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Regulatory authorities require testing to identify substances with the potential to cause allergic
contact dermatitis. Integrated testing strategies (ITS) that combine in silico and in vitro test
methods have been proposed to reduce or eliminate animal use for this testing. A published skin
sensitization ITS used a Bayesian network (BN ITS-2) to structure in silico and in vitro assay
results that map to the OECD Adverse Outcome Pathway for skin sensitization. This model was
developed using a commercial software package. To increase accessibility and algorithmic
transparency, we developed an open-source ITS (OS ITS-2) using tools in the R software
package to build and perform exact inference using a Bayesian network. R versions of widely
used algorithms for supervised discretization and latent class learning were substituted for
proprietary algorithms. The overall classification accuracies for the OS ITS-2 and the BN ITS-2
were the same, with three compounds misclassified by both methods. Two case studies of
representative substances, chlorobenzene and 2-mercaptobenzothiazole, were developed and
evaluated using the NICEATM skin sensitization database. Value of information was assessed for
the in vitro assays and in silico inputs. The OS ITS-2 increases availability and transparency of the
ITS and represents a major step in allowing the ITS to be reproduced and tested, properties that
are essential for implementation in a regulatory framework.

Introduction

+ The evaluation and promotion of alternative test methods for regulatory use in
assessing skin sensitization hazards are a priority of the Interagency Coordinating
Committee on the Validation of Alternative Methods (ICCVAM).

— The murine local lymph node assay (LLNA), the first alternative test method
evaluated by ICCVAM, has been accepted internationally since 2002 for
assessing skin sensitization hazard (OECD 2010).

— Compared with guinea pig methods, the LLNA reduces the use of animals and
eliminates the potential pain and distress associated with a positive response.

» To further reduce and potentially eliminate animal use for skin sensitization testing,
potency results from the LLNA were used as the target endpoint to develop an
integrated testing strategy (ITS) using a Bayesian network (BN) (Jaworska et al.
2011, 2013).

« TheBNITS:

— Combines relevant in silico and in vitro data to make probabilistic predictions of
skin sensitization potency category (Table 1)

— Is aligned with the adverse outcome pathway (AOP) for substances that initiate
the skin sensitization process by crossing the skin barrier and covalently binding
to skin proteins (OECD 2012)

Table 1. LLNA EC3 Correspondence to Skin
Sensitization Potency Categories

EC3 Range
No EC3 Nonsensitizer

EC3210% Weak
1% <EC3 <10% Moderate

EC3<1% Strong or extreme

Potency Category

Abbreviations: EC3 = effective concentration that produces a stimulation index of 3, the threshold for a
positive response in the LLNA; LLNA = murine local lymph node assay.

* The original and more recent versions of the BN ITS (Jaworska et al. 2011, 2013)
used commercial software.

* We have developed an open-source (OS) version of the more recent BN ITS (ITS-2)
(Table 2) using the free and open-source statistical programming language R
(R v3.0.1, GNU Public License v3) (R Development Core Team 2008).

Table 2. Libraries Utilized by OS ITS-2

Libraries Description

Supply tools for constructing, parameterizing, and performing

GIN2EsE el gRET inference on graphical independence networks

Contains implementations of several algorithms for supervised and

Discretization : : o .
unsupervised discretization of variables

poLCA Used for learning the latent classes
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Methods (cont’d)

Refinements to the published BN ITS-2 for skin sensitization (Jaworska et al. 2013)
made in the OS ITS-2 include:

— Correction of two errors in the experimental data

— A change in the method for calculating the bioavailability parameters to improve
transparency (to assure public access to all of the calculations) and consistency
of predictions

= The skin diffusion pathway for polar substances was eliminated from the
calculation as it remains under development and is not yet publicly available.
The bioavailability for the lipid diffusion pathway was calculated using a tool
available on the National Institute for Occupational Safety and Health website
(http://www.cdc.gov/niosh/topics/skin/finiteSkinPermCalc.html).

= The prediction strategy for physicochemical properties was revised to
consider the following parameters:

* LogP (i.e., calculated via EpiSuite or ACD/Labs v 12.0 predicted value)
+  Water solubility (S,)

* Vapor pressure (P,,)

» Density, pKa value(s), Log D, MW (i.e., from ACD/Labs v 12.0)

» EpiSuite calculated melting point

The refined version of OS ITS-2 is referred to as OS ITS-2 lipid and is posted on
the NTP website at http://ntp.niehs.nih.gov/golits.

The OS ITS-2 lipid model was trained to the target variable, LLNA potency category,
with 124 substances: 36 nonsensitizers, 28 weak sensitizers, 35 moderate
sensitizers, and 25 strong or extreme sensitizers.

The in vitro and in silico data variables relevant to skin sensitization used to train the
model are shown in Table 3. The structure of the OS ITS-2 lipid model is shown in
Figure 1.

The categorical LLNA potency predictions of the model were tested using
21 substances in an external text set: 6 nonsensitizers, 5 weak sensitizers, 5
moderate sensitizers, and 5 strong or extreme sensitizers.

Table 3. Variables for the Open-Source

Abbreviations: EC150 = effective concentration that produces a 1.5-fold increase in the CD86 cell surface

ITS-2 Lipid Model

Abbreviation in

Variable Description Measurement .
Figure 1

LLNA Potency classification in four categories, | 1 = nonsensitizer LLNA

based on the EC3 ranges in Table 1 9 era : CErE
3 = moderate sensitizer
4 = strong or extreme sensitizer

U937 Activation Test In vitro test that uses the human myeloid | EC150 (uM) for CD86 cell surface CD86

cell line U937 marker expression
Direct Peptide Reactivity | In chemico method that measures 1) Percent cysteine peptide remaining | 1) DPRACys
Assay peptide remaining after the test 2) Percent lysine peptide remainin 2) DPRALys
substance binds to two model ) HES g ) :
heptapeptides
KeratinoSens Assay In vitro test that detects electrophiles 1) Average concentration that 1) KEC1.5
using the Nrf2 electrophile-sensing produces 1.5-fold enhanced activity 2) KEC3
pathway in the HaCaT (immortalized (MM) e
keratinocyte) cell line 2) Average concentration yielding )
3-fold enhanced activity (uM)
3) Concentration producing 50%
cytotoxicity (uM)
Physicochemical Octanol-water partition coefficient Log K, logK,y
Property
Bioavailability Concentration of chemical reaching the | 1) Free test substance concentration | 1) Cfree
mid-epidermal layer of skin calculated | in mid-epidermis multiplied by 2) AUC120
using a transdermal transport model thickness of viable epidermis
(Kasting et al. 2008). (0.01 cm) expressed as percent of
applied dose
2) Area under the flux curve at 120 h
(percent of applied dose)
TIMES-M In silico categorical prediction of skin Three categories: nonsensitizer, TIMES
sensitization potency using TIMES weak sensitizer, and

(Tissue Metabolism Simulator) software = moderate/strong/extreme sensitizer
(V.2.25.7), an expert system that makes

predictions based on knowledge about

the parent compound and potential skin

metabolites (Dimitrov et al. 2005).

marker expression, the threshold for a positive response; EC3 = effective concentration that produces a

stimulation index of 3, the threshold for a positive response in the LLNA; LLNA = murine local lymph node
assay.

Figure 1. Structure of the OS ITS-2 Lipid
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Results

* The LLNA potency category predictions of the OS ITS-2 lipid model using R for
discretization with the Class-attribute Interdependence Maximization (CAIM)
algorithm and latent class learning using the poLCA package are shown in Tables 4
and 5 for the training sets and test sets, respectively. The bold red numbers in the
tables show the results of the commercial software in cases where there is a
difference between the OS ITS-2 lipid model and the commercial BN ITS-2 lipid
model.

— For the training set, the accuracy of potency category predictions was greater for
the OS ITS-2 lipid model: 78% (97/124) vs. 76% (94/124) for the commercial
BN ITS-2 model.

= Using the OS ITS-2 lipid model, 15 substances (12%) were overclassified
(predicted category was more severe than observed in the LLNA) and

12 substances (10%) were underclassified (predicted category was less
severe than observed in the LLNA).

= Using the commercial BN ITS-2 model, 21 substances (17%) were
overclassified and 9 substances (7%) were underclassified.

— For the test set, the accuracy of potency category predictions was identical for
the OS ITS-2 lipid model: 86% (18/21) vs. 86% (18/21) for the commercial BN
ITS-2 lipid model.

= Using the OS ITS-2 lipid model, no substances were overclassified and 3
substances (14%) were underclassified.

» For the commercial BN ITS-2 lipid model, 1 substance (18%) was
overclassified and 2 substances (10%) were underclassified.

Table 4. Confusion Matrix for LLNA Potency Category
Predictions on the Training Set of
124 Substances

) Observed Potency Category
Predicted Potency

Category' " Weak Sensitizer Moderate Strong/Extreme
AETERTER ] (28) Sensitizer (35)  Sensitizer (25)

Nonsensitizer 31 2 1 2
(36) (32) 29 1 1

Table 5. Confusion Matrix for LLNA Potency Category

Predictions on the Test Set of 21 Substances

Observed Potency Category

Predicted Potency
Category" Nonsensitizer Weak Moderate Strong
(6) Sensitizer (5) = Sensitizer (5) | Sensitizer (5)
Nonsensitizer (7) 6 1 0 0
Weak Sensitizer (5) (4) 0 4 (1) 0
Moderate Sensitizer (5) 0 0 4 1
Strong Sensitizer (4) (5) 0 0 (1) 4

Abbreviations: LLNA = murine local lymph node assay.

1The numbers in parentheses show the total number of chemicals predicted or observed in each category.
Categories are based on LLNA potency as indicated in Table 1. Numbers in bold red show the different
values yielded by the BN ITS-2 model developed using commercial software (Jaworska et al. 2013).

Case Studies

Chlorobenzene and 2-mercaptobenzothiazole are two case studies that illustrate how
the OS ITS-2 lipid model can use existing information to determine the in vitro or in silico
tests that would be most effective for determining the potency classification. Value of
information (Vol) from all possible sources determines which variable provides the most
information about the target. Vol was assessed by calculating the mutual information
between variables, which determines the uncertainty in one variable that is reduced by
knowing the results from another variable.

1. Chlorobenzene

+ Chlorobenzene is a solvent and chemical intermediate. It is typically a nonsensitizer in
the LLNA and in guinea pig skin sensitization tests (ICCVAM 2009). It is assumed to be
a nonsensitizer in humans due to a lack of evidence for skin sensitization ICCVAM
2009).

* Testing Strategy

— When the OS ITS-2 lipid model is trained to the training set of 124 substances, the
variable with the highest mutual information, 0.72, is TIMES (Figure 2a).

— Because physicochemical properties may be obtained without wet laboratory work,
assume that logK,,,, and other physicochemical properties for calculating the
bioavailability of chlorobenzene in skin are known and applied to the model. Cfree
and AUC120, measures of the bioavailability of chlorobenzene in the skin, are
included in the model. Assume that the TIMES result, an in silico prediction, is
applied to the model.

Potency Category Probabilities

Nonsensitizer Weak Moderate Strong/Extreme
0.82 0.084 0.072 0.028

= The latent variable Cysteine has the highest mutual information for the LLNA,
0.32 (Figure 2b). The KeratinoSens variables, KEC1.5 and KEC3, have the
highest mutual information for Cysteine (0.27 and 0.39, respectively).

— After obtaining the KeratinoSens data, including the IC50, the remaining variables
have small mutual information values. Thus, no further testing is needed (Figure 2c).

Potency Category Probabilities (KeratinoSens Data)

Nonsensitizer Weak Moderate Strong/Extreme
0.92 0.049 0.00097 0.031

= When information on all the variables is applied, the probability for the
nonsensitizer category increases by a small amount.

Potency Category Probabilities (All Variables)

Nonsensitizer Weak Moderate Strong/Extreme
0.97 0.018 0.00020 0.0072

Case Studies (cont’d)

2. 2-Mercaptobenzothiazole

+ 2-Mercaptobenzothiazole is used in manufacturing to accelerate the vulcanization of
rubber products. It is classified as a moderate sensitizer (ICCVAM 2011) according to
the categories in Table 1 and as a Category 1B (other than strong) sensitizer by the
Globally Harmonized System (GHS). 2-Mercaptobenzothiazole is also a GHS Category
1B sensitizer based on human tests (geometric mean dose per unit area at the 5%
response = 1930 pug/cm?) and a Category 1A (strong) guinea pig sensitizer ICCVAM
2011).

+ Testing Strategy

— Assume that the in silico information is available: log K,,,, Cfree, AUC120, and
TIMES (Figure 3a).

Potency Category Probabilities
Nonsensitizer Weak Moderate Strong/Extreme
0.07 0.13 0.43 0.37

= The variable CD86 has the highest mutual information for the LLNA, 0.28
(Figure 3a).

— When probabilities are recalculated after obtaining the U937 activation test data:
Potency Category Probabilities (U937 Activation Test Data)

Nonsensitizer Weak Moderate Strong/Extreme
0.011 0.069 0.61 0.31

= The Cysteine latent variable has the highest mutual information for the LLNA,
0.09, and the KeratinoSens variables, KEC1.5 and KEC3, have the highest
mutual information for Cysteine (0.42 and 0.34, respectively) (Figure 3b).

— After obtaining the KeratinoSens data, the probability for the moderate category

increases:
Potency Category Probabilities (KeratoSens Data)
Nonsensitizer Weak Moderate Strong/Extreme
0.000045 0.036 0.67 0.29

* Only DPRALYys has any mutual information for the LLNA, 0.05 (Figure 3c).

« After all information, including DPRA, is included, the probability for the moderate
category increases again slightly.

Potency Category Probabilities (All Variables)
Nonsensitizer Weak Moderate Strong/Extreme
0.000096 0.053 0.71 0.24

Figure 3. Testing Strategy for
2-Mercaptobenzothiazole

DPRACys DPRACys DPRACYS
y,
cDs6

p
P 3
1C50
y .
0.8,
KEC15 |0.71

|/I
TIMES
0 .

0 y y, P, )
y b { « { p. ) '
logKow logKow logKow
BA BA BA
/ { ‘
Cfree

f p 4
F Fi Cfree fi Cfree
AUC120 AUC120 AUC120

The abbreviations for the variables are listed in Table 3, except for BA = bioavailability. Blue indicates
undefined variables, purple indicates the variables with the highest mutual information, and gray indicates
variables with known values. (A) When the TIMES, logK,,, and bioavailability (Cfree and AUC120) are
known, the CD86 data have the highest mutual information for the LLNA. After the CD86 data are applied,
the highest mutual information for the LLNA is yielded by the latent variable Cysteine. (B) KeratinoSens data
have the highest mutual information for Cysteine. (C) After KeratinoSens data are added, the mutual
information for the remaining variable with value for the LLNA, DPRALYs, is small.

The OS ITS-2 lipid model for skin sensitization potency adequately reproduces the
BN ITS-2 lipid model developed using commercial software.

* The open-source model
— Increases the availability and transparency of the ITS

— Represents a major step in allowing the ITS to be reproduced and tested,
properties that are essential for implementation in a regulatory framework

« OSITS-2 lipid is available to the public for testing at http://ntp.niehs.nih.gov/gol/its.
*  Future work will
— Substitute the human cell line activation test for the U937 assay

— Evaluate open source replacements for the TIMES-M in silico predictions and
open sources for physicochemical properties needed for the bioavailability
calculations

Add additional substances to the trained model as data are collected
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Abbreviations: LLNA = murine local lymph node assay.

1The numbers in parentheses show the total number of chemicals predicted or observed in each category.
Categories are based on LLNA potency as indicated in Table 1. Numbers in bold red show the different
values yielded by the BN ITS-2 lipid developed using commercial software (Jaworska et al. 2013).

Figure 2. Testing Strategy for Chlorobenzene
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The abbreviations for the variables are listed in Table 3, except for BA = bioavailability. Blue indicates
undefined variables, purple indicates the variables with the highest mutual information, and gray indicates
variables with known values. (A) With no information on chlorobenzene, the variable with the highest mutual
information is TIMES. (B) When the TIMES, logK,,,, and bioavailability (Cfree and AUC120) are known (b),
the KeratinoSens data have the highest mutual information for the latent variable Cysteine. (C) After
KeratinoSens data are applied, the mutual information for the remaining variables is small.




