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Abstract

Allergic contact dermatitis (ACD) is an inflammatory disease that impacts 15-20% of the general
population and accurate screening methods for chemical risk assessment are needed. However,
most approaches poorly predict pre- and pro-hapten sensitizers, which require abiotic or metabolic
conversion prior to inducing sensitization. We developed a tri-culture system comprised of
MUTZ-3-derived Langerhans cells, HaCaT keratinocytes, and primary dermal fibroblasts to mimic
the cellular and metabolic environments of skin sensitization. A panel of non-sensitizers and
sensitizers was tested and the secretome was evaluated. A support vector machine (SVM) was
used to identify the most predictive sensitization signature and classification trees identified
statistical thresholds to predict sensitizer potency. The SVM computed 91% tri-culture prediction
accuracy using the top 3 ranking biomarkers (IL-8, MIP-1p, and GM-CSF) and improved the
detection of pre- and pro-haptens. This /n vitro assay combined with /n silico data analysis
presents a promising approach and offers the possibility of multi-metric analysis for enhanced
ACD sensitizer screening.
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INNOVATION OF THE TECHNOLOGY

Predictive, in vitro sensitizer screening assays are critically important for biopharmaceutical
industries, which constantly develop novel chemical formulations. However, current /n vitro
assays have particularly low accuracy in predicting pre- and pro-hapten sensitizers, which

require chemical transformation or metabolic activation prior to inducing sensitization. Our
innovative tri-culture system, designed to mimic the cellular and metabolic environments of
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skin sensitization, combined with /n silico data analysis, offers the possibility of a high-
accuracy, cost-effective, high-throughput, multi-metric analysis for enhanced skin sensitizer
screening and potency assessment.

INTRODUCTION*

Allergic Contact Dermatitis (ACD) is one of the most prevalent dermatoses, impacting
approximately 15-20% of the general population! and characterized by erythematous
reactions generally located where the allergen was applied2. There are three classes of
contact allergens, grouped according to the mechanistic pathways through which they form
macro-molecular immunogens that initiate an allergic response. Haptens bind readily to skin
proteins to form a sensitizing entity3. Pre- and pro-haptens require abiotic or metabolic
activation prior to inducing an allergic response®®.

ACD poses a significant safety and occupational hazard, and therefore potentially sensitizing
agents must be screened and classified. Until recently, animal testing was the gold standard
used to screen and identify skin sensitizers, but high-associated costs, reduced accuracy
relative to human clinical data, and the global push to ban animal testing of cosmetic
products and ingredients have motivated research of alternative methods to screen drugs,
cosmetics, and other chemical moieties8. For the accurate identification of pro-hapten
sensitizers, a metabolic component must be incorporated into the screening tool.

Several strategies to introduce a metabolic component to transform pre- and pro-hapten
sensitizers using cytochrome p450 enzyme cocktails, liver microsomes, and keratinocyte cell
lines were previously investigated’2. Keratinocytes (KCs) in the epidermis are primarily
responsible for carrying out xenobiotic metabolism in the skin using phase | enzymes such
as CYP1A1, important in generating reactive intermediates from pro-haptens'9-15, KCs also
produce several inflammatory mediators during ACD, such as members of the IL-1 family,
TNF-a, IL-6, IL-18, and GM-CSF, which orchestrate various events during the sensitization
phasel6-18, Fibroblasts in the dermis also play an important sensitization role by secreting
chemokines such as CXCL12 and cytokines such as TNF-a1920, Fibroblast secreted factors
may also regulate the expression of cytochrome p450 enzymes in keratinocytes?. Thus, an
approach that includes both skin cell types in co-culture with Langerhans cells (LCs), the
local immune response initiator cells, may confer additional benefits compared with
keratinocytes alone.

Previously, we established a full-thickness skin model co-cultured with LCs to be used in
concert with computational support vector machine analysis to identify a panel of predictive
biomarkers for the classification of skin sensitizers?2, Given the high cost and low through-
putness of full-thickness skin models, the current studies were designed to determine the

* Abbreviations: 2AP — 2-aminophenol; 2PR — Isopropanol; ACD — Allergic Contact Dermatitis; CA — Cinnamic Alcohol; CD -
Cluster of Differentiation; CLD — Cinnamaldehyde; c-tree — classification tree; DC — Dendritic Cell; DMSO - Dimethylsulfoxide;
DNCB - Dinitrochlorobenzene; EU — Eugenol; FB — Fibroblast; GER — Geraniol; HQ — Hydroquinone; IE — Isoeugenol; IL —
Interleukin; KC — Keratinocyte; LA — Lactic Acid; LC — Langerhans Cell; LLNA - Local Lymph Node Assay; MMP — 2-methoxy-4-
methylpenol; MUTZ-LC — MUTZ-3 differentiated Langerhans cell; NS — Non-sensitizer; pBQ — p-benzoquinone; PPD — p-
phenylenediamine; RC — Resorcinol; S — Sensitizer; SA — Salicylic Acid; SDS — Sodium Dodecyl Sulfate; S/E — Strong/Extreme; SI —
Stimulation Index; SVM — Support Vector Machine; VL — Vanillin; W/M — Weak/Moderate; XYL — Xylene.

Technology (Singap World Sci). Author manuscript; available in PMC 2018 December 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 3

efficacy of a simpler tri-culture approach, which preserves the benefits of keratinocyte and
fibroblasts, especially for pre- and pro-sensitizer classification. In addition, classification
tree learning23 was used to identify statistical thresholds to distinguish sensitizers and non-
sensitizers and classify sensitizer potency. Our results demonstrated the efficacy of our tri-
culture model in identifying all sensitizer types, and the value of utilizing classification
models to evaluate large /n vitro data sets generated from the secretome.

MATERIALS AND METHODS

Cell culture

The HaCaT keratinocyte (KC) cell line and human primary dermal fibroblasts (FB) were
maintained in DMEM (Gibco) with 10% fetal bovine serum (FBS) and 100 U/mL penicillin,
100 pg/mL streptomycin supplementation (i.e. 1% penicillin-streptomycin) at 37°C and 5%
CO»,. Media was changed every 2-3 days until confluence. HaCaT cell line was gifted from
NJ Center for Dermal Research and primary fibroblasts were gifted from Dr. Francois
Berthiaume.

The 5637 human bladder carcinoma line was purchased from ATCC (Manassas, VA) and
cultured as previously described?2. Conditioned medium from 5637 culture was
supplemented into the MUTZ-3 culture medium as per the guidelines from DSMZ.

The MUTZ-3 cell line was a donation from Massachusetts General Hospital (Boston, MA)
and is available for purchase from DSMZ (Brauncshweig, Germany) and cultured and
differentiated as previously described?2. Differentiated MUTZ-LCs utilized in experiments
were maintained in Maturation Medium (complete media without conditioned media
supplement).

Chemicals and reagents

Test chemicals included both non-sensitizers and known skin sensitizers of every class and
potency as classified by the LLNA (Table 1). All chemicals were purchased through Sigma-
Aldrich and prepared in dimethyl-sulfoxide (DMSO) at a final concentration of ~0.1%. To
determine dose response, three concentrations of each chemical were tested with the
exception of SDS, DNCB, and VL, due to cytotoxicity. Concentration ranges were based on
values commonly reported in the literature and for inclusion were required to be at least 50%
viable by Alamar Blue analysis (methods described below).

Tri-culture of HaCaT keratinocytes, dermal fibroblasts, and MUTZ-3 Langerhans cells

HaCaT KCs and human dermal FBs were plated at 1.25 x 10* cells (each) per well in 96-
well plates in complete DMEM the night before the start of the experiment (i.e. day 6 of
MUTZ-LC differentiation). On day 7, after the KCs and FBs became adherent, the wells
were washed with maturation medium and fully differentiated 2.5 x 10* MUTZ-LCs were
added to each well in 220 L of vehicle or chemical treatment diluted in maturation media in
triplicate. The MUTZ-LCs were also plated as a mono-culture in parallel. Cells incubated
for 48 hours at 37°C and 5% CO» and then viability was assessed using Alamar Blue
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analysis and supernatants were collected and stored at —20°C for future ELISA and
multiplex analyses (Fig. 1).

Viability
Viability of both culture platforms was analyzed using the Alamar Blue™ assay, performed
according to the manufacturer’s protocol and measured with a DTX80 multimode detector
(Beckman-Coulter). The final time point used for analysis was 4 hours after addition of
Alamar Blue. Viability of each condition was computed as follows:

Average absorbance of treatment
Average absorbance of vehicle

Viability =

Cytokine secretion

Supernatant collected from both tri-culture and mono-culture systems treated with
sensitizers and non-sensitizers were analyzed for 1L-8 secretion using ELISA (Biolegend,
San Diego, CA), following the manufacturer’s instructions. The supernatants were also
analyzed for 27 human cytokines (IL-1p, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9,
IL-10, IL-12, IL-13, IL-15, IL-17, Eotaxin, Basic FGF, G-CSF, GM-CSF, IFN-vy, IP-10,
MCAF, MIP-1a, MIP-B, PDGF-BB, RANTES, TNF-a, and VEGF) using a Bioplex assay
following the manufacturer’s instructions (Bio-plex Human Cytokine 27-plex panel; Bio-
Rad Laboratories, Hercules, CA, USA). For bio-plex analysis triplicate wells from each
experiment were pooled and cytokine secretion for one concentration of each sensitizer and
non-sensitizer from our panel was measured.

Data acquisition and analysis

A total of four independent experiments were conducted where each condition was tested in
triplicate per experiment and used for subsequent data analysis. Raw secretion and viability
were averaged across triplicates. Stimulation index (SI) of cytokine production from both the
tri-culture and mono-culture systems was determined by normalizing the raw cytokine
concentration to the condition viability and corresponding vehicle with the following
equation:

Raw secretion of condition

Raw secretion of vehicle
Viability of condition

Stimulation Index =

Statistical significance of IL-8 secretion measured by ELISA was determined at p< 0.05
using ANOVA and Fisher’s least significant difference (LSD) post-hoc analysis in
Kaleidagraph. A machine learning method using a previously developed support vector
machine (SVM) in MATLAB® was used to compute and rank the margin distance for each
cytokine measured in the bio-plex assayZ2. We trained and tested the SVM with leave-one
out cross-validation; 90% of the dataset was used to train and 10% to test. To reduce bias,
training and test data were randomly chosen through 100 iterative runs of the SVM. A
classification model of the most predictive metrics was identified by k-fold cross validation
for each individual biomarker analyzed by the SVM and accuracy, sensitivity, and specificity
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was computed. Classification trees were generated with the IL-8 secretion data using “ctree”
(conditional interference trees) from the package “party” in R(3.2.2). This machine learning
method utilizes recursive partitioning by conditional interference to identify the best binary
split based on standardized linear statistics. Forty-eight hours after chemical treatment
initiation, I1L-8 Sl was calculated and four data points from every chemical concentration
were averaged. The “ctree” function from the “party” package in R was used to identify a SI
threshold to distinguish between sensitizer (S) and non-sensitizer (NS) such that where y
represents the average of four IL-8 Sl data points from a chemical (x) concentration:

|y < threshold, thenx = NS
i
y > threshold, thenx = S

The resulting decision trees function to determine the prediction accuracy of the two in vitro
systems based on the thresholds identified. This algorithm further allows for potency
classification and calculates the accuracy of potency prediction.

Evaluation of IL-8 in tri-culture with HaCaT KCs, dermal FBs, and MUTZ-LCs

Increased 1L-8 secretion has been used by several investigators as an effective sensitization
metric. Therefore, IL-8 secretion was initially used to characterize our tri-culture model’s
ability to distinguish between sensitizers and non-sensitizers. The tri-culture and the MUTZ-
LCs alone were treated with chemical non-sensitizers and sensitizers and supernatants were
analyzed by ELISA. The tri-culture system accurately identified at least one concentration
for every sensitizer to have significantly increased IL-8 secretion, while the MUTZ-LCs
failed to accurately identify a number of sensitizers, including the hapten CLD and pre-/pro-
haptens CA, PPD, HQ, and pBQ (Supplementary Fig. 1). A representative panel of
measured IL-8 secretion for a non-sensitizer and sensitizers of each potency demonstrates
the ability of the tri-culture system to distinguish between sensitizers and non-sensitizers
(Fig. 2). To understand which cell population is most involved in the pro-inflammatory
response, we treated MUTZ-LCs, KCs, and FBs alone and in every co-culture combination
with DNCB, EU, XYL, or SDS and analyzed IL-8 secretion by ELISA. We found that the
IL-8 contribution from KCs and FBs was insignificant; the presence of MUTZ-LCs is
necessary for significant I1L-8 secretion (data not shown).

Support vector machine analysis of secretome data

In order to further probe the efficacy of our tri-culture, to compare responses of the tri-
cultures with responses of MUTZ-3 cells alone, and to select and quantify additional metrics
for sensitizer prediction, the supernatants of chemically treated cultures were analyzed using
a 27-plex inflammatory Bio-Plex bead-based array. The support vector machine (SVM) was
used to calculate the margin distance of separation between two classes of chemicals: non-
sensitizer (negative) treatments and sensitizer (positive) treatments. Greater margin distances
indicate a greater degree of separation between the two classes for any given metric. We
used this information to rank each cytokine and build a classification model by selecting the
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key features necessary for accurate prediction. The SVM also calculated the sensitivity and
specificity of each classification model.

The SVM top 12 secretome biomarkers collected from the MUTZ-3 culture in ranked order
were found to be IL-8, MIP-1p, IL-9, IL-17, MIP-1a, IL-1pB, IL-15, RANTES, GM-CSF,
MCP-1, IL-7, and Eotaxin, achieving the maximal accuracy of 87.2% accuracy in
combination, specificity of 95.5% and sensitivity of 79.6%. When only IL-8 and MIP-1p
were used in combination, an accuracy of 86.2% was achieved. The algorithm was unable to
converge to compute accuracy for more than 12 metrics. In contrast, the top 12 secretome
biomarkers collected from the tri-culture system in ranked order were IL-8, MIP-18, GM-
CSF, RANTES, IL-15, MCP-1, MIP-1a, IL-17, VEGF, IL-1p, G-CSF, and 1L-13, achieving
86.7% accuracy in combination. The top three cytokines, IL-8, MIP-1f, and GM-CSF, offer
a classification model with the highest achievable accuracy of 91.1% when used in
combination with 92.7% sensitivity and 89.8% specificity (Table 2). Therefore, our SVM
analysis identified unique sensitizer signatures for the mono and tri-culture systems. When
examining all hapten classes the tri-culture system achieved better sensitizer classification
results.

Next we compared the ability of our two culture systems to identify pro-haptens, which are
often difficult to classify using most /n vitro methods. The SVM was used to build a
classification model to predict pre-/pro-hapten sensitization potential and determine the
accuracy of pre-/pro-hapten prediction for both the mono-culture and tri-culture systems.
IL-8 and MIP-1p achieved 87.2% accuracy in combination for the MUTZ-LC mono-culture
system with 93.3% sensitivity and 80.5% specificity, while IL-8, RANTES, and GM-CSF
achieved 90.2% accuracy for the tri-culture system with 92.7% sensitivity and 87.8%
specificity. Therefore, our analysis indicated that the tri-culture could identify all hapten
classes and that multi-metric analysis could improve classification accuracy.

IL-8 secretion to evaluate sensitizer potency

The basic SVM is a binary classifier that can process and rank multiple data sets (i.e.
biomarkers). Classification trees allow for multiclass classification using one data set. As it
has been suggested that IL-8 secretion could be used for potency prediction?4 and IL-8 was
shown to be the most responsive cytokine by the SVM, IL-8 levels were measured to
evaluate sensitizer potency using R classification trees. 3 weak, 4 moderate, 3 strong, and 2
extreme sensitizers (based on LLNA potency classification) were tested with the MUTZ-LC
and tri-culture systems. The I1L-8 Sl data from the weak and moderate sensitizers were
grouped together (W/M) and the data from the strong and extreme sensitizers were grouped
together (S/E) and classification trees were generated in R to identify statistical thresholds
(thresholds A and B) dividing the groups such that, when IL-8 Sl yis input for chemical x:

y < threshold A, then x = NS
if {threshold A < 'y < threshold B, then x = W / M
y > threshold B, thenx =S / E
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For every chemical concentration, 4 individual data points were averaged. 18 averaged non-
sensitizer data points, 21 averaged W/M sensitizer data points, and 14 averaged S/E
sensitizer data points were assessed using the classification algorithm based on “ctree” from
the R package “party” If statistically significant break points exist, the classification tree will
generate two nodes. The first node divides between all sensitizers and non-sensitizers. The
second node generates from the sensitizer branch to divide W/M and S/E sensitizers. The
nodes represent the Sl thresholds for chemical classification. The classification tree for IL-8
Sl in MUTZ-LCs alone identified a threshold of 1.366 Sl with a p value of < 0.001 to
distinguish sensitizer from non-sensitizer, and a threshold of 3.274 Sl to distinguish between
WI/M and S/E sensitizers (Fig. 3). Based on these thresholds, the MUTZ-LCs alone
misclassify CA at 1000 uM, CLD at 125 and 250 uM, IE at 1000 uM, MMP at 150 and 300
UM, and HQ at 100 UM as non-sensitizers, SA at 2000 pM as a W/M sensitizer, EU at 500
and 1000 uM as S/E, and HQ at 25 uM, pBQ at 10 and 25 pM, and PPD as W/M sensitizers,
resulting in an overall accuracy of 73.6% (Table 3).

The classification tree for IL-8 Sl in tri-culture identified a threshold of 1.743 Sl with a p
value < 0.001 to distinguish sensitizer from non-sensitizer, and a threshold of 3.963 Sl to
distinguish between W/M and S/E sensitizers (Fig. 4). Based on these thresholds, the tri-
culture misclassifies SA at 2000 uM and VL as sensitizers and PPD at 62.5 and 125 uM and
pBQ as W/M sensitizers, resulting in an overall accuracy of 83%. Based on the computed
threshold, the tri-culture system did not predict any false negatives (Table 3). Collectively,
our results demonstrate that the tri-culture system achieves greater accuracy in
distinguishing pre- and pro-hapten sensitizers from non-sensitizers and offers a new method
for potency prediction that focuses on inflammatory response to sensitizers.

DISCUSSION

Predictive, in vitro sensitizer screening assays are critically important for biopharmaceutical
industries, which constantly develop novel chemical formulations. However, current in vitro
assays have particularly low accuracy in predicting pre- and pro-hapten sensitizers, which
require chemical transformation or metabolic activation prior to inducing sensitization. We
previously developed a full-thickness skin model that showed promise in predicting
sensitization by pre- and pro-haptens, but this model was expensive and low-throughput?2.
The current studies were designed to develop a system containing the relevant metabolizing
and responsive skin components, in conjunction with computational tools, to identify and
ultimately predict sensitization potential of pre and pro-haptens in a high-throughput, cost-
effective manner.

Several strategies have previously been attempted to fill this void. These include using a
skin-like cocktail of CYP enzymes (CYP1A1, CYP1B1, CYP2B6, CYP2EL, and
CYP3A5)?, which were enriched 1000-fold and may not be fully representative of the in
vivo content and activity of these enzymes?4. Human liver microsomes have been used as
another alternative source of metabolism’. As liver microsomes are already extensively used
by the pharmaceutical industry to perform drug metabolism and pharmacokinetic studies,
these microsomes potentially offer a viable source of metabolism that is both cost effective
and amenable for high-throughput screens. However, there are tissue-specific discrepancies
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in cytochrome p450 enzymes911, Thus, a more physiologically relevant source of enzymes
that are involved during sensitization, such as keratinocytes and fibroblast cell cultures, may
be a more suitable, cost effective alternative. Full-thickness skin equivalents have shown
promise as a model of skin for /n vitro sensitization studies but are expensive and low-
throughput to detect pro-haptens. This motivated our use of a culture model incorporating
both skin cells and MUTZ-LCs to mimic the environment of a 3D full-thickness skin model
in a 2D co-culture platform that could be implemented in 96-well plates.

IL-8 secretion was chosen as a starting metric of sensitization based on literature
precedence®25-27, |L-8 is a chemotactic factor produced by a wide variety of cells28:29,
Furthermore, delayed-type hypersensitivity has been shown to depend on 1L-830, As such, it
has been extensively studied as a biomarker of skin sensitization. Enhanced 1L-8 mRNA
expression in moDCs, THP-1s, and MUTZ-LCs and secretion in moDCs and MUTZ-LCs in
response to sensitizers have been previously quantified®25-27:31.32 The precedence and
success of using IL-8 as a metric of predicting sensitization established its promise as an
initial biomarker for our tri-culture system.

Although IL-8 is a suitable screening metric, there is a consensus that a single biomarker or
assay is unlikely to be predictive of all skin sensitizers 27:33:34, Thus, a tiered strategy was
developed that evaluates several different metrics of sensitization together to make an
informed prediction. While we have identified several predictive metrics using our limited
chemical panel, we recognize that as the chemical panel is expanded to validate our /in vitro
approach and identify molecular signatures, it is feasible that a different metric panel will
emerge. This was the case for the GARD assay, that initially utilized a 10-gene signature for
skin sensitizer prediction3>. However, when this method was adapted by industry and more
chemicals were evaluated, the 10 gene signature was expanded to 200 genes. It is possible
that a similar expansion of secreted proteins or other cellular metrics will be necessary as
more chemicals are evaluated using our tri-culture approach.

Nevertheless, in these initial studies, we expanded our analysis from IL-8 alone to a multi-
plex screen of cytokines, chemokines, and growth factors and a support vector machine was
used to build a classification model with the highest achievable accuracy, sensitivity, and
specificity of prediction. The SVM was used to rank margin distances that maximized the
difference between sensitizer and non-sensitizer for every biomarker. Combinations of
biomarkers were selected and accuracy of the resulting classification model was predicted.
The tri-culture system achieved its highest accuracy of 91% with the top 3 biomarkers in
combination, specifically IL-8, MIP-1B, and GM-CSF.

That IL-8 was identified as the most predictive biomarker in both systems is not surprising;
its utility and precedence as a predictive biomarker of sensitization have already been
established. MIP-1p is a chemoattractant for a variety of inflammatory cells including T-
cells, natural killer cells, monocytes, and macrophages. It has also been shown to be
involved in T-cell trafficking into lymph nodes and has previously been studied as a
biomarker of sensitization in THP-1 cells with moderate success36. Keratinocytes are known
to produce GM-CSF during the pro-inflammatory cascade triggered by the early stages of
DC activation?. This may explain why GM-CSF is more predictive for the tri-culture system
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than the MUTZ-LC mono-culture. Overall, the classification models developed in the SVM
demonstrate that multiple metrics combined offer increased accuracy over single metrics. It
was also shown that the tri-culture system outperforms MUTZ alone in prediction of skin
sensitizers, pre- and pro-haptens in particular. It is interesting to note that the most accurate
molecular signature for pre- and pro-hapten sensitizer prediction differs from that of overall
prediction. This may correlate with an increased role for keratinocytes in the sensitization
process by pre- and pro-haptens. While DC-like cells have been shown to secrete MIP-1p,
keratinocytes have been shown to express RANTES?®. On the other hand, the biomarker
ranking for MUTZ-LC prediction of pre- and pro-haptens did not change and neither did the
accuracy, reflective of a more static mono-culture environment. We further demonstrated
that the biomarker panel identified for the tri-culture system achieves similar accuracy
(91%), sensitivity (92.7%), and specificity (89.8%) of prediction of skin sensitizers
compared to the full-thickness skin model (accuracy, sensitivity, and specificity all 929)22
(Supplementary Table 1). This suggests that the tri-culture system could offer a suitable and
more cost-effective alternative to full-thickness skin models without sacrificing accuracy.

Classification trees (c-trees) are a model of decision tree learning. The conditional
interference approach employed by the algorithm is used to avoid the issue of biased
predictor selection. The resulting trees identify a node(s) that specifies a statistical threshold.
The first node/threshold identified in our classification trees is used to distinguish between
all sensitizer potencies and non-sensitizers. Using these thresholds, it was easy to identify
the misclassified chemicals. The MUTZ-LCs alone identified a number of false negatives
while the tri-culture system had no false negatives. The chemicals identified as false
positives by the c-tree for the tri-culture system warrant notice; in particular, all three
concentrations of vanillin were categorized as sensitizers. Vanillin has been shown to be
weakly sensitizing in humans and guinea pigs and was identified as a “false” positive in U-
SENS™, a THP-1 study using ROS to predict sensitization, and an /n silico combined test
strategy using h-CLAT, DPRA, and DEREK37-39, |t stands to reason that vanillin could
indeed be a weakly sensitizing agent and not a non-sensitizer, in which case, there was no
error in classification.

The second node in the c-tree produced a threshold to distinguish between weak/moderate
(W/M) and strong/extreme (S/E) sensitizers. These potency groups were chosen based on
the current GHS subcategories 1A and 1B (1A is S/E, 1B is W/M)#0. The tri-culture system
correctly classified all W/M sensitizers with overall accuracy of 83%. This is in direct
contrast to animal models, which have been shown to produce false negatives for weak
sensitizers based on the classification decision threshold. The GPMT in particular had a
30%-sensitized cutoff below which a chemical was classified as a non-sensitizer when it was
in fact weakly sensitizing®l. Overall, the c-tree method demonstrates promise for potency
prediction using cytokine Sl, but requires further development and validation with a larger
panel of chemicals. An expanded chemical panel may further allow for sub-division of the
weak/moderate and strong/extreme potency categories. It is possible that combining
prediction with MIP-1p and GM-CSF will improve potency prediction.

In conclusion, a tri-culture system was developed that utilizes keratinocytes, fibroblasts, and
MUTZ-LCs as a potential alternative to animal testing for identification of all sensitizer
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classes. The utility of IL-8 as a starting biomarker of sensitization was demonstrated.
Furthermore, a multi-metric predictive signature for this approach was established using a
support vector machine to rank the margin distances from a panel of 27 secreted cellular
metrics. This assay offers the metabolic capabilities of skin to convert pre- and pro-hapten
sensitizers into electrophilic products and predict their sensitization potential and potency.
Future studies will focus on optimizing incubation time points and viability assessment,
expanding the chemical panel further, and identifying other predictive metrics beyond the

secretome. With optimization and validation, we can introduce a high-accuracy, cost-
effective, high-throughput, multi-metric assay for screening skin sensitizers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Secretion Analysis

Experimental schematic for tri-culture and chemical treatment of MUTZ-LCs, HaCaT KCs,
and dermal FBs and MUTZ-LCs in mono-culture from days 0-9. MUTZ-3 cells were
cultured in complete media and growth factors on DO, D2, and D5. On D6 KCs and FBs
were plated to adhere overnight. On D7 MUTZ-LCs were plated in tri-culture and mono-
culture and dosed with the chemicals listed in Table 1; 48 hours after dosing, supernatant
was collected from each culture system for secretome analysis and parallel plate was used

for Alamar Blue viability analysis.
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Figure 2.
ELISA analysis of IL-8 secretion by the tri-culture system and MUTZ-LCs alone in

response to non-sensitizer isopropanol and pre-/pro-hapten sensitizers cinnamic alcohol
(weak), 2-methoxy-4-methylphenol (moderate), and p-phenylenediamine (strong). *
indicates p < 0.05 and ** indicates p< 0.005 by ANOVA, Fisher’s LSD post-hoc analysis
for n= 4 independent replicates.
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Figure 3.
IL-8 potency classification tree generated in R for MUTZ-LCs. The first node splits at SI =

1.366 and classifies the chemical based on Sl value as non-sensitizer (SI < 1.366) or
sensitizer (SI > 1.366). The second node splits at SI = 3.274 and classifies sensitizers based
on Sl value as W/M (Sl < 3.274) or S/E (S| > 3.274). Each bar graph represents the
percentage breakdown of chemicals classified in each category by their known classification.
“n”represents chemical concentrations grouped in each leaf.
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Figure 4.
IL-8 potency classification tree generated in R for tri-culture. The first node splits at SI =

1.743 and classifies the chemical based on Sl value as non-sensitizer (S < 1.743) or
sensitizer (SI > 1.743). The second node splits at SI = 3.963 and classifies sensitizers based
on Sl value as W/M (SI < 3.963) or S/E (S| > 3.963). Each bar graph represents the
percentage breakdown of chemicals classified in each category by their known classification.
“n”represents chemical concentrations grouped in each leaf.
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Table 1

Chemical panel evaluated.
Chemical Abbreviation Class Potency  Concentrations (UM)
Sensitizers
2-4-dinitrochlorobenzene DNCB Hapten Extreme 6.25,12.5
p-benzoquinone pBQ Pre-/Pro-Hapten  Extreme 10, 25, 50
2-aminophenol 2AP Pre-/Pro-Hapten  Strong 100, 200, 400
Hydroquinone HQ Pre-/Pro-Hapten  Strong 25, 50, 100
p-phenylenediamine PPD Pre-/Pro-Hapten  Strong 62.5, 125, 250
Cinnamaldehyde CLD Hapten Moderate  62.5, 125, 250
Isoeugenol IE Pre-/Pro-Hapten ~ Moderate 250, 500, 1000
2-methoxy-4-methylphenol  MMP Pre-/Pro-Hapten ~ Moderate 150, 300, 600
Resorcinol RC Pre-/Pro-Hapten ~ Moderate 500, 1000, 2000
Cinnamic Alcohol CA Pre-/Pro-Hapten ~ Weak 250, 500, 1000
Eugenol EU Pre-/Pro-Hapten ~ Weak 250, 500, 1000
Geraniol GER Pre-/Pro-Hapten ~ Weak 250, 500, 1000
Non-sensitizers
Dimethylsulfoxide DMSO Vehicle control — 0.10%
Isopropanol 2PR Non-sensitizer — 1000, 2000, 4000
Lactic Acid LA Irritant — 250, 500, 1000
Salicylic Acid SA Irritant — 500, 1000, 2000
Sodium Dodecy! Sulfate SDS Irritant — 125, 250
Vanillin VL Irritant — 125, 250
Xylene XYL Non-sensitizer — 750, 1500, 3000
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Table 2
SVM prediction accuracy scores.
MUTZ-LCs alone Tri-culture

Metric Accuracy Metric Accuracy
Top 12 87.2% Top 12 86.7%
Top 4 (IL-8, MIP-1, IL-9, IL-17)  85% Top 4 (IL-8, MIP-1B, GM-CSF, RANTES)  90%

Top 3 (IL-8, MIP-1B, IL-9) 83% Top 3 (IL-8, MIP-1B, GM-CSF) 91.1%
Top 2 (IL-8, MIP-1p) 86.2% Top 2 (IL-8, GM-CSF) 87.8%
1L-8 84% 1L-8 86.7%

SVM accuracy for both /n vitro systems using feature selection. The highest achievable accuracy for each system is noted in bold print; for both
systems, the highest accuracy was achieved in combination rather than by the top-ranking biomarker, 1L-8, alone.
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Table 3

C-tree prediction accuracy scores.

MUTZ-LC

Sensitivity ~ Specificity

Non-sensitizers 73.9% 96.7%
Weak/moderate sensitizers 68.2% 80.6%
Strong/extreme sensitizers 87.5% 84.4%

Overall accuracy: 73.6%

Tri-culture

Sensitivity — Specificity

Non-sensitizers 100% 92.1%
Weak/moderate sensitizers 70.0% 100%
Strong/extreme sensitizers 100% 86.7%

Overall accuracy: 83.0%

C-tree accuracy, sensitivity, and specificity of prediction of sensitizer potency for both /n vitro systems.
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