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Overview

@ eNanoMapper’s computational infrastructure ‘Mu
® ENM descriptors 7
® GO descriptors /"El_.,.,,_,;
@ Modelling and analysis tools for ENM predictive toxicology N

® RRegrs
@ Application to protein corona data

""""

® Gene set enrichment analysis
@ Biological validation: Ingenuity Pathway Analysis
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R —

BENM

eNanoMapper




Computational Infrastructure

(eNanoMapper’s computational infrastructure is aiming to extract and analyse

knowledge from diverse types of ENM-related theoretical descriptors,

experimental data and associated metadata.
\.
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A number of modelling and analysis tools are being developed and
implemented during the project, compliant to the OpenTox Application
Programming Interface (API) and particularly tailored to the needs of ENM
predictive toxicology. These include:

@ Theoretical descriptors

@ Modelling algorithms for correlating ENM properties with their biological
and environmental impact

@ Integrated analysis: experimental design, inter- ory testing,
dose/response modelling
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®  OpenTox APl Adjustments and Extensions (documented through swagger, f"f:'»r--;-,,x,
http://enanomapper.ntua.gr:8080/jaqpot/swagger/ )
®  Introduction of PMML support for descriptor definition and model reporting
(allows seamless cross-platform transfer of the models produced)
@  Data preprocessing procedures (scaling, normalization, missing value handling) *ﬁ

®

Computational Infrastructure

and calculation of domain of applicability through one algorithm call to increase
efficiency and avoid creation of intermediate data sets

Descriptor Calculation Algorithms and Methods

®

Imagel: a web tool for image descriptor calculations. Source code:
https://github.com/enanomapper/imageAnalysis , First prototype:

http://enanomapper.ntua.gr:8880/imageAnalysis/

Utilization of MOPAC OpenTox service for developing Quantum mechanical
descriptors for metal oxides

Extended Java-based Chemistry Development Kit (CDK) with nanomaterial
descriptors

Gene Ontology (GO) descriptors (clustering of proteomics data based on Gene
Ontology information, implemented in R Ia ge)
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®  OpenTox APl Adjustments and Extensions (documented through swagger, f"f:'»r--;-,,x,
http://enanomapper.ntua.gr:8080/jaqpot/swagger/ )
®  Introduction of PMML support for descriptor definition and model reporting
(allows seamless cross-platform transfer of the models produced)
@  Data preprocessing procedures (scaling, normalization, missing value handling) *ﬁ

®

Computational Infrastructure

and calculation of domain of applicability through one algorithm call to increase
efficiency and avoid creation of intermediate data sets

Descriptor Calculation Algorithms and Methods

®

Imagel: a web tool for image descriptor calculations. Source code:
https://github.com/enanomapper/imageAnalysis , First prototype:

http://enanomapper.ntua.gr:8880/imageAnalysis/

Utilization of MOPAC OpenTox service for developing Quantum mechanical
descriptors for metal oxides

Extended Java-based Chemistry Development Kit (CDK) with nanomaterial
descriptors

Gene Ontology (GO) descriptors (clustering of prot ics data based on Gene
Ontology information, implemented inR | age)
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®

eNanoMapper Framework

NanoQSAR algorithm and modelling services

&

Extensions and updates of algorithm and modelling services to be

compatible with API extensions and support of eNanoMapper Database
(Access to algorithm and modelling services through swagger, -
http://enanomapper.ntua.gr:8080/jagpot/swagger/#!/aa/login) g ™

Integration of third party services: R language (OpenCPU), Python, WEKA

Implementation of statistical and machine learning algorithms (regression,
clustering, classification) as web services

Development of R tool for the creation of optimal QSAR models (RRegrs,
https://github.com/enanomapper/RRegrs/tree/master/RRegrs)

Creation of QSAR models for predicting cell association of gold nanoparticles
using corona information

Pathway-based Analysis: Variable selection using GO descrlptors/RRegrs and
PLS/VIP methods on corona data. Enrichment Analysis using Inge
Pathway Analysis (IPA) software.
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®

eNanoMapper Framework

NanoQSAR algorithm and modelling services ﬁ'méw

@ Extensions and updates of algorithm and modelling services to be
compatible with API extensions and support of eNanoMapper Database
(Access to algorithm and modelling services through swagger, .
http://enanomapper.ntua.gr:8080/jagpot/swagger/#!/aa/login) }‘"Q‘

@ Integration of third party services: R language (OpenCPU), Python, WEKA

@ Implementation of statistical and machine learning algorithms (regression,
clustering, classification) as web services

@ Development of R tool for the creation of optimal QSAR models (RRegrs,
https://github.com/enanomapper/RRegrs/tree/master/RRegrs)

@ Creation of QSAR models for predicting cell association of gold
nanoparticles using corona information

@ Pathway-based Analysis: Variable selection using GO descrlptors/RRegrs and

PLS/VIP methods on corona data. Enrichment Analysis using Inge
Pathway Analysis (IPA) software.
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The eNanoMapper framework already provides
wrappers for WEKA, the R language, and the
Python language

To this end, eNanoMapper allows easy access to
a wealth of algorithms and methods, as well as
specially designed libraries for the analysis and
interpretation of —omics and biological data
Integration with R is made via OpenCPU system
(https://www.opencpu.org/) which defines a
HTTP API for embedded scientific computing
based on R. OpenCPU acts as a wrapper for R to
readily expose R functions as RESTful HTTP
resources. This implementation uses forks of
the R process to serve concurrent requests
immediately with little performance overhead.
By doing so it enables access to those functions
on simple HTTP calls converting R from
standalone application to a web service.

Custom Algorithm
Implementation

Thirt-party
JPDI-compliant
Web Services

I

eNanoMapper
API

Client

I

eNanoMapper
Web Services

BENM

eNanoMapper


https://www.opencpu.org/
https://www.opencpu.org/

Statistical and machine learning algorithms

exposed as web services

 Multivariate linear regression
* Lasso/ ridge regression

e Elastic Net

e Hierarchical clustering

* Bi-clustering

* |D3 decision tree

e Partial Least Squares

* PLS with VIP selection

e Radial basis function neural networks
e Support vector machines

* RRegrs

@

""""
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RRegrs: an R package for computer-

aided model selection

RRegrs: Develop a tool to explore the space of linear and non-linear QS
prediction models (Tsiliki et al. 2015).

@

@ @& @ &

30 October 2015

An easy-to-use framework for model selection offering extensye«
capabilities for model comparisons

Apply several simple and complex regression methods
Other features include: data set splitting, cross- valldatlon methods

e

accuracy and efficiency of the produced predictive models

Produce standardized summary and comparison outputs (text format,
graphs) 4

An easy-to-use tool accessible to all users irrespectively of their statistical
background

A free programming package which can be continuousl
users and adopted to their needs

https://github.com/enanomapper/RR
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1) LM: Linear Multi-regression

2) GLM: Generalized Linear Model with Stepwise Feature Selection
3) PLS: Partial Least Squares Regression

4) LASSO: Lasso regression

5) ENET: Elastic Net regression

6) SVRM: Support vector machine usingradial functions

7) NN: Neural Networks regression

8) RF: Random Forest e
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10) SVM-RFE: Support Vector Machines Recursive Feature Elimination
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Protein corona data
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NPs protein corona

-";‘"-{.v..
@ When NPs are exposed to a biological medium, different biomolecules
(proteins, lipids and glycans) will compete to interact with the NP surface
to form a layer called ‘protein corona’

@ Important factors for the protein corona composition are tﬁé-nr
physicochemical properties of NPs, such as particle size, shape, and
charge, and the characteristics of NPs biological environment

@ The protein corona modifies NP’s physicochemical properties, thus
affecting biological responses such as cellular uptake, kinetics, signaling,
accumulation, transport and toxicity

@ Understanding nanoparticle-proteins interactions is a crucial issue in the
development of targeted nanomaterial delivery:

@  Besides unravelling the composition of the NP protein coronas, disti proteins could
control NP’s uptake into specific cell types

30 October 2015
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NPs protein corona

The protein corona establishes the biological identity of the NP give

proteins absorbed onto its surface when that comes into contact w
biofluid '

@ It has been found that the interaction with cell membranes a'.;’
mechanisms of cellular uptake is controlled by the absorbed proteins |

Protein corona of nanoparticles in
human serum
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Picture taken from Ritz et al. [6]
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Protein corona fingerprinting

@  Protein corona data in [1,2] consist of
@ 84 gold and 12 silver NPs
@ 84 anionic/cationic, 21 neutral surface ligands
@ 785 distinct serum proteins were identified by LC-MS/MS

@ 129 proteins suitable for relative quantification = ‘fingerprint’ to characterize the protel
corona i

@ 76 proteins selected based on iterative PLSR with VIP>=0.6 (model training) r

@ Cell association using A549 human lung epithelial carcinoma cells was quantified to model
biological interaction :

@ Net cell association (cellular interaction) was chosen as the response variable (Y) and the relati
abundancies of LC-MS/MS data were set as the explanatory variables (X) of the model

785 distinct serum proteins

105 surface-modified Au NPs
/ 67 organic surface ligands

% (neutral, anionic, and cationic)

o B 4

Picture taken from Walkey et al. [2]

30 October 2015
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Protein corona fingerprinting

@  Scope: predict NP’s toxicity solely by proteomics data and by mean of fully %
validated QSAR models \

@  Net cell association (cellular interaction) was chosen as the response variable (Y) T
and the relative abundancies of LC-MS/MS data were set as the explanatory
variables (X) of the model

Walkey et al.[1] analysis: \ / _
Liu et al.[2] analysis:

@  Proteins are sorted by the Variable
Importance to the projection (VIP) i.e.
the importance of a particular protein
to the prediction task

@  For the PLSR-VIP selected proteins
R2,50=0.81, R?,~,=0.61

@ Models that use the top 48, 32, 16, 6
serum proteins are 99%, 95%, 83% or \

\ 74% as accurate as the full model /

@ Linear and Support vector regression
models are employed together with
sequential forward floating selection

®  Models consider protein ‘descriptors® and
physichochemical properties '

@  R%,,,=0.862 (SVR- 6 serum proteins & zeta

potential), R?,.,,=0.843 (LM- 11 serum

proteins)

30 October 2015
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transporter activity
translation regulator act...
structural molecule activ...
receptor regulator activi...
receptor activity

protein tag

protein binding transcrip...
nutrient reservoir activi...
nucleic acid binding tran...
morphogen activity
molecular transducer acti...
metallochaperone activity...
guanyl-nucleotide exchang...
enzyme regulator activity...
electron carrier activity...
D-alanyl carrier activity...
chemorepellent activity...
chemoattractant activity...
channel regulator activit...
catalytic activity

binding

antioxidant activity
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sexual reproduction

multicellular organism reproduction -

meiotic cell cycle -

nitrogen compound metabolic process

catabolic process -

biosynthetic process

ion of ic process

positive regulation of metabolic process

4

level 3 (F

hydrolase activity -

extracellular matrix structural constituent -

transmembrane transporter activity -

substrate-specific transporter activity 5

protein binding 4

pattern binding 1

antigen binding -

carbohydrate binding 5

protein
level 3 (

@

Functional profiles of
proteins for BP GO on
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protein activation cascade -

complement activation, classical pathway -

endocytosis -

plasma lipoprotein particle assembly

protein-lipid complex assembly <

humoral immune response mediated by circulating immunoglobulin—
macromolecular complex remodeling

protein-lipid complex remodeling -

plasma lipoprotein particle remodeling

complement activation -

vesicle-mediated fransport —

plasma lipoprotein particle organization -

t enrichment analy
76 proteins for BP GO ontc
clusterProfiler library)

o
-
w

T
pvalue
6e-10

4e-10

2e-10

serine-type endopeptidase inhibitor activity -

endopeptidase inhibitor activity 4

o
o4
s

enzyme inhibitor activity -
peptidase inhibitor activity -

endopeptidase regulator activity |

pvalue
8e-05
lipid binding | 6e-05
alcohol binding -+ 4e-05
2e-05
peptidase regulator activity -

phospholipid binding -
glycosaminoglycan binding -
enzyme regulator activity -

molecular function regulator -

ontology

=] |

(=]

30 October 2015

©o

BENM

eNanoMapper



Complement and coagulation cascades -

Staphylococcus aureus infection -

Pertussis 5

Systemic lupus erythematosus -

African trypanosomiasis -

Malaria -

Phagosome

pvalue
0.004
0.003
0.002
0.001

Transport of gamma-carboxylated protein precursors from the endoplasmic reticulum to the Golgi apparatus +

30 October 2015

Gene set enrichment
the 76 proteins for Rea
ontology (R clusterPro
library)

Formation of Fibrin Clot (Clotting Cascade)~
Complement cascade -

Platelet degranulation -

Response to elevated platelet cytosolic Ca2+-

Hemostasis

pvalue
1.50-12
Intrinsic Pathway of Fibrin Clot Formation—
1.0e-12
Binding and Uptake of Ligands by Scavenger Receptors - 5.0e-13

Platelet activation, signaling and aggregation-
Regulation of Complement cascade

Initial triggering of complement -

Common Pathway of Fibrin Clot Formation - -
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GO descriptors

Scope: Create new descriptors that would summarize proteomics data and yet build statistic
significant predictive models

@  Based on pathway analysis: groups of proteins corresponding to particular pathways cOuId
produce new biologically interpretable descriptors

®  Systematic approach of integrating various types of data (-omics) and be able" r@
simultaneously assess the biological meaning of the analysis outcome. For example the
are studies that incorporate genomic knowledge such as pathways or protein- protem
interaction networks to increase their power in predicting biologically relevant information

[6] [7]

""""

GO descriptors: Integrate Gene Ontology information with proteomics data (relative
abundancies) to produce new descriptors

Select GO category (Biological Process, Cellular Component, Molecular Function)
Identify the important GO ids (hypergeometric test p-values)

Apply clustering algorithm to produce protein clusters

Summarize proteomics data based on the clusters produced

Report results for protein corona data using RRegrs

Biological validation: Gene set enrichment analysis - Ingenuity Pathwa ysis

@SSRS
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Get protein ids
Find the statistically

LC-MS7I\/.IS~dat<’;1 i ' significant GO ids

NPs x proteins GO membership matrix

S — : GO ids x proteins
Ez g:g%nggugmwnmnmmm%!x m;l g — .

Find clusters of proteins
from GO matrix and
apply to summarize LC-MS/MS data

GO descriptors x NPs
Each descriptor includes
proteomics information for
clusters of GO ids
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GO descriptors: application to protein |

corona data

Results:
@ Apply RRegrs framework to GO descriptors data

@ Best GO.descr data set: the best set of GO descriptors found ’(%
summarize the 76 proteins set consists of 14 GO descriptors

@ Our best model is reported for RF methodology (embedded with
feature selection, RFE) R?..(RF)=0.73, which is only marginally
lower than the best results reported here for the protein corona
data set, i.e. R’ (SYMRADIAL)=0.74. Its is worth noticing that for
the PLS model which is the one presented in the original
publication, R?..(PLS)=0.73 (R?,,,=0.61 in [1])

@ R2.:random split, averaged R? test values

30 October 2015

BENM

eNanoMapper




Go.descr data sets performance (10 splits, 10-fold CV)

test averaged R
06 08 10
|

04

02
|
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GO descriptors: fully validated results using RRegrs |

e

"~

@ 10 random spl;t
@ 100 Y-randomizatior
7 random %&

RegrMeth Split.No | CVtype 14 Go.descr | 76 prot.cor
Averaged R2 | Averaged

(in test) R2 (in test) '

1| glmnet 10 | Loocv 0.62134 0.68539 RRegrs call with defal

2 | glmnet 10 | repeatedcy 0.616039 | 0.674395 | | nNormalization optio
3 | svmRFE 10 | repeatedcy 0.572766 |  0.664595
2 A 10 | repeatedc 0.656561
5 | svmRadial 10 | LOOCV 0.676144 ).7 ]
6 | svmRadial 10 | repeatedcy 0.689997 ).74111
7 | rbfDDA 10 | repeatedcv 0.048119 0.114047
8 | lasso.RMSE 10 | repeatedcv 0.629373 0.638921
9 | pls 10 | LOOCV 0.537477 0.723371
10 | pls 10 | repeatedcv 0.537477
11 | glmStepAIC 10 | LOOCV 0.60609 0.057425
12 | gimStepAIC 10 | repeatedcy 0.60609 0.057425
13 | Im 10 | LOOCV 0.620863 0.057425
14 | Im 10 | repeatedcv 0.620863 0.057425
5 | RFE 10 | repeatedcy D.728865 0.651195
16 | pls.WSel 10 | LOOCV 0.502733 0.678559
17 | pls.WSel 10 | repeatedcv 0.500781 0.678559
18 | nnet 10 | LOOCV 0.622386 0.610303
19 | nnet 10 | repeatedcv 0.612911 0.617143
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GO descriptors: RF stepwise model

Based on the above results, we focus on the RF methodology and report the GO descriptors
importance as well as their performance in terms of averaged R? values in the test set. %

®  perform 10-fold repeated CV bt
@®  new variables are added one at a time, starting by the first three most important

Numberof GO Descending order | Averaged R?values ) |
descriptors of descriptors’ (RFin test) RF & embedded variable importance
importance feature (permuting the Out-Of-Bag data =
1 10 per tree optimizing mean decrease in s
2 11 accuracy/ mean decrease in MSE)
3 6| 0.518204
4 12 | 0.526117
5 9| 0.627913
6 5| 0.670172
7 4 | 0.699355
3 7| 0.704904
9 8| 0.691104
10 3| 0.71467
12 1| 0.718921
13 14 | 0.719899
14 13
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GO descriptors: application to protein |

corona data

L)

We have placed GO descriptors in five groups G1-G5 based on their
performance, R%.(RF), by including protein sets with decreasing predlctl\F{g-_;009
POWETr  Group G1 G2 G3 G4 G5 ﬁg‘z“;gz
Description go.10 go.11 go.10 go.10 go.10 ¢
go.11 go.11 go.11 gggggﬁr
go.6 go.6 go.6 = &%393
go.12 go.12
go.9 go.9 P07225
ki
go.4 go.4
go.7 go.7
go.8 go.8
go.3 go.3
go.2 go.2
go.1
go.14
go.13
Size GO descr 5 1 17 O 76
Size PLSsets 6 16 32 gl 43
e | BHENM
eNanoMapper



IPA comparative analysis

ﬁ'fzi'.‘ -
@ Predictive proteins identified by GO-based models are
arranged into 5 groups (as in table before)

® For comparison the Partial Least Squares (PLS)-basef,'
modelling from Walkey et al.[1] is repeated using methods as
presented in the original publication and results are also
arranged into 5 groups using VIP score. The distribution of the
protein sets is:
@ G1:6,G2:16,G3:32,G4:48,G5:76

@ Comparative IPA is carried out between GO and PLS groups
with at least 10 proteins in the analysis result
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IPA comparative analysis: Canonical

EHENR
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IPA comparative analysis: ToxFunctions »
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IPA comparative analysis: Disease
BioFunctions

Hematological Disease

Hereditary Disorder

Hematological System
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Organismal Functions
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Organismal Development

@

Developmental Disorder
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IPA comparative analysis:

summary of results

@  GO-derived and PLS modelling results give similar biological output results when the nur#qﬁrﬁf
genes is above 10

® The proteins classify primarily to extracellular or secreted proteins (60/76). Processes
implicated include lipid metabolism, complement activation and blood coagulation, however,
also with association to hematological, hepatic, renal and cardiac toxicity, inqﬂ[@ng
hematological and cardiac related diseases. |

@  The main Canonical Pathways and ToxLists results are seen already in the first group. These
include: LXR/RXR Activation, Acute Phase Response Signaling, FXR/RXR Activation, Coagulation
System, Complement System, Atherosclerosis Signaling

@  ToxLists and Canonical Pathways produced mechanistically informative results with expected
correlations between enrichment and number of genes

@  Specific IPA ToxFunctions were implicated, including liver hyperplasia/hyperproliferation with

Group1 list

®  Overall many disease processes typical of repeated dose toxicity were implied including:
Cardiovascular Disease, Hematological Disease, Hematological Syste pment and
Function, Metabolic Disease and Infectious Disease that ar active with the Top6 protein
list
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@
@

®

®

®

Integration analysis findings

Protein corona data predicts NPs’ toxicity with high accuracy

Mechanistic modelling — pathway analysis helped us to get an insight of toxicity mechanisms

®

@
@

Statistically significant pathways found by R (GO, KEGG, REACTOME databases) and IPA software,

@

Acute Phase Response Signaling [8][9]

™~
GO analysis produced similar (and complementary) results to the original publication (results were validated with IP?!L

Those established correlations were used for producing GO descriptors

Why integrating GO information?

®

®
®

Biological information would assist biological interpretation

@
@
@

Identify set of proteins of potential relevance to toxicity

Some predefined gene sets are over-represented & thus play a role in disease etiology

.

Available biological information is used to supplement the disease gene hierarchy provided by proteomics data

Improve power & reproducibility for QSAR models

Compact data set (reasonably small number of descriptors, 129 =3 14)

Currently working towards increasing prediction accuracy

@ improving clustering performance,
@ stochastic search for number of clusters- i.e. descriptors
Development of web-services compatible with APIs at the infrastructure

W

‘I
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Thanks to Pekka Kohonen, Penny Nymark, Alexndra Roussi
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