some applications of supervised and 
unsupervised learning techniques in downstream analysis of transcriptome data. 

Supervised learning in single-cell transcriptomics 

Supervised learn ing is a domain of ML which requ ires tra ining w ith labeled data to infer a func-
tion that can be used for mapping unlabeled data to output variables. A supervised learning 
model is first trained w ith a training set consisting of input-target pairs to learn t he model param-
eters. In order to measure how wei l a function fits the train ing set, a loss function is defined for 
penaliz ing errors in prediction. The goal is then to optimize the model parameters by minimiz-
ing the prediction errors. The model is also va lidated w ith a distinct validation set fol lowed by 
eva luating the performance of the inferred function using a test set that is separate from the 
tra ining set. The accuracy of pred ictions is measured by different evaluation metrics such as the 
Pearson correlation coefficient. The main applications of supervised learning are classification 
and regression.10 

In the field of sing le-cell transcriptomes, supervised learning is mainly employed for ce/1 anno-
tation. Cel l annotation assigns cel l types to unknown cel ls g iven a set of reference datasets with 
labeled cel l types. For genomic data, th is is the equiva lent of using flow cytometry that is rou-
t inely employed for diagnosis of health d isorders such as blood cancer. Conventiona lly, cel ls were 
annotated based on a set of markers wh ich is labor intensive and requ ires extensive literature 
review of cluster-specific genes. Moreover, these genes often vary among different laboratories 
leading to difficu lt ies in comparing their results (Pliner et al., 2019). Classical supervised learning 
techn iques are therefore better as they automatically capture important features (or genes) from 
the labeled data enabling a more accurate cell annotation and reducing cross- laboratory classifi-
cation d iscrepancies. In this regard, numerous classification models such as logistica l regression, 
support vector machines, and random forests are used. However, w ith increasing data volumes, 
DL models might be preferred to the classica l ML models in cell-type annotation tasks. 

Unsupervised learning in single-cell transcriptomics 

Unsupervised learning involves inferring useful structures or patterns from unlabeled datasets. 
Classically, unsupervised learning algorithms have been used for clustering data, d imensionality 
reduction, and visual ization and embedding. Neural networks are ab le to generalize some of 
these approaches. For example, Autoencoders compress the data into a low-dimensiona l code 
and then decompress the code to reconstruct the orig inal input data. An autoencoder allows 
to only approximately copy the input data into the output. Th is forces the model to engage in 
d imensionality reduction by learn ing how to ignore the noise. In the f ield of single-cel l transcrip-
tomes, autoencoders are employed for imputation/denoising as weil as d imensional ity reduction. 

10 Regression is a set of st atist ical processes t o estimate t he relat ionship between the variables. 
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Embedding techn iques like tSNE can then be performed on the latent space for mapping the 
compressed data onto a 2D plane. Specific noise characteristics of scRNA-seq data, such as Zero-
lnflated Negative Binomial (ZINB), can also be addressed w ith customized loss functions with in 
the autoencoder framework (Eraslan et al., 2019). 

Another powerfu l application of unsupervised learn ing is duster analysis to define ce ll types 
w ith in scRNA-seq data. Broadly speaking, the goal of the duster ana lysis is to duster cells into 
groups based on the similarity of their gene expression profiles. Cluster analysis is the basis of 
severa l atlas projects, most notably the Human Cell Atlas (Human Ce ll Atlas''). These projects 
integrate severa l single-cell datasets into an atlas and build comprehensive reference maps of all 
human cells. Fora cell atlas tobe of practica l use, reliable methods for unsupervised dustering 
of the cells wi ll be one of the key computationa l cha llenges (K iselev et al., 2019). 

Cellu lar diversity may not sufficiently be described by a d iscrete dassification sys.tem such as dus-
tering. In fact, the b io logical processes that drive the development of the observed heterogeneity 
are continuous processes. Thus, in order to capture transitions between cell types, branch ing 
d ifferentiation processes, or gradual, unsynchronized changes in biological function, we require 
dynamic models of gene expression. This dass of methods is known as trajectory inference. In 
trajectory analys is (see Junker, Popp, Rajewksy, Chapter 2), the data is regarded as a snapshot of a 
dynamic process that lies on a connected manifold. The cells are then ordered along such a man-
ifold and are described by a continuous variab le cal led pseudotime. Pseudotime analysis - often 
based on transcr iptiona l d istance of cells from a root cel l - describes developmeint as a transition 
in transcriptomic state (i.e. traj ectory) rather than a trans it ion in real time. Pseudotemporal 
ordering of cells helps to understands how cel l-type frequencies change in response to devel-
opmenta l and/or environmental signals that underlie physio logica l mechanisms of health and 
d isease. For example, it determines how the frequency of a g iven cell type may decrease during 
a process because its death rate increases or because it d ifferentiates to other cell types. lt is 
important to understand the nature of th is sh ift especia lly when the process is associated w ith a 
d isease.12 Another interesting question that pseudotime analysis can answer is how stem cells or 
progenitors are d ifferentiated to develop an organ consisting of various cell types. In this regard, 
manifold learn ing approaches, categorized as nonl inear d imensiona lity reduction methods, are 
commonly used to learn the overall topo logy of the data and thereby infer t he connectivity 
between the traj ectories (Wolf et al., 2019). 

4 .3 OUTLOOK 

Single-cell RNA sequencing is a powerfu l method for d iscovering intercellu lar heterogeneity. lt 
focuses on the clharacterization of individual cel ls and can revea l complex and rare cel l popula-
t ions, uncover regu latory relationsh ips between genes, and track the trajectories of d istinct cell 
lineages in development. Severa l elegant stud ies have demonstrated the usefulness of scRNA-seq 

11 See: https://www.humancellatlas.org/ [21 .06.2019]. 

12 For example, decrease in pancreat ic beta cell freque ncy being associated wit h diabet es. 
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namely to study the development of early embryos as weil as to unravel the complexity of can-
cer and other diseases in ways that other techn iques are unable to. However, t he complexity of 
single-cell data coup led w ith its massive volume ra ise computational challenges in data ana lysis. 
Add itiona lly, th is is an emerging f ield for which standardized analysis methods are yet to be 
developed. 
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5. SINGLE-CELL TRANSCRIPTOME ANALYSIS IN PLANTS 

5.1 PLANT SINGLE-CELL TRANSCRIPTOMES 

In plant research, single-cell transcriptome analysis (single-cell RNA-seq, scRNA-seq, see Walter 
and Gasparoni, Chapter 1) is on ly now being estab lished, although it is quickly gain ing in impor-
tance. Unl ike an imal cells, plant cells have a rigid cel l wall, which consists of different carbohydrate 
polymers w ith a variable composition, depending on the cel l type and state of d ifferentiation. 
These include cellu lose, hemicel lulose and other components, among them proteins integrated 
into the cell wa ll. The cells forma stable tissue and must be first separated from each other prior 
to a typ ical single-cell transcriptome analysis. This is ach ieved by treating the p lant t issue with 
d ifferent enzymes, wh ich d ismantle the cel l wall; during th is process, so-ca lled "protoplasts" are 
created (i.e. plant cells w ithout a cell wa ll), which are then subjected to a single-cell transcriptome 
analysis. Since the production of the protoplasts itself can already lead to a change in the tran-
scription pattern, correspond ing checks must be made, such as comparisons w it h already known 
gene expression patterns of untreated plant cel ls, in order to find out whether these patterns 
can also be found among the protoplasts. 

The works published on single-cell transcriptome analysis in plants to date have focussed on roots 
of the plant arabidopsis thaliana (thale cress; Denyer et al., 2019; Jean-Baptiste et al., 2019; Ryu et 
al., 2019; Shulse et al., 2019; Turco et al., 2019). They are a long-stud ied and now well understood 
model system of developmental processes in plants. Numerous genes that control the develop-
ment of p lant roots, and their reaction to environmenta l influences, are known. This research 
has also led to the identif ication of marker genes that are only active in certa in cel l types of the 
root, for example, in stem cel ls or hair-forming cells of the root epidermis. The expression data 
obtained via single-cel l transcriptome analysis can therefore be compared with gene activity maps 
of the roots obta ined earlier, and thus val idated for genes, the expression of which was already 
known in d ifferent cells. In the stud ies published to date, the transcriptomes of around 400 to 
12,000 individual cel ls were ana lysed in each case. 

To date, single-cell transcriptome analysis in p lants has provided the following new information: 

• scRNA-seq captures spatio-temporal information for h igh-precision gene expression, 
• scRNA-seq allows the identification of new regu lators for processes in indiv idual cell types, 
• by means of scRNA-seq, regu latory paths of cel lular development can be studied to a higher 

degree of precision than has been possib le to date using other methods, 
• and it has been possible to identify subtypes of cells that have been unknown to date on the 

basis of their specific gene expression pattern. 
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In the scRNA-seq studies conducted to date, mutants and transgenic plants w it h defects in root 
development were also stud ied alongside wi ld-type plants (Ryo et al., 2019; Turco et al., 2019), 
and the effects of external factors such as the ava ilab ility of sucrose in the growth medium 
(Shulse et al., 2019) or heat stress (Jean-Baptiste et al., 2019) were analysed. As sessi le organisms, 
plants cannot escape through mobility from the environmental cond itions to which they are 
exposed. However, they do have a pronounced development p lasticity, i.e. in a number of d iffer-
ent ways, they can adapt to different environmenta l situations through changes in their growth 
and morphology, w ithout changing their genetic constitution (sequence of genetic information) 
(Bradshaw, 2006; Salazar-Henao et al., 2016). These different adaptation scenarios and the genes 
that form their basis have become establ ished during the course of evolution and have led to the 
adaptation of plants to certa in ecolog ica l niches. In the future, single-cell transcriptome analysis 
wil l make it possible to ana lyse the molecular and cellu lar mechanisms on which these complex 
- and variab le - developmental processes are based in considerab ly greater detail than has been 
the case to date. 

5.2 TRANSCRIPTOME ANALYSES USING ISOLATED CELL NUCLEI 

As exp lained above, to date, single-cell transcriptome analysis in p lants has still requ ired the 
protoplasting of p lant t issues. Since the composition of the cel l wal l varies between d ifferent 
cells in a plant, and cells of d ifferent plants, and in addition is also modulated by environmen-
ta l influences, su itable protoplasting protocols must first be developed in eachi case. This alone 
can already take up a great deal of t ime, wh ich makes access to sing le-cel l transcriptomes more 
d ifficu lt . As a possible alternative one can ana lyse transcripts present in the nuclei of p lant cel ls 
and their tissues, rather than taking protoplasts as the subject of investigation. Employing cell 
nuclei has the advantage that no protoplasting protocols need to be established for every p lant 
and tissue type. In addit ion, weil estab lished protocols for a fast and uncomplicated enrichment 
of cell nuclei from complex plant t issues or organs are already availab le. W ith the aid of such 
methods, it cou ld become possible in the near future to analyse the single-cel l transcriptomes 
of plants that have not to date been included in the typical model systems, but which are of 
particu lar relevance from an ecologica l perspective or in respect of their specific physio logical 
or biotechnologica l properties. For example, it is possible in principle to isolate cell nuclei "en 
bloc", as it were, from an organ (with its different cell types), in order to then subject them to 
further ana lyses. W ith th is method, it is possible to forego the use of transgenic p lants entirely. 
However, the option is also ava ilable to use isolated cell nuclei in a targeted manner from specific 
cell types. To do so, nuclei of the corresponding cell types must be labelled. Th is can be ach ieved, 
for example, by equipping them with certa in proteins, such as the green fluorescent protein 
(GFP); to th is end, the plants are genetically modified w ith su itable gene constructs. Cell nuclei 
that are label led in th is way can then be isolated through su itable biochemical methods, such as 
immune precipitation using antibodies that detect GFP, or through FACS (fluorescence-activated 
cell sorting), and then subjected to a transcriptome analysis. However, here, the gene expression 
patterns in cells that have not been specifical ly marked are not captured, as a resu lt of which the 
experimenter may fai l to obta in important information for a more comprehensive interpretation 
of cellular processes in t issues. 
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5.3 FUTURE RESEARCH 

Future scientif ic questions that can be assessed w ith the aid of single-cell transcriptome analysis 
in plant research are extremely varied in nature, and can currently on ly be foreseen to a limited 
degree. Some examples of these, among many others, are: 

1. the ana lysis of gene expression patterns in plants chang ing growth and development due to 
environmenta l influences, 

2. the decoding of gene regu latory networks with a high degree of spatio-tempora l precision 
from which b io informatics w ill benefit in particular, 

3. through the comparison of single-ce ll gene expression patterns in different plants, it will 
become possib le to better understand the evolution of p lants and their d iversification and 
adaptation to d ifferent ecolog ica l n iches at molecu lar level, 

4. synthetic-biolog ica l approaches are also increasingly gain ing in importance in plants. There 
is no doubt that here, sing le-cel l transcriptome analyses w ill make a significant contribution 
towards undlerstanding the variabil ity between cells. As a resu lt, it w ill become possible to 
create a more solid basis for the robustness of synthetic-b iological modifications in plants. 

5.4 SUMMARY 

In the field of plant research, single-cell transcriptome analyses have to date on ly been reported 
in scientific publi cations in connection with the model plant arabidopsis thaliana, and here, with 
a sole focus on r,oots. Thus, there are currently still no comprehensive data records ava ilable for 
ongoing analysis by the scientific community. However, despite the stil l very small number of 
publications in th is field of research, it can be assumed that single-cell transoriptome analysis 
w ill have a considerable impact on p lant research in the future. This also relates particularly to 
research in cu ltivated p lants that are important for feed ing humans and an imals. Here, it is of 
particular interest that not on ly "traditiona l" cu ltivated plants can be included in the ana lyses, 
but also those that have tended to be underrepresented to date, and which wi l l require further 
genetic optimization in the coming years. Sufficient research funds shou ld be made ava ilable for 
th is purpose. 
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6. SINGLE-CELL ANALYSES AND ETHICAL CONSIDERATIONS 

6.1 INTRODUCTION 

From an epistemolog ica l viewpoint, the b iomedical model rests on the pi llars of "universa lism", 
"reduction ism" and "modeling" (Strasser, 2014). As the smallest or "most basic functional unit" 
(Regev et al., 2017),1 which regulates its own genetic expression, the cell has long played a prom-
inent role as the anchor point in th is triad for each of these approaches. For a long t ime, the 
dogma applied that: a) what was val id for one cell was val id universally; b) the analysis of liv ing 
beings cou ld be reduced to the cel lular level; and c) one cel l type cou ld in turn be drawn on as a 
model for another in the research process. 

The sing le-cell ana lysis field of research draws on exactly th is po int, on the one hand, wh ile on 
the other hand d ifferentiating the specified pillars further by departing from the principle that 
individua l cel ls are far more different from each other than was previously assumed. The special 
features of individual cells w ith regard to their genome, ep igenome, transcriptome or proteome2 

have increasingly come into focus in research efforts over recent years. 

Although it is sti ll valid to assert, as Michael Speicher stated in 2013, that single-cell ana lysis as a 
field of research is in its infancy, the potential which he ascribed to the approach at the t ime has 
lost none of its power. Thus, the correspond ing methods serve, among other things, for a better 
understanding of how various cells d ifferentiate, age or react to contaminants arnd how d ifferent 
cell types can be characterized.3 In the medica l application, in turn, th is knowledge can facil itate 
a better understanding of tumor formation or metastasizing cel ls. Also in preimplantation diag-
nosis and other forms of disease prediction, a gain in momentum is expected (Speicher, 2013). 
Overall, the hope is that single-cell ana lyses shou ld contribute to the rea lization of lab-centered, 
pred ictive and so-ca lled "personalized" or " indiv idualized" medicine. They cou ld do th is, for 
example, by help ing to reliably predict when a d isease wi ll take hold and how it w ill progress, or 
by making it possible to test treatments on a cellular level (Sha lek/Benson, 2017). 

A good overview of the various single-cell genomics methods is also provided here (p. 4). 

2 A cell's genome is the sum of al l genes; the epigenome is all epigenetic modif icat ions; the transcriptome 
refers to the sum of all genes transcribed (rewritten from DNA to RNA) in a cell; and the proteome consists of 
the total number of all proteins contained in the cel l (see also Walter/Gasparoni, Chapter 1). The term "omics 
technologies" refers to the processes that enable the capture of data on these characteristics. 

3 Various international initiat ives are being carried out for this purpose, such as the "Human Cell Atlas" proj ect 
for the characterization of the various human cel l types, or the "LifeTime Initiative", in which large volumes 
of data are being gathered and evaluated. Regarding the Human Cell Atlas, see Regev et al., 2017. Regarding 
LifeTime see: https://www.mdc-berlin.de/de/lifetime [14.05.2019] . See also Junker, Popp, Raj ewsky, Chapter 2. 
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The ongoing explicit reference to potentia l areas of application of single-cell ana lysis in medicine 
begs the question: to what extent might this field of work evoke its own or new medical ethics 
questions? In any case, th is process, still in its infancy, is an area that has hopes of having a sig-
nificant medica l impact and thus an area in wh ich patients, doctors and other healthcare stake-
holders can come into direct contact both personally and professional ly, and in their deal ings w ith 
one another. Furthermore, the question arises as to whether the linking of single-cell analysis 
methods w ith complexes such as genome editing (for model formation) merely reproduces the 
ethica l d ilemmas debated here or whether th is g ives them a new face. 

6.2 ETHICAL TOPICS 

To come to the point: lt does not seem as if an entirely new sub-field of moral theory needs 
to be establ ished in order to ethical ly reflect single-cell ana lysis. On the contrary, the methods 
touch on a range of eth ica l questions which have already long been discussed in bioethics w ith in 
the scope of other b iotechnologies. At the heart of these are va lue conflicts which have been 
d iscussed repeatedly within the field of medicine in connection w ith new (mass) data gathering 
and processing methods. The interest in data protection and data sovereignty or the concerns 
around data misuse is opposed to the interest of the most highly-comprehensive data gathering 
possib le aimed at the acquisition of knowledge. lndeed, the fact that single-cell ana lysis can 
be linked, used and connected across d iscip lines to the most d iverse research and application 
areas nevertheless makes a compi lation of the ethical top ics on which it touches extensive and, 
in cases of doubt, incomplet e. The fol lowing is an endeavor on our part to tease out the ethica l 
challenges that are specific to single-cel l ana lysis, w ith the possible medica l value and freedom of 
research standing on one side of the debate, and (mostly social or individua l) va lues which have 
the potential of coming into conflict with these on the other.• 

Significance and validity of data 

The implementation of sing le-cell analyses opens up the possibi lity of gathering and interpreting 
large vo lumes of data for the first t ime. Like in other f ields of medicine, there are hopes that 
large volumes of data may also lead to better diagnoses. Simi larly to other areas of bioinformat-
ics, medical d iagnosis and data-driven research, it must be ensured that statistica l standards are 
upheld, correlation problems are noted and data is thus interpreted correctly and uniformly. 
Otherwise, there is a risk of over- or underestimation of correlations, misinterpretations and, 
in case of doubt, bad medicine working on the basis of inaccurate data.5 Sing le-cell ana lys is 
must bear in mind, epistemological ly speaking, that the investigated cells are being observed 
as removed from their cel l duster, their system, which can impact on their behavior. Similarly, in 
relation to possible data gathering, it is necessary to bear in mind, from an overall self-critica l 

4 For f urt her information on the followi ng overall topics, see: Lenk et al., 2014 and Düwel l, 2011; an overview 
of "Big Data" in: German Ethics Council, 2018. 

5 The error rate of la rge vol umes of data, see for instance Bertram, 2019. 
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perspective, that an individual's income situation may be a better risk indicator for certa in d isease 
risks than omics data. 

Data protection 

As always, the gathering and processing of biolog ica l data for research raises questions of data 
protection and data ownersh ip. lt is necessary to clarify whether the potential ly obtained human 
cell data belongs to the researchers or to the test subj ect or patient. Furthermore, data protec-
t ion and appropr iate data management are essential, as for example anonymization of the data 
may be difficult i f a link w ith individuals is required for subsequent research activ it ies. Th is is also 
associated with the practical problem of data exchange between researchers who might even be 
located across borders, as is applicab le in the case of internationa l research projects w ith partners 
whose data protection provisions do not necessarily correspond to those in the European Union. 
Since data protection is not a purpose in and of itself, but rather it shou ld serve to protect people 
from stigmatization or the misuse of knowledge about them, it is above all necessary to define 
the domains in which sing le-cell ana lysis is able to generate corresponding data in the first place. 

lnformed consent 

Data protection questions may be addressed through appropriate informed consent if those 
persons affected agree to participate in research and to the storage or saving and use of their 
biomateria l for data capture following a specific and understandable explanation. There is some 
d ispute in relation to the scope of agreement, which extends from targeted, specific ("narrow 
consent") to all-,encompassing, open-ended ("broad consent"). As there is also the problem of 
the understandable clarification on unknown usage possibi lit ies, wh ich may always occur in view 
of the openness of research, the question arises as to how far consent can go in th is respect, and 
to what extent approvals can be kept dynamic if researchers want to avo id constantly having to 
obtain new or updated consent ("dynamic consent"). 

Additional and incidental findings 

Closely linked to the informed consent issue is the question of the handling of find ings and ancil-
lary findings wh ich are gathered outs ide of an initially clearly delineated diagnos is. Dilemmas 
particu larly occur here, if relevant information on treatable or non-treatable future d iseases is 
obtained and the previous informed consent excluded the question of notification on such find-
ings or if the correspond ing decision of the person affected contrad icts the researcher's moral 
intu it ion (e.g., in cases of refusal to notify of a treatable, untreated or terminal illness). 
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Social implications/equitable distribution 

As is the case for any new medical or biotechnology, above all questions of justice and priorit i-
zation arise, w ith regard to society. These questions range from research funds being allocated 
on a higher level, right down to the level of indiv idual patient care. lf the costs for access to the 
gathered data from single-cell analyses become very high, these may be provided for only a lim-
ited number of patients or self-paying patients for treatment planning. Stratification into patient 
subgroups cou ld lead to relatively small groups requ iring relatively expensive medications and/or 
specific groups being excluded from care due to excessively high costs. Patients w ith rare illnesses 
are especia lly at risk in th is regard. 

6.3 CONCLUSION 

None of the groups of ethical topics outl ined here is new or specific to sing le-cell analysis. Strictly 
speaking, moral decision-making situations brought about by this method alone seem tobe rel-
atively rare. Nevertheless, it presents extensive common ground for problems from other areas 
and suggestions for solutions. In conclusion, the current hype surrounding sing le-cel l analysis as 
Science j ournal -nominated "breakthrough of the year" in 20186 must not be a llowed to bring 
about a reduction or negation of ethical standards that are already establ ished in other fields. As 
always, it is a clear requ irement that the standards of good scientific, clinical and ethical practice 
be upheld. 
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Angela Osterheider, Yaroslav Koshelev, Marlen Reinschke, Li lian Marx-Stölt ing 

7. PROBLEM AREAS AND INDICATORS 
IN THE FIELD OF SINGLE-CELL ANALYSIS 

7.1 INTRODUCTION: MOTIVATION AND PURPOSE 

The lnterdiscip linary Research Group (IAG) Gene Technology Report at the Ber lin-Brandenburg 
Academy of Sciences and Humanit ies is tasked w ith observing the various developments in the 
field of gene techno logy in Germany over the long term, and with making them available to 
interested members of the public in form of publications and events. The results it pub lishes are 
intended to provide a source of generally accessible information and thus promote well- informed 
d iscussion in the public domain on subj ect areas which are dynamic in nature and in some cases 
contentious in society. A longside the qualitative analysis of various aspects of gene techno logies 
(e.g., the natural sciences, law and eth ics}, the IAG has undertaken to open up the complex field 
of gene technologies to interested members of the public and present it in a (publicly) accessi-
ble and measurable form (Diekämper/Hümpel, 2015: 16 ff., 2012: 51-60). The problem area and 
indicator ana lysis method, wh ich orig inates from the social sciences, is used as a core instrument 
in the process. Tak ing qualitative data gathering (prob lem area analys is) as a starting po int, 
quantitative data (ind icators) are collated.1 

7.2 PROBLEM AREAS 

Many gene technology topics are intensely debated in the publ ic domain and particu larly in the 
media. The IAG Gene Technology Report appl ies the method of problem area capture in order 
to break these complex d iscussions down into subj ect areas and aspects (problem areas). Thus, 
the problem area analysis is aimed at presenting the public perception of gene technolog ies in 
a clear way (D iekämper/Hümpel, 2015: 16). Various print and on line media are evaluated w ith in 
the scope of the analysis. Fo llowing th is evaluation, the identified prob lem areas are allocated 
with in a se lected coordinate system. This coord inate system is founded on the cornerstones of 
four guiding d imensions that primarily stand out in the context of gene technologies. These four 
dimensions are of an economic, scientific, eth ica l and socia l nature. In a final step, these problem 
areas are assigned to relevant indicators. 

The problem area is captured on the basis of a qualitatively evaluated text corpus. Th is text cor-
pus is gathered using keyword research in main print media, the daily newspapers Süddeutsche 

1 Problem area a nd indicator analysis are one of the IAG's ma in methods. Thus, introductory and genera l 
considerations as weil as statements regarding this approach have al ready been put forward in previous IAG 
publications (see e.g. : Marx-Stölting, 2017; Diekämper/ Hümpel, 2012). 
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Zeitung and Frankfurter Al/gemeine Zeitung and the weekly magazines Die Zeit and Der Spiegel 
on the one hand, and in online search engines (Google and Metager) on the other.2 

Figure 1 shows the identified problem areas for the subject area of sing le-cell analysis and its 
quantitative weighting w ith in the analyzed text corpus. The size and coloration show the quan-
t itative weighting of the problem areas. The more frequently the problem area was d iscussed in 
the text corpus, the larger the size and the darker the color in wh ich it is shown. 

Figure 1: Problem areas of single-cell analysis 
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2 For the print media, a search w as carr ied out using t he following German keywords for the period from 
5 t o 12 March 2019 : " Einzelzellsequenzierung " , "E inzelzellbiologie", "Einze lzell-Transkriptomik", 
"Einzelze l l-Ge nomik " , "Einzelzel ldiagnost ik" and "E inze l zella na l yse" [ "single-cel l sequenc ing " , 
"sing le-cell biology", "s ingle-cell t ranscr iptomics", "sing le-cell genomics" , "si ng le-ce l l d iagno-
st i cs" and "single-ce ll ana lysis"] . Within the scope of the research for other subject areas of t he 
IAG, as a rule o nly German keywords were used . Since only very few articles could be found, the fol lo-
w ing Engl ish terms were also used for t his topic: "sing le-cel l ana lysis", "sing le-cell biology", "single-
cel l sequencing", "single-cell genomics", "single-cell diagnostics", "sing le-cell transcriptomics". Four articles 
were found in total. The research using the Google and Met ager search engines was carr ied out from 12 to 26 
March 2019. The aforement ioned German search terms were used again as weil as the combinat ion of t hese 
search terms (with truncat ion) and the word "Stellungnahme" [opinion]. The f irst ten hit s from the search 
engines were merged and compared. The hits from the search engine and print media research joint ly form 
t he text corpus, which was t hen qualitatively evaluated with regard to the problem areas . 
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The following problem areas were determined using the qual itative eva luation of the text corpus: 

Application horizons: Application horizons in the area of single-cell analysis are already subject 
to ongoing d iscussion. They comprise visionary goals w ith high innovation potent ial, whose fea-
sibility is according ly unknown. 

Germany as a research location: A variety of factors contribute to the internatio111al attractiveness 
of a research location: the ex isting scientific infrastructure and the sca le and type of funding 
measures, but also national lega l provisions wh ich influence scientific practice. The international 
reputation and networking w ith in the globalized research landscape also play a ro le. 

Access to therapies: lf the costs for potent ial medical applications or for access to the data 
gathered from single-cel l analysis are very high, the question as to the coverage of costs by the 
statutory health insurance bodies arises. At th is point, questions around prioritization and dis-
tribution must be discussed. 

Brain drain: In a dynamic, g loba lized research landscape w ith its demand for mobi lity, Germany 
is at risk of losing scientific ta lent w ithout attracting scientists to the same extent in return. For 
the area of single-cel l ana lysis, this can mean that h ighly-qualified scientists leave the country 
for professiona l, scientific or legal reasons. Thus, in the global research race and competit ion for 
location dominance, important know-how can be lost and economic potentia l can go untapped. 

Achievement of medica/ goa/s: One of the aims of t he research in the area of single-cell ana lysis is 
to acquire new find ings in order to promote developments in the area of perso111al ized medicine, 
among others. Problems occur if not all targets are ach ievable, or if targets turn out tobe more 
d ifficu lt or time-consuming than was init ial ly assumed. 

Achievement of research goals: Scientific research strives to generate new f indings and tech-
nolog ies. Limited plann ing abil ity and openness to unforeseen resu lts is an inherent aspect of 
its nature. Nevertheless, the existing framework cond itions, such as the scientific infrastructure, 
fund ing options or applicable law, influence the achievement of defined research goals - goals 
which are reflected in a quantifiable way in publications, research awards or academic state-
ments, for instance. 

Legal framework: The legal frameworks at national, European and international level determine 
the permissibi lity of research, particularly the handl ing of research data. The lega l frameworks 
define the application in scientific practice or formu late the necessary framework conditions. 
They p lay a role in the assessment of other conflicting interests and protected assets. The data 
exchange beyond group boundaries w ith in the scope of international projects is j ust one of the 
points under d iscussion within the area of sing le-cel l ana lyses. 

Ethical implications: Research - especia lly in the life sciences and more intensively in biomed-
ical research - generates knowledge and applications which demand an analysis of potent ial 
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consequences for the indiv idual, society as a whole and the environment. Social or legal aspects 
play a role here as much as eth ica l considerations. These must be discussed in the public domain 
and may ultimately require that po lit ica l action be taken. In the case of single-cel l analysis for 
example, the handl ing of volumes of diverse data and the associated value conf licts pose signif-
icant potentia l for discussion. The question regard ing the handling of incidental and addit ional 
fi ndings additiona lly plays a role in this area. 

Data protection: The gathering and saving of research data in the area of single-ceil analysis in 
principle enables a more extensive use which may affect indiv idual r ights. The r ight to informa-
t ional self-determination as wei l as a "right not to know" are under d iscussion in this context. 

Public perception: How new technological processes are publicly perceived is of essentia l signif-
icance in their use and establishment. Discussion of single-ceil analysis in the pr int media and 
on line as weil as the number of public events and publications that are accessible to the public 
iilustrate the interest in the topic w ith in the public domain. 

7.3 INDICATORS 

Based on the qualitative problem area analys is, indicators3 (quantitative data) are co llated in 
order to iilustrate current developments. A selection of the indicators is presented and evaluated 
below. Using this data, initial indications can be provided on the current status as weil as devel-
opments in the area of sing le-call analysis. 

The indicators "number of international publications", "online search queries" and "new publica-
t ions" currently appear su itable for iiluminating selected prob lem areas in the field of single-ceil 
analysis - especiaily in light of the fact that th is is in an area in wh ich there are many new devel-
opments at present. 

The indicator "number of internationa l publications" on single-cell analysis was al located to the 
problem areas "achievement of research goals" and "Germany as a research location". PubMed, 
the free and publicly accessible online citation database of the American National Center for 
Biotechnology Information (NCBI}, was used during the search (accessed: March 2019, status: 
2018). The database cla ims to currently hold approx. 24 mil lion citations for biomedica l literature 
from M EDLINE (= Medical Literature Ana lysis and Retrieva l System Online}, relevant specialist 
journals and e-books. In general, specialist articles starting from 1946 are taken into account, 
and in some cases also o lder ones. The focus is on English-language literature. Research can be 
conducted using freely selected keywords on the one hand, or, on the other, the Medica l Subject 
Headings (MeSH) cata log, which is used for indexing the PubMed citations and is continua lly 
mainta ined and expanded by the American Nationa l Library of Medicine (NLM) (see: www.n lm. 

3 The indicators were provided in previous publ ications of t he IAG using standardized indicator sheets. They 
were recently published in the fourth genetic t echnology report (Marx-Stölting et al., 2018: 299-340). 
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nih.gov/mesh (03.04.20191).• A re levant MeSH from the current MeSH catalog was used for the 
"sing le-cel l ana lysis" research. In addition, first authorsh ips from Germany were also identif ied. 
The data presented here starts from 2001 (the year in which the IAG Gene Technology Report 
started its work) to 2018. The indicator reflects the global research activ it ies in the area of sin-
g le-cell ana lysis. Based on the scope of publ ications published to date, it is possib le to observe 
how intensively a subj ect area is being researched over the years and which countries occupy a 
prominent posit ion in the " international research race" with in that area. However, it is important 
to note that, despite the large scope of the database, a comprehensive collection of citations 
cannot be expected: relevant publications may not be in the database in the first place or may 
not be indexed by keyword under the MeSH categories used. lt must also be taken into account 
that even thou91h a publication may represent an equal collaboration of authors from severa l 
countries, the MEDLINE database on ly collects the nationality of first authors as standard practice. 
The representation for 2018 may be incomplete, since it may be the case that not al l publications 
are as yet included in the database. 

Figure 2: Number of international publ ications on single-cell analysis (total and w ith German f i rst authorship 
(2001 - 2018)) 
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4 A piece of resea1rch was also carried out in the "Web of Science" data tape (accessed : 05.04 .2019). The develop-
ment of the publication figures is similar to that from "PubMed". There is a steady increase from the start of 
the gathering period . However, the data is only similar to a limited extent, as no MeSH terms are used in the 
"Web of Science". 
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The indicator "online search queries" was gathered using the free Google Trends tool (see: https:// 
www.google.com/trends [26.03.2019], status: March 2019). This indicator was ass igned to the 
problem area "public perception". This online tool analyses a percentage of tlhe search inputs 
into the Google search. However, the analysis algorithm used and the absolute f igures on the 
search queries are not visible to the public. The data reflects the demand for a certa in search term 
in relation to the overa ll search volume in Google w ith in a selected period of t ime. A large pro-
portion of the population in Germany uses the internet for personal purposes on a regu lar basis 
(87 % in 2018; see: https://www.destatis.de [03.04.20191). The research was mainly carried out 
using internet search engines: Top of the list is Google (see: http://de.statista.com [03.04.2019)). 
Thus, onl ine search queries can be regarded as an indicator for the interest of t he public in var-
ious topics. 

German search terms have usually been used in the previous pub lications of the IAG Gene 
Technology Report. As a first step, the fol lowing German keywords were researched: " Einzelzel l-
sequenz ierung", " Einzelze llb io logie", "Einzelze l 1-Transkr iptom ik", "Einzelzel 1-Genomik", 
" Einzelzellana lyse", "Einzelzelldiagnost ik" [translation: "single-cell sequencing", "s ingle-cel l 
bio logy", "single-cell transcriptomics", "single-cel l genomics", "single-cell analysis", "sing le-cell 
d iagnosis") (truncations such as "single-cell*" are not possible in Google Trends}. However, there 
was insufficient data for these search terms ("Search volume is too low" = O). This shows that the 
subject area is still very young and not being w idely discussed in the public domain. In a subse-
quent step, the following English terms were queried: "single-cel l analysis", "sing le-cell biology", 
"single-cell sequencing", "single-cell genomics", "single-cell diagnostics" and "single-cell tran-
scriptomics". The on ly English keywords that received hits were: "single-cell analysis" and "sin-
g le-cell sequencing". Search results may be fi ltered under regions (countries, cities) and defined 
search categories.5 In addition, it is possib le to search for several keywords at the same t ime. The 
data is visib le to the public effective from 2004. Thus, a search was carried out for Germany in 
the period from January 2004 to March 2019 (gathering date: 26.03.2019, status: March 2019). 

The relative demand for the keyword "sing le-cell analysis" peaks in the years 2004, 2005 and 
2006. From then until now, the demand has been at a lower leve l. The keyword "s ingle-cell 
sequencing" is only searched for more often starting from 2010, whi le demand dropped to a 
medium level in the subsequent years, peaking in 2013 and 2014. From 2017 to 2019, demand 
increases again to approximately the level of 2010. 

5 To narrow down the significance: A high search volume cannot be equated with an increase in search queries, the 
calculat ions are based on random samples, multiple meanings of the search terms may play a role and the reason 
for the search for information cannot be traced. 
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Figure 3: Relat ive demand for the keyword "single-cell analysis" in Google Trends for Germany (2004- 2019) 
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Figure 4: Relative demand for the keyword "single-cell sequencing" in Google Trends for Germany (2004- 2019) 

The indicator "new publications" shows the publication density of books in Germany. This indica-
tor was assigned to the problem areas of "public perception" and "Germany as a research loca-
t ion". A keyword research was carried out in the database of DNB (Deutsche Nationalbibl iothek 
[German National Library]) to gather th is indicator (date of gathering: 26.03.2019, status: March 
2019). DNB is a public law institution d irectly accountable to the federa l government. lts task is 
the archiving and bibl iographic collection of publications (monographs, newspapers, journals, 
loose-leaf binders, cards, sheet music, sound record ings, electronical publications) publ ished in 
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Germany. Th is additionally involves the co llection of German-language publications published 
outside Germany, trans lations of German- language publications published outside Germany, 
foreign-language publications about Germany and exile publications of German-speaking emi-
grants between 1933 and 1950. Onl ine publications have also been included in a systematic way 
since 2006. DNB has permitted research in its comprehensive library stocks free of charge since 
1913. Based on information from the provider, publications received are added to the cata log 
and the DNB fol lowing a processing period of approx. one month. Relevant t it les were queried 
using the following German search terms: "Einzelzellsequenz*", "Einzelzellbiolog*", "Einzelzell-
Transkriptom*", "Einzelzell-Genom*", "Einzelzel lanaly*", "Einzelzelldiagnost*" [translation: "sin-
gle-cell sequence", "single-cell b io logy*", "single-cell transcriptome*", "s ingle-cell genome*", 
"single-cell analysis*", "single-cell diagnosis*"]. Since it was a search for special terms, search 
functions beyond the title fields (Index= woe) were used. During previous instances of indicator 
gathering, the academic papers mentioned in the stocks were excluded because they are d ifficu lt 
to access for the interested layperson.6 However, a look at the researched publications gives the 
fol lowing p ictur,e: Only 17 German-language academic papers were found during the gathering 
timeframe of the German publications. 

Publications that are listed in DNB and are visible to the public represent an indicator of a possible 
yardstick for the public perception of a subject area. 

7.4 CONCLUSION 

In conclusion, it is possible to make the following points: 

• Single-ce ll analysis is a research field of increasing relevance around the world. Thus, the 
publication figures increase steadily starting in 2009. The number of artic les w ith German 
first authorsh ip also reflects th is development. 

• Even if the indicator "online search queries" on ly shows the relative search frequency, it is 
interesting t hat the search with German keywords in Google Trends showed an excessively 
low search volume and the on ly Engl ish terms that ach ieved relatively high search frequency 
figures were sing le-cel l analysis and sing le-cel l sequencing. 

• The new publications col lected in DNB comprised on ly a limited number of German-language 
publications. In addit ion, on ly higher education publications (doctoral theses and habilitation 
treatises) were recorded. Th is shows that although the knowledge in the area of single-cel l 
analysis is scientifically prepared and published in the specia list community, it has not yet 
taken hold or become a topic of d iscussion in the public domain. 

The consistent and strong increase in international special ist publications in the area of sing le-cel l 
analysis, the partially low relative frequency of onl ine search quer ies and the low number of new 
publicat ions reflect the fact that th is method is very new. In addition, increasing publicat ion 

6 The following were excluded: Periodicals, standard data for individual persons, organizations, events, geographics, 
specialist terms and work titles, double entries (physical and online publication). English-langua,ge publications were 
removed by hand. No further qualitative filtering of the search results was carried out. 
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figures may denote the increase in research activit ies at internationa l and natio111al level. The fact 
that the establishment of the methods is still re latively new may be a reason why the subject 
area of sing le-cel l analys is is only d iscussed in the public domain to a limited extent and is not 
highly v isib le in the media. Going forward and w ith an eye to the increasing data quantity which 
is associated w ith the development and establishment of these methods, ethica l implicat ions 
and legal aspects such as questions around data protection, informed consent or various social 
implications could play a ro le in the public d iscussion (see Fangerau, Marx-Stölting, Osterheider, 
Chapter 6). To this end, the qualitative evaluation of the text corpus and the gathering of problem 
areas provide initial indications. 
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8. CORE STATEMENTS AND RECOMMENDATIONS 
FOR ACTION ON SINGLE-CELL ANALYSIS 

8.1 CORE STATEMENTS ON SINGLE-CELL ANALYSIS 

The significance of single-cell analyses for biomedicine 

Higher an imals consist of a mu ltitude of d ifferent ce lls - the adult human, for example, has 
approx. 38 trillion cells. The composition and functioning of cells change over the course of a 
person's life, development, regeneration, ag ing, and in the event of illness. W ith modern sin-
g le-cell ana lysis, an area of research is develop ing that involves the gathering of fundamentally 
new biological data that opens deep insights into cellu lar processes at the molecular level. Single-
cell analysis generates new approaches for the interpretation of biolog ica l interconnections in a 
context-related and indiv idualized way, which is highly significant for the life sciences, b iotech-
nology, medicine and pharmaceutica l research. Up to now, interpretations were mostly based on 
the analysis of groups of cel ls or entire t issues and organs, thus they reflected "average va lues". 
The function ing and variation range of individual cells cou ld only be captured under certain 
cond it ions, or not at all. The new methods and applications of single-ce ll analysis offer deep 
insights that have been unachieved to date and wi ll influence bio log ica l research and medicine 
in a susta inable way. For example, single-cell analyses of cells, which were previously classified 
(e.g., by surface proteins) as a uniform "cel l type", show that often presumably identical cells are 
endowed with similar but not identical programs. Th is opens up a new and deeper understand-
ing of natural bio logica l variance or a cleaner classification of cel l types, enhancing our under-
standing of fundamenta l principles of b iology, the mechanisms of pathogenesis and the orig in 
of indiv idual d iseases. Indiv idual cells iso lated from patients or, for example, from organoids 
established from patient cells, can be classified as "normal" or "deviant". This not on ly al lows to 
reach profound conclusions on the backgrounds of indiv idual diseases, but also to test how cel ls 
in the body respond to specific treatments. Thus, single-cell analysis represents an important step 
towards personalized medicine. 

Single-cell analysis through next-generation sequencing and other omics technologies 

After the human genome was decoded around the turn of the m illennium, it became clear 
that the sequence of genomes alone does not del iver conclusive information but requ ires addi-
t iona l interpretations to comprehend the molecular functioning of cel ls. Genome sequences have 
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to be translated into RNA and proteins, both contributing to ce ll function. In addit ion, other 
(downstream) processes such as metabolic status strongly influence individual ce ll programs. 
A comprehensive capturing of ce ll -specific molecu lar programs takes place at mult ip le leve ls: 
that of the genome (genomics), RNA transcripts (transcriptomics}, proteins (prnteomics), met-
abol ic products (metabolomics), lipids (lipidomics) and ep igenetic programs (ep igenomics}, to 
name the main areas. Thus, research is no longer exclusively focused on the analysis of individua l 
genomic programs but now also addresses their complex rea lization in individual cells. 

Novel single-ce ll technolog ies have been developed on the basis of existing omics p latforms, 
mostly on the basis of next-generation sequencing (NGS) technologies. The rapid development 
of new NGS technolog ies over the last decade allows for fast and efficient sequencing of billions 
of individual DNA molecu les in a short t ime. One key step for making these deep NGS tech-
niques app licable for single-cell ana lysis was their combination with microflu idic technolog ies, 
allowing massive para llel sequencing of RNA and DNA molecules from single cells. The massive 
parallel ization of sequencing faci litates capture of molecular signatures such as transcriptomes 
(RNA-seq) or epigenomes (DNA-methylation, open chromatin) from thousands to millions of cel ls 
in one sequencing run. Single-cel l NGS approaches are complemented by new sensit ive single-cell 
mass spectrometry applications, allowing h igh (single-cell) reso lution profi ling of proteins and 
metabolic products. Final ly, new sing le-cel l mult i-omics assays are emerging, wh ich demonstrate 
that simultaneous gathering of transcriptome, chromatin and DNA-methylation can be obta ined, 
open ing up a new level of understanding of the link between gene-activity and the consequences 
of gene regu lation w ith in a single cell. 

Range of application of single-cell analysis in biology, biotechnology and medicine 

Through modern NGS-based single-cell omics technolog ies, the molecu lar signatures of up to 
severa l mill ion individual cells can be captured. This opens up completely new perspectives for 
bio logy. Complex processes such as structura l formation in fly larvae or the development of 
organs can be captured in a precise manner at the level of indiv idual cells. The add it ion of 
high-resolution and dynamic imaging techn iques allows for the modeling of the spatial allocation 
and developmenta l bio logy dynamic of sing le cel ls in the organ or t issue. The future potentials 
for new insights into developmental processes and d iseases are immense. For humans, sing le-cell 
omics immediately indicates a w ide range of new d irect medical applications. These range from 
the exact deternnination of the composition and distribution of cell populations (e.g. stem cells, 
immune cells) t h rough the capture of cellular changes in chronic d iseases and definition of the 
effects of genetic d iseases on indiv idual cell types to the high-reso lution analysis of indiv idual 
tumors for individualized treatment (personalized medicine). Single-cell ana lysis wi ll also play an 
important role in the rapidly develop ing research field of organoids. 

However, profound single-cell ana lysis is applicable not on ly to humans and animals, but also 
to microorganisms and p lants. In bacteria, for example, investigations are underway to deter-
mine how individua l cells of a bacterial colony differ and whether these differences impact 
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pathogenicity. Plants are more d ifficult to investigate due to the solid ity of p lant cell wal ls. The 
problems that are being investigated in the context of plant cu lt ivation include questions around 
cellular reactions to pathogen attacks and resistance mechanisms to pathogens, the influence of 
variations in environmental cond it ions on cellular and developmenta l processes and the ro le of 
genetic networks. New find ings could lead to more targeted cultivation and to improvements in 
the properties of food crops. 

Data analysis and infrastructure 

Single-cel l ana lys is is already be ing carr ied out at many special ized centers in Germany. 
Beyond an experimenta l infrastructure, in most cases, these centers have developed meth-
ods for data capture, storage and interpretation. The German Research Foundation (Deutsche 
Forschungsgemeinschaft, DFG) recently equipped four new DNA sequencing centers w ith the 
latest infrastruct ure, wh ich can also generate data for sing le-cell ana lysis in high throughput. 
The implementation of bioinformatic (statistica l and modeling) data ana lysis following individual 
sequencing poses huge cha llenges for b io logy and medicine, to which bioinformatics and data 
infrastructure are not yet extensively adjusted. Individual data analyses therefore requ ire new 
and complex data capture and util ization processes for bioinformatic methods. New standards 
and reference data also need tobe generated in th is area to enable comparable interpretations. 
To process the growing volumes of data efficiently and make them accessib le and usable for 
research, artificial intell igence and automated learning methods, such as machine learning (a lso 
referred to as deep learning) methods, are increasingly being used for the analyses, especia lly for 
complex process modeling. The application of single-cel l data in cl inical d iagnost ics w ill requ ire a 
complexity reduction of single-cell data and their translation into key statements that are appl i-
cable for daily cl in ica l usage. 

lmplications for specialist areas 

Single-cel l analysis technolog ies are developing at a rap id pace. The fast speed of techno logica l 
innovation requires continuous techn ica l adjustments to ensure that individual researchers and 
production centers remain international ly competit ive. Moreover, intense education on the han-
d ling of such technolog ies must be g iven more attention, including knowledge of the application 
options and their limits in the respective fie lds of research. An important aspect is the growing 
influence of other disciplines for single-cell data interpretation such as mathematics, bio informat-
ics and computer science. In th is context, it will be especially important to further expand tra ining 
and the constructive and critical d ialog beyond disciplinary boundaries. A longside this specia list 
tra ining, appropriate experimental and b ioinformatic framework conditions are required so that 
sing le-cell data can be used in a susta inable manner. 

There w ill be a w ide range of applications and uses of sing le-cell ana lysis in life sciences, biotech-
nology and medicine. Whereas in life sciences the development and wide-rang ing application of 
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various NGS techno log ies for basic research w il l rema in in the foreground, in b iotechnological 
app lications and in medicine the focus wi ll be more on the development and application of stan-
dardized processes. In bio logy, molecu lar processes can be analyzed in great depth and breadth 
for the first t ime. enabling principles of functional commonal it y and d iversity between organ isms 
to be grasped at a new molecular level. Aspects of b iodiversity as weil as of individua l and eco-
log ica l adaption can thus be determined much more precisely. In medicine, single-cell data w il l 
generate new possibi lit ies for individualized molecular diagnosis (e.g., of various cancers) and wi ll 
be indispensable in the research and application of cell-based processes (stem cel ls, regeneration, 
organoids). Single-cell analysis w ill also p lay an important role for quality assurance in the area 
of cell-based test and production methods in pharmacology. 

Technology Assessment 

As in all new biotechnolog ica l applications, it w ill be important to critica lly analyze the benefits 
and the application spectrum, but also the gray areas and limits of the new techno logy and to 
d iscuss these w ith a broader public. Sing le-cell analysis enta ils a range of ethical questions, which 
have also been discussed in the context of other b iotechnologies and are highly relevant to soci-
ety, above all the handling of sensitive medica l data. lt is necessary to investigate the extent to 
which existing ru les for responsible handl ing and adequate data security and sovereignty need 
to be adjusted to the new possib ilities. In the area of research, critica l ana lysis of the data must 
be intensif ied in order to avoid misinterpretations and misjudgments. 

The col lation and j o int ana lysis of genetic (genome) data and single-cel l data w ill deepen the 
interpretation spectrum and open up new dimensions of certa inty at the indiv idual level. These 
possib ilit ies need tobe discussed w ith regard to their ethical and socio-political implications. The 
data sovereignty of potential test subjects and patients must be preserved uncornditionally in the 
process. Knowledge of individua lized single-cell data takes the question of indiv iduality and the 
indiv idual expression of the genetic bas is to another level. The connection between genotype 
and phenotype cou ld become detectable to an extent that enables phenotype pred iction based 
on cellular features. Predictions of future diseases or d isease progressions that are even more 
precise than before cou ld then become possible, based on a biopsy, for example. Th is would mean 
an enormous know ledge gain compared to standard genetic tests. lt is important here to ensure 
that find ings be communicated in such a way that the person affected can understand them and 
eva luate what they mean. However, the spectrum of new find ings regard ing gene function and 
its cellular expression, which w ill emerge from this, are as yet unclear. 
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8.2 RECOMMENDATIONS FOR ACTION FOR THE HANDLING OF 
SINGLE-CELL TECHNOLOGY AND SINGLE- CELL DATA 

• Single-cel l ana lysis is a future and key techno logy for biology and medicine. lts signif icance 
w ill dramatical ly increase in the coming years. This technology shou ld therefore be afforded 
a prominent posit ion on research f unding agendas. 

• Germany has made a very good start (centers) in the use of sing le-cel l technology and boasts 
proven competence in the b io informatic process ing of single-ce ll data. These strengths 
must be maintained and further expanded, for example through research in it iatives such as 
LifeTime or Single Cell Omics Germany (SCOG) and infrastructures such as DFG sequencing 
centers. 

• The clin ical use of single-cell data requ ires the implementation of standard ized processes. The 
"medica l informatics in it iative" can establ ish su itable frameworks for th is purpose. Standards 
must be developed in order to prepare complex single-cell data for clin ical application, which 
can be used for the development of new d iagnoses and therapy processes. The single-cell 
data gathered in the clin ical context must rema in in a protected area and be effectively pro-
tected from unauthorized access. 

• Fora wide use of the generated data (as weil as for t he gathering of references with wh ich 
patient samples can be compared), su itable data structures should be estab lished that rely 
on uniform documentation standards in order to ach ieve optimal levels of compatib ility. 
Su itable franneworks for data safety and data security must be created in the process (similar 
to genome data). Th is shou ld also be reflected in the national research data infrastructure 
(NFDI). 

• lt w ill be important to establ ish informed consent processes for both single-cell d iagnostics 
and research using personalized data. 

• W ith regards to personal data, single-cell biology does not pose any fundamentally new legal 
or eth ica l questions. However, the ana lysis of individual genomes in single cel ls may lead to 
new findings, offering much scope for interpretation with a potential for personal stigmatiza-
t ion or d iscrimination. Related not only to incidental find ings, the r ight not to know and the 
protection oif personal r ights need tobe discussed again and more intensively in th is context. 
Legal provisions to protect these r ights must be enacted as necessary. 

• lt is of fundamenta l importance to ensure that the current hype regard ing single-cel l analysis 
does not lead to a reduction or negation of ethical standards that have been already estab-
lished in other fields. The standards of good scientific, good clin ica l and good eth ica l practice 
must be upheld so that more data leads to more knowledge for the benefit of not j ust the 
individua l but also society. 
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