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ABSTRACT

Flow and mass cytometry technologies can probe
proteins as biological markers in thousands of in-
dividual cells simultaneously, providing unprece-
dented opportunities for reconstructing networks of
protein interactions through machine learning algo-
rithms. The network reconstruction (NR) problem has
been well-studied by the machine learning commu-
nity. However, the potentials of available methods
remain largely unknown to the cytometry commu-
nity, mainly due to their intrinsic complexity and
the lack of comprehensive, powerful and easy-to-
use NR software implementations specific for cy-
tometry data. To bridge this gap, we present Single
CEll NEtwork Reconstruction sYstem (SCENERY),
a web server featuring several standard and ad-
vanced cytometry data analysis methods coupled
with NR algorithms in a user-friendly, on-line envi-
ronment. In SCENERY, users may upload their data
and set their own study design. The server offers
several data analysis options categorized into three
classes of methods: data (pre)processing, statisti-
cal analysis and NR. The server also provides in-
teractive visualization and download of results as
ready-to-publish images or multimedia reports. Its
core is modular and based on the widely-used and
robust R platform allowing power users to extend
its functionalities by submitting their own NR meth-
ods. SCENERY is available at scenery.csd.uoc.gr or
http://mensxmachina.org/en/software/.

INTRODUCTION

Every process in the cell, ranging from proliferation and
differentiation to cell survival and death, results from a se-
quence of molecular interactions. These sequences partic-
ipate in forming complex and interconnected interaction
networks, known as pathways. High-throughput profiling
technologies available to biologists today yield datasets suit-
able for studying biological pathways through statistical
and mathematical modeling techniques (1). Flow cytom-
etry, in particular, is a powerful technology that can as-
say proteins as biological markers in thousands of cells at
single-cell resolution. Coupled with computational meth-
ods, the widespread use of flow cytometry has led to the
significant improvement of our understanding of biologi-
cal mechanisms, especially of the immune system (2). More
recently, the introduction of mass cytometry significantly
increased the number of parameters that can be assayed
per cell, generating large and high-dimensional datasets (3).
This advancement provides unprecedented opportunities
for the study, identification and interpretation of molecu-
lar pathways through network reconstruction (NR) meth-
ods and any other modeling techniques that require high
numbers of cell samples.

The problem of NR has been well-studied by the machine
learning community and its use in biology is increasing, par-
ticularly for the identification of gene regulatory networks
(4) . In the cytometry field the first successful NR was real-
ized over a decade ago (5). Since then, however, the poten-
tials of these methods have been remaining largely unknown
to the cytometry community, mainly due to their intrin-
sic complexity and the lack of user-friendly, powerful soft-
ware implementations specific to cytometry data (6). The
approach used by most biologists today for reconstructing
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pathways is typically reductionist: each interaction is tested
in isolation and then mapped along with the other compo-
nents of the network. NR methods may guide biologists in
this task by suggesting a plausible, initial network of inter-
actions, significantly reducing the demand on time and re-
sources.

Here, we attempt to bridge the gap between the machine
learning and single cell cytometry communities by present-
ing a web server called SCENERY (Single CEll NEtwork
Reconstruction sYstem). SCENERY features standard cy-
tometry data analysis methods coupled with NR algorithms
in a user-friendly, on-line environment. As input, the server
requires a cytometry dataset and a specification of the study
design. Multimedia reports and ready-to-publish images
are available as output. The core of the server is modular
and based upon the widely-used and robust R platform.
We emphasize that SCENERY has an open architecture
that allows power users to extend its functionalities by sub-
mitting their own methods and become available to all its
users. In this way, it can also be helpful to NR method-
ology researchers offering them a graphical user interface
and an environment to develop and visualize their meth-
ods. Furthermore, technological advancements in flow- and
mass-cytometry lead a continuously growing need for com-
putational techniques that are able to extract new biologi-
cal knowledge from high-throughput, high-dimensional cy-
tometry data (2). Toward this direction, a variety of novel
analysis approaches for data visualization and automatic
population identification are becoming available (7). Our
vision is to exploit SCENERY’s modularity and R-based
architecture for making it an umbrella service for all these
different computational techniques in the near future.

To the best of our knowledge, the SCENERY web server
is the first of its kind. Although basic cytometry data anal-
yses are available in several other stand-alone software (8)
or web services (9), none of them provides the user with ad-
vanced NR data analysis functionalities.

SCENERY WEB SERVER
Functionality

SCENERY offers a wide range of data analysis methods in-
cluding, (i) basic pre-processing methods, to allow users to
transform, compensate and manually gate samples; (ii) uni-
variate analysis methods such as regression and factor anal-
ysis and (iil) advanced machine learning methods for associ-
ation and causal NR that identify interactions between the
measured quantities. Performing an analysis in SCENERY
is a straightforward process: at step 1, users upload their
data and supply information regarding the experimental de-
sign; step 2 allows overviewing the data and selecting the
analysis to perform. At step 3, the users define the markers
to include in the analysis, eventually set the hyperparame-
ters (all values that a user should be specifying before run-
ning a computational analysis) of the selected method and
launch the execution (Figure 1). This pipeline is not restric-
tive in that the user can re-iterate across any step and change
its settings; particularly, at step 3 users can reset the hy-
perparameters or run different methods until the intended
analysis is complete. The results are presented to the user

upon completion; alternatively, a web link to pending re-
sults is automatically created at runtime to let users access
them at their convenience. A notable functionality of the
web server is that the inferred NR results can be automat-
ically contrasted against the biological database resource
KEGG (Kyoto Encyclopedia of Genes and Genomes) (10):
upon selection of a retrieved interaction by the user, all bi-
ological pathways containing one or more paths between
the participating nodes (markers) are presented. In this way,
users can evaluate the resultant associations or causal rela-
tions on the reconstructed networks. Results can be down-
loaded in various output formats. To help users familiarize
with SCENERY, a Getting Started section is available that
includes an Interactive Tutorial, Introductory Material and
Example Files as sample data to load automatically and ex-
perience the offered functionalities. Though not mandatory,
SCENERY features a password-protected login system and
personal dashboard where registered users can permanently
store data for future analyses.

Data input

The web server’s minimum input requirement is loading the
file(s) containing the flow-/mass-cytometry data. These files
can be either comma-/tab-separated text files or flow cy-
tometry standard (FCS) files, which is a binary file format
universally adopted by all cytometry software and hardware
vendors. In this way SCENERY is able to accept existing
cytometry data as produced and stored by most available
third-party applications.

The uploaded data files may refer to different experimen-
tal conditions, distinguished by one or more experimental
factors. The set of these factors constitute the study design
that contains essential information used by SCENERY’s
NR tools. Experimental factor declaration in SCENERY
can be made online or by uploading a text file according
to the available template. Any number of qualitative (e.g.
patient 1D, cell type) or quantitative (e.g. activation/drug
dosage) factors is supported, allowing SCENERY to ac-
commodate all possible study designs.

Finally, the user can assign to each marker its corre-
sponding gene name. These gene names will be subse-
quently used for contrasting NR results against online
databases of molecular interactions.

Featured analyses

Pre-processing. Correctly preparing the cytometry data
is a fundamental, non-trivial step for meaningful analy-
ses. SCENERY offers a set of pre-processing functional-
ities specific for cytometry data. Compensation for spec-
trally overlapping fluorescence signals acquired by flow cy-
tometry can be attained by using the compensation matrix
embedded in FCS files (acquisition-defined matrix) or any
other matrix manually specified by the user. Several data
transformation options are also available for improving visu-
alization and cell population gating across the range of data.
Accordingly, users can gate their data by using a practical
and intuitive graphical interface, much alike other cytome-
try applications used routinely by many cytometry experts.
Particularly, the user can visualize cell (sub-) populations on
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Figure 1. SCENERY workflow and functionalities. (1) At step 1, users submit data files and optional information about the experimental design. Access to
the Getting Started section is always available from the top menu. (2) Step 2 allows overviewing the data and selecting an analysis to perform. SCENERY
offers advanced machine learning methods on pre-processing, univariate analysis and NR. At step 3 users calibrate and perform the intended analysis i.e.:
(3a) gate cell populations; (3b) compare between factor distributions; (3¢) NR; (3d) data visualization; (4a and b) A notable functionality of SCENERY is its
modularity. Following the web server standards power users can prepare and submit their own single-cell analysis methods. To guarantee the compatibility
with the layout and structure of SCENERY, moderation of the submitted methods is performed offline by the server administrators.

2D scatterplots and hierarchically gate cell populations of
interest by highlighting the corresponding area of the plot.
The selected events can then be saved in separate FCS files
ready to be analyzed further.

Univariate analysis. Associations between experimental
factors and the distribution of a single marker can be

assessed via unmivariate statistical tests. For example, dif-
ferences in protein phosphorylation across different sam-
ples or cell populations can be assessed by #-test (2 sam-
ples) or ANOVA (multiple samples). In a similar way, the
rate of change over time (i.e. a continuous variable) of a
cellular/cytoplasmic protein can be quantified through /in-
ear or logistic regression.
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Network reconstruction. NR methods are SCENERY’s
most distinctive feature. The rationale behind all these
methods is unravelling the multivariate and complex rela-
tionships underlying single-cell cytometry data; these rela-
tionships (a.k.a. interactions) are represented as edges in
networks where nodes stand for the measured quantities
(usually proteins). The semantics of the interactions repre-
sented by the edges depends on the class of the NR method
used. Association networks simply compute associations
(e.g. correlations) between the measured quantities and re-
tain as edges the associations exceeding a user-specified
threshold. Conditional association networks compute asso-
ciations between quantities conditioned on (a subset of) all
other quantities. The resulting edges are supposed to be
not confounded by any other measured quantity. Causal
networks attempt to discover causal relationships between
measured quantities (X, Y) in the form ‘X causes Y’, go-
ing beyond the classical associative paradigm. Some causal
NR methods, e.g. the PC (named after its inventors Peter
Spirted and Clark Glymour) algorithm (11), assume that
no latent confounders exist and produce networks known
as complete Complete Partially Directed Acyclic Graphs
(CPDAGS). In these networks direct edges indicate direct
causal effects, while indirect edges represent those that lack
sufficient information for providing an orientation. Other
methods, like the Fast Causal Inference (FCI) algorithm
(12), are able to take into account the possibility of latent
confounders and produce graphs known as Partial Ances-
tral Graphs (PAGs), where edges can indicate either direct
causal relationships, presence of confounding factors or un-
certainty in the orientation. For more details on the field of
causal discovery, interested readers are referred to (6).

Notably, users may select any factor(s) from the study
design to be included in the network, so that their influ-
ence can also be taken into account alongside between-
marker interactions. Finally, all NR methods included in
the web server have strong theoretical background, un-
derwent extensive evaluations and were published in high-
profile journals. Their use by the cytometry community
through SCENERY and the collective experience which will
be gathered on their performance can be a basis for re-
finement and adjustments on the peculiarities of cytometry
data.

Performing an analysis and output

When performing an analysis two panels are available to the
user, a calibration panel and results panel. On the former
the user may tune the hyperparameters and define the pro-
tein markers upon which the analysis should be performed.
The latter is a tabular panel where, depending on the se-
lected analysis, the respective method results are available
in three different formats namely, textual summary; scat-
ter, violin, density or interactive network visualization plot
and/or multimedia report. Below every reconstructed net-
work the basic graph characteristics are also reported using
standard metrics and algorithms from graph theory (e.g. the
graph’s density, diameter, in- and out-degree, etc.). All plots
are available for download either as publication-quality im-
ages (PNG, PDEF, JPG or postscript) or standard graph-
representation format (i.e. Graph Exchange XML Format,

GEXF) that can be readily imported in Cytoscape for fur-
ther processing (13). A multimedia report is also download-
able as an HTML file and includes the analysis details such
as the input dataset, selected markers and hyperparameter
settings, the textual summary of the method and the inter-
active network visualization.

An extendable software architecture

SCENERY is a platform-independent web application built
on R and PHP. Its interface is based on modern web de-
velopment technologies (e.g. HTMLS, CSS3 and Bootstrap
Framework). Particularly, the R-Shiny web framework is
used for wrapping each analysis method into an indepen-
dent web application and to allow R functions to communi-
cate across the stacks of the web server (see Supplementary
Table S1 for a complete list of respective R functions).

One of the most distinct features that SCENERY of-
fers, besides NR, is its open architecture by which it allows
single-cell analysis method developers to extend its func-
tionalities. A special HTML form found on the top menu is
dedicated for such power users to complete and submit their
own R implementations (Figure 1). Successful submission
requires users to comply their method’s input and output
signatures with the web server standards which ensure the
smooth integration to its structure. To this end a stepwise
tutorial with comprehensive examples, illustrations, tem-
plates and downloadable instructions is available.

USE-CASES

To showcase the offered web service we apply SCENERY
on both a flow cytometry and mass cytometry dataset re-
spectively. Our goal in both analyses is leveraging informa-
tion on pathway mechanisms that these data may encom-
pass. The input files from both analyses are provided as ex-
amples in the Gerting Started section described above.

The flow cytometry data are derived from a study on
human induced regulatory T cell (iTreg) generation. Here,
naive CD4+ T cells were either activated in the presence
of IL-2 alone (control stimulation; sample ‘s2’), IL-2 +
TGF-B (iTreg; ‘s3’) or left unstimulated (‘s1’) as described
previously (14). On these three samples, we first employed
SCENERY’s pre-processing functionality to compensate
for spillover according to the acquisition-defined matrix
embedded in the .fcs files. Subsequently, the data were logi-
cle transformed and gated on live CD4+ cells by a standard
immunology gating strategy (see Supplementary Figure Sla
and c¢). The gated data were submitted to the MMPC (Max-
imum Minimum Parents and Children) algorithm for NR
analysis. Figure 2A shows the Modal view of the recon-
structed network. The resulting edges indicate correlation
between the respective proteins in a sense that both nodes
have been selected in the parent—children set of each other.
The reconstructed network indicates several established and
recently identified associations of TGF-B leading to the up-
regulation of CD25, CTLA-4 and FOXP3 expression (Fig-
ure 2A and Supplementary Figure S1b and d)-well-known
markers all upregulated in Tregs and positively associated
to each other (14). At the same time, the inhibitory effect
that TGF-B has under these conditions on the expression
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Figure 2. Example use-cases. (A) iTreg cells and control T cells were cultured and pre-gated on live CD4+ T cells as described in Supplementary Figure
S1, using a subset of three samples (s1, unstimulated; s2, control stimulation + IL-2; s3, iTreg stimulation + IL-2 + TGF-B). The given markers were
included in the analysis and the protein network as reconstructed by the MMPC algorithm is depicted. (B) Network reconstruction results on the B cell
antigen-receptor (BCR) signaling data after using the Fast Causal Inference (FCI) causal NR algorithm. There are several options to explore NR results
in SCENERY. (3) By clicking on any reconstructed edge the user is informed with active links about all molecular pathways in the KEGG database that
include the respective nodes. Here, the maps that correspond to the edge between PLCy2 and SYK are indicated. (4) Graphs are also displayed in matricial

form for the user’s convenience.

of the effector T cell cytokine GM-CSF (15) was also repre-
sented in the network (Figure 2A and Supplementary Fig-
ure S1b and d). The general effect of T cell activation that
leads to upregulation of CD25, CTLA-4 and FOXP3 and
down-regulation of CD45RA was also apparent through
inclusion of the unstimulated sample along with the stim-
ulated ones (Supplementary Figure S1b and d).

The mass cytometry data are publicly available from
a study where 31 protein markers related to the human
hematopoietic system were measured after stimulating bone
marrow cells from two healthy donors with several activa-
tors to uncover distinct signaling mechanisms (16). These
markers included intracellular phospho-proteins, the quan-
tity of which directly relates to the activation state of the
respective signaling proteins in the pathways studied. For
this second use-case, we selected samples treated with B
cell antigen-receptor (BCR) stimulus which is known to
trigger a network of signaling cascades leading to several
distinct outcomes. No pre-processing is required since the
available public data are already pre-processed. The up-
per panel of Figure 2B illustrates the reconstructed net-
work using the FCI causal NR method. The NR results
capture a small part of the BCR signaling cascade high-
lighting well-known associations between phospho-SYK,
phospho-BLNK, phospho-PLCvy2 and phospho-p38 pro-
teins (17,18). As indicated in the lower panel of Figure
2B, SCENERY assists users in evaluating the reconstructed
edges of the graph by offering a direct link to all pathways
in the well-annotated KEGG database (10) where the re-
spective nodes/protein markers are indicated as directly or
indirectly associated.

CONCLUSION

In this work, we present SCENERY, a web server specif-
ically devised to allow researchers to apply standard
pre-processing, statistical analysis, advanced visualization
methods and NR methods on single-cell cytometry data. A
part of this work was first introduced in (18). Since then,
SCENERY has been developed into a complete flow-/mass-
cytometry data analysis online toolkit. Especially, the fact
that power users are welcome to extend its features by sub-
mitting their own single-cell analysis methods paves the way
for SCENERY to become an open platform for single-cell
data analysis.

In order to ensure a complete, efficient and robust plat-
form for single-cell analysis, this work focused on the de-
velopment of the modular architecture and the appropri-
ate functionality after deriving feedback from experts in
various relevant fields such as human—computer interac-
tion, computational biology and particularly, cytometry.
Moreover, one of our main goals is to render this type of
analysis accessible, especially, to non-expert users in data
analysis. This ensures an ease of selecting the appropri-
ate pipeline and rapidly applying state-of-the-art computa-
tional methods and standard work-flows in single-cell anal-
ysis by avoiding the common and typically demanding pro-
gramming and algorithmic overhead associated with such
types of analyses. In the near future, SCENERY will be ex-
tended by adding other single-cell analysis tasks, such as
clustering, dimensionality reduction and other common cy-
tometry types of analyses by incorporating several popu-
lar computational techniques available in R such as Cit-
rus, t-SNE and ACCENSE and also connection to other
databases for network validation such as STRING (19-22),
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that could transform it into a multipurpose single-cell data
analysis platform to the cytometry community.
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Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

The authors would like to sincerely thank Dr. Karen Sachs
and Dr. Ioannis Basdekis for the discussions at the begin-
ning of this project and Dr. David Gomez-Cabrero for his
continuous support and comments on the manuscript.

FUNDING

The research leading to these results has received funding
from the European Research Council under the European
Union’s Seventh Framework Programme (FP/2007-2013) /
ERC Grant Agreement n. 617393; CAUSALPATH - Next
Generation Causal Analysis project. Funding for open ac-
cess charge: ERC.

Confflict of interest statement. None declared.

REFERENCES

1. Papin,J.A., Hunter,T., Palsson,B.O. and Subramaniam,S. (2005)
Reconstruction of cellular signalling networks and analysis of their
properties. Nat. Rev. Mol. Cell Biol., 6,99-111.

2. Saeys,Y., Van Gassen,S. and Lambrecht,B.N. (2016) Computational
flow cytometry: helping to make sense of high-dimensional
immunology data. Nat. Rev. Immunol., 16, 449-462.

3. Bandura,D.R., Baranov,V.I., Ornatsky,O.1., Antonov,A., Kinach,R.,
Lou,X., Pavlov,S., Vorobiev,S., Dick,J.E. and Tanner,S.D. (2009)
Mass cytometry: technique for real time single cell multitarget
immunoassay based on inductively coupled plasma time-of-flight
mass spectrometry. Anal. Chem., 81, 6813-6822.

4. Woodhouse,S., Moignard,V., Gottgens,B. and Fisher,J. (2016)
Processing, visualising and reconstructing network models from
single-cell data. Immunol. Cell Biol., 94, 256-265.

S. Sachs, K., Perez,O., Pe’er,D., Lauffenburger,D.A. and Nolan,G.P.
(2005) Causal protein-signaling networks derived from
multiparameter single-cell data. Science, 308, 523-529.

6. Lagani,V., Triantafillou,S., Ball,G., Tegnér,J. and Tsamardinos,].
(2016) Probabilistic computational causal discovery for systems
biology. In: Liesbet,G and Gomez-Cabrero,D (eds). Uncertainty in
Biology. A Computational Modeling Approach. Springer International
Publishing, pp. 33-73.

7. Diggins,K.E., Brent Ferrell,P. and Irish,J.M. (2015) Methods for
discovery and characterization of cell subsets in high dimensional
mass cytometry data. Methods, 82, 55-63.

8.

20.

21.

22.

Aghaeepour,N. and Brinkman,R. (2014) Computational analysis of
high-dimensional flow cytometric data for diagnosis and discovery.
Curr. Top. Microbiol. Immunol., 377, 159-175.

. Kotecha,N., Krutzik,P.O. and Irish,J.M. (2010) Web-based analysis

and publication of flow cytometry experiments. In: Current Protocols
in Cytometry. John Wiley & Sons, Inc., Hoboken, pp.
10.17.1-10.17.24

. Kanehisa,M. and Goto,S. (2000) KEGG: kyoto encyclopaedia of

genes and genomes. Nucleic Acids Res., 28, 27-30.

. Spirtes,P., Glymour,C. and Scheines,R. (1993) Causation, Prediction,

and Search. Springer, NY.

. Spirtes,P., Glymour,C.N. and Scheines,R. (2000) Causation,

Prediction, and Search. 2nd edn, MIT Press. Cambridge

. Shannon,P. (2003) Cytoscape: a software environment for integrated

models of biomolecular interaction networks. Genome Res., 13,
2498-2504.

. Schmidt,A., Eriksson,M., Shang,M.-M., Weyd,H. and Tegnér,]J.

(2016) Comparative analysis of protocols to induce human
CD4+Foxp3+ regulatory T cells by combinations of IL-2, TGF-beta,
retinoic acid, rapamycin and butyrate. PLoS One, 11, e0148474.

. Eli4s,S., Schmidt,A., Kannan,V., Andersson,J. and Tegnér,J. (2016)

TGF-B affects the differentiation of human GM-CSF+ CD4+ T cells
in an activation- and sodium-dependent manner. Front. Immunol., 7,
603.

. Bendall,S.C., Simonds,E.F., Qiu,P., Amir,E.D., Krutzik,P.O.,

Finck,R., Bruggner,R. V, Melamed,R., Trejo,A., Ornatsky,O.1. et al.
(2011) Single-cell mass cytometry of differential immune and drug
responses across a human hematopoietic continuum. Science, 332,
687-696.

. Clark,M.R., Mandal,M., Ochiai,K. and Singh,H. (2014)

Orchestrating B cell lymphopoiesis through interplay of IL-7 receptor
and pre-B cell receptor signalling. Nat. Rev. Immunol., 14, 69-80.

. Athineou,G., Papoutsoglou,G., Triantafillou,S., Basdekis,I.,

Lagani,V. and Tsamardinos,I. (2016) SCENERY: a web-based
application for network reconstruction and visualization of cytometry
data. In: Saberi, MM, Rocha,M, Fdez-Riverola,F, Dominguez, MF
and De,Paz J (eds). 10thinternational Conference on Practical
Applications of Computational Biology& Bioinformatics. Advances in
Intelligent Systems and Computing. Springer, pp. 203-211.

. Shekhar,K., Brodin,P., Davis,M.M. and Chakraborty,A.K. (2014)

Automatic Classification of Cellular Expression by Nonlinear
Stochastic Embedding (ACCENSE). Proc. Natl. Acad. Sci. U.S. A.,
111, 202-207.

Bruggner,R.V., Bodenmiller,B., Dill,D.L., Tibshirani,R.J. and
Nolan,G.P. (2014) Automated identification of stratifying signatures
in cellular subpopulations. Proc. Natl. Acad. Sci. U.S.A., 111,
E2770-E2777.

Van Der Maaten,L.J.P. and Hinton,G.E. (2008) Visualizing
high-dimensional data using t-sne. J. Mach. Learn. Res., 9,
2579-2605.

Jensen,L.J., Kuhn,M., Stark,M., Chaffron,S., Creevey,C., Muller,J.,
Doerks,T., Julien,P., Roth,A., Simonovic,M. et al. (2009) STRING
8-a global view on proteins and their functional interactions in 630
organisms. Nucleic Acids Res., 37, D412-D416.



