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Abstract:



Alternative methods for accurate in vitro assessment of skin and respiratory sensitizers are urgently needed. Sensitization is a complex biological process that cannot be evaluated accurately using single events or biomarkers, since the information content is too restricted in these measurements. On the contrary, if the tremendous information content harbored in DNA/mRNA could be mined, most complex biological processes could be elucidated. Genomic technologies available today, including transcriptional profiling and next generation sequencing, have the power to decipher sensitization, when used in the right context. Thus, a genomic test platform has been developed, denoted the Genomic Allergen Rapid Detection (GARD) assay. Due to the high informational content of the GARD test, accurate predictions of both the skin and respiratory sensitizing capacity of chemicals, have been demonstrated. Based on a matured dendritic cell line, acting as a human-like reporter system, information about potency has also been acquired. Consequently, multiparametric diagnostic technologies are disruptive test principles that can change the way in which the next generation of alternative methods are designed.
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1. Introduction


For more than a decade, regulatory organizations have promoted the development of alternative in vitro methods for assessing chemicals and their effect on humans. The need to fulfill these requirements has urged the larger cosmetic and chemical companies to start refining existing conventional test systems, as well as developing additional approaches. The replacement of animal tests has, however, turned out to be a challenge, and despite significant efforts, only a few ECVAM (European Centre for the Validation of Alternative Methods) endorsed in vitro tests exist. Additionally, no stand-alone assay replacing, e.g., the LLNA (Local Lymph Node Assay), has been achieved. In relation to these single mechanistic tests, the OECD (Organisation for Economic Co-operation and Development) has described the skin sensitization as an adverse outcome pathway and the key events that a reliable test must comprise. Consequently, the prediction of skin sensitization must be able to analyze a number of molecular events and there is now a proposal to form an Integrated Test Strategy (ITS) to bring together available tests, in order to cover these molecular events. This proposal is strongly influenced by the availability of test methods, rather than regarding sensitization as a biological event that should be scientifically analyzed in the most predictive manner [1].



The resulting question is whether this strategy is good enough for fulfilling the needs of an alternative approach?




2. Genomics and Sensitization


The human genome consists of 20,441 coding genes [2] and is the blueprint of our existence. DNA contains information that regulates all cellular events and ultimately determines human phenotypes. Recent technological advancements have allowed us to interpret this massive amount of information harbored in the genome, and has opened up several intriguing applications, such as face recognition and novel vaccine developments [3]. Furthermore, genomics and gene analysis have established themselves as reliable and predictive sources of information, also within polygenic diseases. Inherent risk prediction used to acquire, for example, predictions of cancer and tumor relapse, have all been proven to be possible, due to multiparametric analysis [4,5,6], generating the necessary information which is unavailable from single biomarker analysis.



This points to the tremendous information content harbored in DNA, which has the potential to be harnessed in tests predicting allergenicity, like skin and respiratory sensitization. If this can be achieved, this information could be sufficient to predict, not only sensitization risks, but also: (i) the strength of a sensitizer, i.e., potency; (ii) pathways involved in sensitization; (iii) to give mechanistic insights. Consequently, genomics delivers information that cannot be achieved when monitoring only one or two markers, such as DC activation markers (CD86, CD54) [7,8], genes engaged in cytoprotective responses to oxidative stress or electrophilic compounds (Nrf2—nuclear factor (erythroid derived 2) like 2; Keap1—Kelch-like ECH-associated protein 1) [9,10], and proinflammatory cytokines (e.g., interleukin-18 (IL-18)) [11]. Furthermore, quantitative analysis of covalent binding of electrophilic chemicals to nucleophilic centers in skin proteins, has been utilized to investigate potential skin sensitization [12]. However, all of these approaches provide a rather limited amount of relevant mechanistic data, and consequently present limited information for predicting skin sensitization.



Genomics, on the other hand, takes advantage of the vast amount of information that can be retrieved from analyzing the transcriptome of cells/tissues/organs, that have been challenged by a particular chemical. By analyzing the transcriptome using genome technologies, such as whole genome microarray technology [13,14], or RNA-seq [15], a holistic view of the biological event lying behind complex processes can be observed, rather than a biological snap shot. Decoding genomic information in silico into knowledge by bioinformatics, focusing on yes/no decision values, i.e., hazard determination [13], strength of sensitization, i.e., potency [16], and complex mechanistic analysis, i.e., pathways [17], opens up an entire novel avenue of possibilities to, not only decipher single molecular events, but to deliver information on the underlying events of the proposed adverse outcome pathways.




3. Design of Next Generation Sensitization Tests


Since the testing of ingredients using animals, e.g., the murine local lymph node assay (LLNA), was banned from the cosmetic industry in 2013, alternative in vitro test systems are very high on the wish list. In the development of these new test systems, the ultimate goal is a highly predictive system for mechanism(s) underlying the human biological event one wishes to classify. The only true predictive model organism for humans, is the human being itself. The closest we can get to a human, is a cell system based on human cells, providing relevant mechanistic data by mimicking relevant biological events. The biological event we wish to classify is skin sensitization, which is an immunological reaction. Consequently, a cell system involved in the immune response to foreign matter should be the obvious choice, since this would generate a read-out as close as possible to a human sensitization reaction. A very central cell in the immune system, orchestrating a variety of different immune processes, such as T cell responses, is the dendritic cell (DC). Consequently, a logical choice is to select a dendritic cell line, in particular one that resembles the in vivo counterparts as closely as possible. In a comparative study of myeloid leukemia-derived cell lines, their ability to serve as in vitro models for dendritic cells was investigated [18]. Their capacity to mature into functional dendritic cells, expressing costimulatory molecules, was assessed by functional and transcriptional profiling, and compared with that of monocyte-derived dendritic cells [18,19]. In particular, the original MUTZ-3 cell line displayed the phenotypic and transcriptional profiles of immature dendritic cells, and matured phenotypically, exhibiting a gene induction similar to that of monocyte-derived dendritic cells. The cellular and transcriptional activity of these mature cells, in response to stimuli, demonstrated the value of such a DC-like cell line as a model of the human immune system. Furthermore, the utilization of a dendritic cell line allows the test to be standardized and the quality to be controlled, in a way that can never be achieved when using, e.g., freshly isolated peripheral blood mononuclear cell (PBMC)-derived DCs.



In addition to DCs, another important cellular component in the sensitization process is the epithelial cells, which also undergo phenotypic alterations upon chemical stimulation, and consequently could also form the basis for a test, particularly in combination with global genomic or proteomic technologies.



In an attempt to materialize the next generation of multi-mechanistic test principles into a predictable method, the Genomic Allergen Rapid Detection (GARD) [13,14] assay was developed and designed, in order to predict the skin sensitizing capacity of chemicals. In short, a matured dendritic cell line is utilized as a human-like reporter cell line [18], and subsequently exposed to test substances. The assay then monitors changes in the expression of around 200 genes. After the analysis of expression levels, compounds can then be predicted as either sensitizers or non-sensitizers, by a Support Vector Machine model. Due to the high information content, the assay delivers important and novel insights into pathway utilization, as well as the chemical potency. Based on blinded test evaluations, GARD has repeatedly been shown to have an accuracy of around 90%, based on over 100 tested chemicals [13,14,18].



Of note, when designing multiparametric genomic test systems based on large biomarker signatures, there are inherent risks in data analysis relating to overfitting and model instability, potentially resulting in an overestimation of test accuracy [20]. To mitigate these risks, independent test cohorts must be used for validation, and the prediction model should be based on appropriate multivariate prediction models, such as support vector machine (SVM), Random Forest, or a multivariate regression [13,14].




4. Genomics and Test Strategies


Consequently, by using DNA/mRNA for the prediction of human phenotypes, through the application of methods based on genomics, a tool for investigating in vitro skin sensitization can be provided. Technology has advanced and next generation methods have been developed, currently making it possible to achieve comprehensive predictive assessments of sensitization reactions which cover the events we need to understand, rather than combining traditional single mechanistic methods, in so called Integrated Testing Strategies (ITS). Furthermore, ITS suffers from the inherent uncertainty that the different tests might point in different directions, and there is presently no rational way to deal with this conundrum. However, attempts within the regulatory bodies are being made to formulate guidelines for the handling of this, using concepts such as “2 out of 3” [21]. A Bayesian network based on three validated, single biomarker test systems, chemical parameters, and a quantitative structure–activity relationship (QSAR) model, have also been proposed [22]. However, this further complicates the situation. The controversy surrounding this topic is still severe and the situation remains unclear for the end-user. However, through the use of genomics and the new technology surrounding it, we have the possibility to regard the key events in the adverse outcome pathway leading to sensitization. For example, a genomic analysis of a human-like reporter cell, can provide information on OECD key events 2–4 [23], rather than being limited to a single key event based on the cellular origin of the cell line. The reason for this ability is that genes activated in keratinocytes (Keap1/Nrf2, aldo-ketoreductase family 1, member C2—AKR1C2, IL-18), dendritic cells (cluster of differentiation 86—CD86, CD54), CD34+ progenitor cells (C-C motif chemokine receptor 2—CCR2, cAMP-responsive element modulator—CREM), and T cells (IL-2, IL-4), can all be surveyed using a human reporter cell and transcriptional analysis. Consequently, the availability of today’s high-throughput testing approaches [24], originally developed by the pharmaceutical industry [6], have the potential to pave the way for the next generation’s stand alone tests for assessing the risk for skin sensitization. A prediction of which allergens will induce respiratory sensitization, remains a significant challenge, because our understanding of the underlying biological properties is incomplete [25,26]. Of note, a genomic biomarker signature for the classification of respiratory sensitizers was, however, recently identified [27]. Furthermore, the multiple mechanistic insights provided by genomics significantly increase the possibility to assess not only the hazard of a chemical, but also its potency, which is the ultimate goal of in vitro testing [16].



Consequently, the answer to the question posed in the title is, “test systems based on few biomarkers with no mechanistic insights are not good enough”, since sensitization should be studied and analyzed as a complex biological event, utilizing test system designs based on such information.




5. Conclusions


In summary, today´s single mechanistic assays have not been proven sufficient as stand-alone sensitization tests, in order to replace those which previously used animals. Consequently, it is imperative that regulatory authorities evaluate and utilise the experience gained during more recent progress in other areas of complex diseases [6], regarding the inadequate value of single mechanistic tests. There is an unprecedented and proven opportunity in multi-mechanistic test strategies, where one genomic tests system has been described above, as an example. This approach represents a shift in the paradigm and, in the near future, will also allow us to predict the potency of both skin and respiratory chemicals in vitro, with higher accuracy.
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	Adverse Outcome Pathways



	DC
	Dendritic Cell



	PBMC
	Peripheral Blood Mononuclear Cells



	GARD
	Genomic Allergen Rapid Detection



	ITS
	Integrated Testing Strategy







References


	1. 
Natsch, A.; Emter, R. Reporter cell lines for skin sensitization testing. Arch. Toxicol. 2015, 89, 1645–1648. [Google Scholar] [CrossRef] [PubMed]

	2. 
Ensembl Geome Browser. Available online: http://www.ensembl.org/index.html (accessed on 1 October 2016).

	3. 
Walsh, S.; Chaitanya, L.; Clarisse, L.; Wirken, L.; Draus-Barini, J.; Kovatsi, L.; Maeda, H.; Ishikawa, T.; Sijen, T.; de Knijff, P.; et al. Developmental validation of the HIrisPlex system: DNA-based eye and hair colour prediction for forensic and anthropological usage. Forensic Sci. Int. Genet. 2014, 9, 150–161. [Google Scholar] [CrossRef] [PubMed]

	4. 
Van de Vijver, M.J.; He, Y.D.; van’t Veer, L.J.; Dai, H.; Hart, A.A.M.; Voskuil, D.W.; Schreiber, G.J.; Peterse, J.L.; Roberts, C.; Marton, M.J.; et al. A gene-expression signature as a predictor of survival in breast cancer. N. Engl. J. Med. 2002, 347, 1999–2009. [Google Scholar] [CrossRef] [PubMed]

	5. 
Gray, R.G.; Quirke, P.; Handley, K. Validation study of a quantitative multi-gene RT-PCR assay for assessment of recurrence risk in stage II colon cancer patients. J. Clin. Oncol. 2011, 29, 4611–4619. [Google Scholar] [CrossRef] [PubMed]

	6. 
Borrebaeck, C.A.K. Precision diagnostics: Moving towards biomarker signatures of clinical utility in cancer. Nat. Rev. Cancer 2017, in press. [Google Scholar]

	7. 
Ade, N.; Martinozzi-Teissier, S.; Pallardy, M.; Rousset, F. Activation of U937 cells by contact sensitisers: CD86 expression is independent of apoptosis. J. Immunotoxicol. 2006, 3, 189–197. [Google Scholar] [CrossRef] [PubMed]

	8. 
Sakaguchi, H.; Ashikaga, T.; Miyazawa, M.; Kosaka, N.; Ito, Y.; Yoneyama, K.; Sono, S.; Itagaki, H.; Toyoda, H.; Suzuki, H. The relationship between CD86/CD54 expression and THP-1 cell viability in an in vitro skin sensitization test: Human cell line activation test (h-CLAT). Cell. Biol. Toxicol. 2009, 25, 109–126. [Google Scholar] [CrossRef] [PubMed]

	9. 
Natsch, A.; Emter, R. Skin sensitizers induce antioxidant response element dependent genes: Application to the in vitro testing of sensitisation potential of chemicals. Toxicol. Sci. 2008, 102, 110–119. [Google Scholar] [CrossRef] [PubMed]

	10. 
McKim, J.M.; Keller, D.J.; Gorski, J.R. An in vitro method for detecting chemical sensitization using human reconstructed skin models and its applicability to cosmetic, pharmaceutical and medical device safety testing. Cutan. Ocul. Toxicol. 2012, 31, 292–305. [Google Scholar] [CrossRef] [PubMed]

	11. 
Corsini, E.; Mitjans, M.; Galbiati, V.; Lucchi, L.; Galli, C.L.; Marinovich, M. Use of IL-18 production in a human keratinocyte cell line to discriminate contact sensitisers from irritants and low molecular weight respiratory allergens. Toxicol. In Vitro 2009, 23, 789–796. [Google Scholar] [CrossRef] [PubMed]

	12. 
Gerberick, G.F.; Vassallo, J.D.; Foertsch, L.M.; Price, B.B.; Chaney, J.G.; Lepoittevin, J.P. Quantificaton of Chemical Peptide Reactivity for Screening Contact Allergens: A Classification Tree Model Approach. Toxicol. Sci. 2007, 97, 417–427. [Google Scholar] [CrossRef] [PubMed]

	13. 
Johansson, H.; Lindstedt, M.; Albrekt, A.S.; Borrebaeck, C.A.K. A genomic biomarker signature can predict skin sensitisers using a cell-based in vitro alternative to animal tests. BMC Genomics 2011, 12, 399–418. [Google Scholar] [CrossRef] [PubMed]

	14. 
Johansson, H.; Albrekt, A.S.; Borrebaeck, C.A.K.; Lindstedt, M. The GARD assay for assessment of chemical skin sensitizers. Toxicol. In Vitro 2013, 37, 1163–1169. [Google Scholar] [CrossRef] [PubMed]

	15. 
Conesa, A.; Madrigal, P.; Tarazona, S.; Gomez-Cabrero, D.; Cervera, A.; McPherson, A.; Wojciech Szcześniak, M.; Gaffney, D.J.; Elo, L.L.; Zhang, X.; et al. A survey of best practices for RNA-seq data analysis. Genome Biol. 2016, 17, 13. [Google Scholar] [CrossRef] [PubMed]

	16. 
Zeller, K.S.; Forreryd, A.; Lindberg, T.; Albrekt, A.S.; Chawade, A.; Lindstedt, M. The GARD assay expanded: Potency assessment of skin sensitizing chemicals. Toxicol. Lett. 2016, 259, 171. [Google Scholar] [CrossRef]

	17. 
Albrekt, A.S.; Johansson, H.; Börje, A.; Borrebaeck, C.A.K.; Lindstedt, M. Differentially regulated pathways in MUTZ-3 cells stimulated with skin sensitizers. BMC Pharmacol. Toxicol. 2014, 15, 5–16. [Google Scholar] [CrossRef] [PubMed]

	18. 
Larsson, K.; Lindstedt, M.; Borrebaeck, C.A.K. Functional and transcriptional profiling of MUTZ-3: A myeloid cell line acting as a model for dendritic cells. Immunology 2006, 117, 155–166. [Google Scholar] [CrossRef] [PubMed]

	19. 
Lambrechts, N.; Nelissen, I.; van Tendeloo, V.; Witters, H.; van den Heuvel, R.; Hooyberghs, J.; Schoeters, G. Functionality and specificity of gene markers for skin sensitization in dendritic cells. Toxicol. Lett. 2011, 203, 206–210. [Google Scholar] [CrossRef] [PubMed]

	20. 
Cottrez, F.; Boitel, E.; Auriault, C.; Aeby, P.; Groux, H. Genes specifically modulated in sensitized skins allow the detection of sensitizers in a reconstructed human skin model: Development of the SENS-IS assay. Toxicol. In Vitro 2015, 29, 787–802. [Google Scholar] [CrossRef] [PubMed]

	21. 
Bauch, C.; Kolle, S.N.; Ramirez, T.; Eltze, T.; Fabian, E.; Mehling, A.; Teubner, W.; van Ravenzwaay, B.; Landsiedel, R. Putting the parts together: Combining in vitro methods to test for skin sensitizing potential. Regul. Toxical. Pharmacol. 2012, 63, 489–504. [Google Scholar] [CrossRef] [PubMed]

	22. 
Jaworska, J.; Dancik, Y.; Kern, P.; Gerberick, F.; Natsch, A.J. Bayesian integrated testing strategy to assess skin sensitization potency: From theory to practice. Appl. Toxicol. 2013, 33, 1353–1364. [Google Scholar] [CrossRef] [PubMed]

	23. 
Reisinger, K.; Hoffmann, S.; Alépée, N.; Ashikaga, T.; Barroso, J.; Elcombe, C.; Gellatly, N.; Galbiati, V.; Gibbs, S.; Groux, H.; et al. Systematic evaluation of non-animal test methods for skin sensitisation safety assessment. Toxicol. In Vitro 2015, 29, 259–270. [Google Scholar] [CrossRef] [PubMed]

	24. 
Forreryd, A.; Johansson, H.; Albrekt, A.S.; Lindstedt, M. Evaluation of high throughput gene expression platforms using a genomic biomarker signature for prediction of skin sensitization. BMC Genom. 2014, 15, 379–396. [Google Scholar] [CrossRef] [PubMed]

	25. 
Kimber, I.; Dearman, R.J. What makes a chemical a respiratory sensitizer? Curr. Opin. Allergy Clin. Immunol. 2005, 5, 119–124. [Google Scholar] [CrossRef] [PubMed]

	26. 
Cochrane, S.A.; Arts, J.H.E.; Ehnes, C.; Hindle, J.; Hollnagel, H.M.; Poole, A.; Suto, H.; Kimber, I. Thresholds in chemical respiratory sensitisation. Toxicology 2015, 333, 179–194. [Google Scholar] [CrossRef] [PubMed]

	27. 
Forreryd, A.; Johansson, H.; Albrekt, A.S.; Borrebaeck, C.A.K.; Lindstedt, M. Prediction of chemical respiratory sensitizers using GARD, a novel in vitro assay based on a genomic biomarker signature. PLoS ONE 2015, 10, 0118808. [Google Scholar] [CrossRef] [PubMed]





© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  ijms-18-00241


  
    		
      ijms-18-00241
    


  




  





