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INTRODUCTION
The International Council of Harmonisation (ICH) Guideline S8 on Immunotoxicity Testing (ICH, 2005) started nearly 2 decades ago. In 2002 a meeting was being held in Brussels to discuss among different regulatory areas in the pharmaceutical world the need to request functional immunotoxicity for all human pharmaceuticals coming to the market, or for a selection only. At the end of the second millennium the European Union released a guideline indicating that for each new human pharmaceutical compound functional immunotoxicity should be tested, preferably by a T-cell Dependent Antibody Response testing (TDAR), or a test with a similar broad spectrum.
This approach was supported by the Japanese Pharmaceutical Manufacturers Association (JPMA), but the US Food & Drug Administration (FDA), Division on Immunological diseases, defended its position that in depth immunotoxicity testing should be requested only in case of concern. (for a review see Hastings, 2013).
The process of harmonisation started with gathering a dataset of chemicals including human pharmaceuticals, to find out whether important immunotoxic compounds would be missed if not tested specifically in this respect. Based on this dataset it became clear that in only 6 out of 45 cases (13%) the added functional testing of immunotoxicity did show sufficient evidence that these compounds were immunotoxic (Weaver et al., 2005).
So, the process finished with an agreement that a cause for concern approach instead of a general requirement of Additional Immunotoxicity Studies would be most appropriate. Six causes for concern have been identified: 1) findings from Standard Toxicity Studies, 2) the pharmacological properties of the drug, 3) the intended patient population, 4) structural similarities to known immunomodulators, 5) the disposition of the drug, and 6) clinical information, and it was decided that a single cause could be the reason to conduct more in depth studies with regard to immunotoxicity. The guideline finishes with an appendix describing what is meant by Additional Immunotoxicity Studies.
Developments Since 2005
Is any update needed regarding this approach? Various new developments can be identified.
Immunotoxicogenomics. In a comparative study on mouse spleen with well-known immunotoxicants (Tributyltinoxide, Cyclosporin A, and Benz [a]Pyrene), paracetamol (acetaminophen) was clearly identified as a potential immunosuppressive agent (Baken et al., 2008), thus confirming findings published a few years earlier, i.e. the reduction of antibody responses in mice in the TDAR design (Ueno et al., 2000; Yamaura et al., 2002). The immunotoxic effect of paracetamol could not be detected in standard toxicity studies. Paracetamol influenced the gene expression in spleen lymphocytes consistent with inhibition of cell proliferation of immune cells (Baken et al., 2008). This immunosuppressive effect of paracetamol appeared to be relevant in humans as well, but mainly as an effect during an infectious challenge, with an association between use of paracetamol and increased duration of infection (Doran et al., 1989). This was confirmed in paediatric studies with pneumococcal vaccines (Prymula et al., 2009), i.e. a dose of paracetamol administered to prevent the vaccine-induced fever, decreased the immune response to the vaccine, whereas paracetamol had no effect on the immune response when already induced and the paracetamol was given on demand. Doedée et al. (2014) has confirmed this immunosuppressive effect of paracetamol with a similar design in human adults with Hepatitis B vaccination. The power of immunotoxicogenomic screening in mice has, therefore, been confirmed by these human relevant findings. It is recommended to include this methodology in a revised ICH S8 Guidance document.
Immunotoxicity of nanoparticles. Nanosized preparations were first used in humans in the 1930s, as colloidal intravenous iron-based products to treat iron-deficiency anaemia. Other nanomedicines were the liposomal products containing anti-cancer compounds such as doxorubicin, to be used as to target the distribution of these compounds (Ehmann et al., 2013). These authors describe also the novel block copolymer micelles as nanomedicines to achieve improved delivery of poorly soluble, highly toxic and/or unstable drugs, to increase tissue targeting and/or to improve the efficiency of cytosolic delivery of macromolecular drugs. Noorlander et al. (2015) offered an inventarisation of nanomedicines receiving a marketing authorisation since the start of the European Medicines Agency, and most of the real complex properties were identified as liposomal formulations or iron-sucrose particles, with a steady increase in the number of products. Monoclonal antibodies, although large nanosized molecules are completely different in their properties, and in my view do not deserve the classification of nanoparticles.
Dobrovolskaia et al. (2016) has reviewed the impact of nanoparticles on the immune stem, as these small particles are usually recognized as non-self in the mammalian body, and are characterized by Pathogen-Associated Molecular Patterns (PAMPs) at the outside surface of the particle. These PAMPs interact with receptors on immune cells named Pattern Recognition Receptors (PRRs). The recognition of these signals by PRRs leads to the activation of intracellular pathways in innate immune cells via Toll-like receptors located at the outer membranes of dendritic cells, which are specifically sensitive to this type of patterns. Engineering of nanoparticles can lead to either stimulatory or inhibitory properties with regard to the immune system. In a review paper Giannakou et al. (2020) has presented a proposal for adaptation of S8 Guideline with the following elements:
1. Nanospecific physicochemical properties, such as size and surface properties, which can specified as coating, chemistry/functionalisation, chemical structure, charge and hydrophobicity. Of course many of these properties are related to each other.
2. Intended use, which is focusing on its route of administration, i.e. intravenous for the majority of the products, but also topical or just dermal administration. In the latter case it is important whether penetration of the skin is purposed. If penetration through the skin is expected to be low, further study might not be needed, as immunotoxicity is only to be expected after systemic exposure. In such cases skin sensitization tests might be sufficient.
3. Endotoxin determination. For this type of products all must comply to limits of the endotoxin content, which is considered to be an impurity. The European Pharmacopoeia (2020) provides a threshold for this. Giannakou et al. (2020) has described a specific analytical method determining the presence of endotoxin-specific fatty acids, which can be helpful in this respect as the Limulus amoebocyte lysate test is not compatible with nanoparticle products. Strictly spoken this aspect is generally seen as a quality issue, and does not belong to the nonclinical safety part of development.
4. In vitro immunotoxicity testing for nanoparticles. The ICH S8 Guideline does not discuss specific in vitro tests for immunotoxicity evaluation of pharmaceuticals. Important areas are complement activation, macrophage function, inflammasome activation, myelosuppression, lymphocyte function, and dendritic cell antigen presentation. We refer to the paper of Giannakou et al., 2020 for more details on these aspects. For instance, an overblown complement activation response may lead to complement activation-related pseudoallergy (CARPA). Components of complement can be assayed in human serum with an ELISA, and when the complement cascade is being induced, no further testing is needed (Szebeni, 2014). The outcome of these in vitro studies can be regarded as predictive for the human situation.
A Weight-of-Evidence approach should be applied taking into consideration the results of the in vitro studies mentioned above in combination with the outcome of standard toxicity studies, along with the physicochemical properties. Such a WoE approach might be included in a revised ICH S8 Guidance.
Immunosuppression and carcinogenicity. One of the risks identified for immunosuppressants is carcinogenicity. This association is accepted as a common risk in humans for all immunosuppressants, and this is clearly identified in the ICH S8 Guideline. However, this is not true in rodents. Several papers indicate that less than 50% of all immunosuppressants are associated with cancer in rodent studies. Bugelski et al. (2010) has given an overview of 13 identified immunosuppressive agents (on the basis of increase risk of infection) in humans, indicating that from the 21 conducted rodent life-time studies in mice and rats only 33% has led to induction of immune-system related tumours, which makes the predictive value of rodent studies very low.
Lebrec et al. (2016) reports from a HESI-FDA-workshop held on this topic, and conclude that the cancer risk should be evaluated based on mechanism-based weight-of-evidence, including data from immune function tests related to tumour immunosurveillance.
Within the framework of the S1 Carcinogenicity topic in the process of the ICH there was a Prospective Evaluation Period (PEP), in which this issue was also on the table. Compounds for which sponsors could identify an outspoken immunosuppressive character could be placed in a category with an identified human risk, for which it was agreed that the conduct of a 2-years rat study would have no added value. Several case studies showed some immunotoxity, but the situation was not very clear to conclude about the full risk of immunosuppression which would obviate the need for a full carcinogenicity study. This will be discussed in a paper describing the dataset gathered in the PEP, which is now under preparation by the governmental members of the Expert Working Group. In this respect there seems to be no need to adapt the ICH S8 Guideline.
Immunostimulation. The focus of the ICH S8 Guideline is on immunosuppression as result of immunotoxicity, and already at the time of release there has been a discussion whether or not to include immunostimulation. In fact, the general background was just practicality: there was no disharmony among regulatory authorities how to handle immunostimulatory agents such as compound inducing sensitization. So, there was no need to invest precious money into negotiations on a harmonised issue.
The recommended approach in ICH S8 is to test the immune system in a functional way with the intention to take the system as a whole. The use of Sheep Red Blood Cells (SRBC) or Keyhole Limpet Haemocyanine (KLH) had the intention to stimulate the T-cell Dependent Antibody Response (TDAR), which is seen as a model assay of an integrated response of the immune system. A differentiation is possible between agents affecting the humoral system in contrast in favour above the cellular system, at least with respect to the immunostimulatory action (Bouteau et al., 2019). It is important to consider whether this differentiation between humoral and cellular responses is also possible with respect to the immunosuppressive action.
In addition, immunostimulation can be seen in different ways, i.e. as an intended effect or an unintended (toxic) effect such as hypersensitisation. As an intended effect it belongs to the area of the adjuvants which are included in vaccines to enhance the efficiency of the immune response protecting against infectious diseases (Bouteau et al., 2019). A regulatory guideline was written by the European Medicines Agency in 2004, but withdrawn recently in favour of the WHO Guideline on Adjuvanted Vaccines (2013). Although adjuvants are already for nearly 100 years now with the primary discovery of alum in 1926, only a few have reached the market during those years. Only the last 15 years there is more maturity with adjuvant-producing companies in developing adequate adjuvants, which became more apparent in the development of adjuvanted COVID-19 vaccines, such as Nuvaxovid (EPAR Nuvaxovid, 2021). Toxicity of adjuvants is likely to be related to their pro-inflammatory effect. Recently, Villeneuve et al. (2018) has expressed adverse outcome pathways, which might be helpful in identifying the biomarkers of inflammation in this respect.
Immunostimulation as inducing hypersensitivity was not yet included in the ICH S8, as at in 2006 predictive studies were only present for skin hypersensitisation. For systemic hypersensitisation neither in vivo nor in vitro assays have been identified. Systemic hypersensitisation is an important complication as an adverse effect. However, not until recently this was only identified in the first-in-human studies, as animal models were far from predictive. We refer to the paper from Iulini et al., 2022 (to be published) in this issue, and a multi-assay approach is recommended including a modified THP-1 activation assay, which enhances the identification of drugs with a high risk of inducing systemic hypersensitivity.
Future Directions
Extension of the scope? The scope of S8 is limited to small molecules and therapeutic proteins are excluded. This also covers the large group of monoclonal antibodies which have by definition a direct connection to the immune system. Many monoclonal antibodies are on the market and others are still being developed. Why not all under the scope of ICH S8? Nonclinical immune-related safety assessments should cover all therapeutic modalities.
Is this criticism reasonable? Many monoclonal antibodies have indeed an immunological target, and a concern in this respect is easy to raise. However, we should not neglect the high specificity of therapeutic proteins and as a consequence the minimal risk to induce toxic effects (van Meer et al., 2013).
The latter aspect is also recognized in the ICH S6 Guideline, in which immunotoxicity (which is by definition different from immunogenicity) is also not identified as a specific topic. Important is the concept that the primary effects of therapeutic antibodies on the immune system will be studied in extenso, as this is needed to support its intended use. Conducting standardized functional assays such as the TDAR in nonhuman primates or even minipigs do not add value (Van Mierlo et al., 2014). Usually the pharmacodynamic data of these proteins are sufficient to decide about their safety too (Van der Laan et al., 2014).
Role of Tregulatory-cells. In the last decade, i.e. after release of the ICH S8 guideline, Treg cells have received high interest. De Wolf et al. (2020) have strongly recommended to give more attention to the Treg, the Tregulatory-cells. The authors evaluated 46 products, mainly monoclonal antibodies, using the registration dossiers submitted to the EMA. From these 46 a number of 7 products have been developed to target molecules with high relevance for Treg function and survival. In addition, two EU-registered Janus kinase (JAK) inhibitors indicated for rheumatoid arthritis were included in this investigation.
The authors conclude that Tregs have a crucial function in regulating immune responses to dampen inflammation, limit tissue damage and prevent autoreactivity. Pharmacological impact on their number and/or (local) activity, either directly or indirectly, is likely to contribute to (or impair) clinical responses or to adverse events. Therefore, monitoring effects of immunomodulatory products on Tcells -including Tregs-should be part of (pre-)clinical studies (De Wolf et al., 2020).
There are many issues before Tregs can be used as biomarkers, as indicated by these authors, and further cooperation between industry, academia and governmental laboratories is needed to obtain more concrete regulatory guidance to include Tregs in monitoring in studies for marketing authorisation.
Age-related effects on the immune system. Further issues may include age-related effects of compounds on the immune system, e.g., in relation to paediatrics and use in elderly. The ICH S11 Guideline on Juvenile Toxicity Testing is finished recently and indicates that if a functional effect of a compound is identified in adult animals, there is no need to confirm this in juvenile animals (ICH 2021). Functional testing of the immune system is recommended not earlier than on PostNatalDay 45 in rats, as the immune system of very young animals is not appropriately developed for this purpose.
CONCLUSION: REVISION OF ICH S8 NEEDED?
In this opinion paper we have reviewed a few scientific and regulatory issues related to immunotoxicology that have been brought forward in discussions whether or not to revise the ICH S8 Guideline on Immunotoxicity testing.
• The methodology of toxicogenomics is reaching the level of regulatory maturity, and immunotoxicogenomics is proven to be a good instrument to identify the human risks of certain products, which supports the inclusion of this methodology
• The field of nanoparticles is rapidly growing, and intended as well adverse effects on the immune system are being expected. Inclusion of this area in a revised guideline might have added regulatory value.
• One of the well-known risks of immunosuppression is an increase in human cancer. The evidence is growing that standard animal studies do not have added value in this respect. Deeper knowledge on the immunosuppressive properties might be sufficient to establish the carcinogenic potential.
• Immunostimulation, although not really excluded from the guideline, does not receive much attention either in the intended way, eg by using adjuvants in vaccines, or in the unintended way by inducing hypersensitisation. It is recommended to extend the area of S8 to include this area.
AUTHOR CONTRIBUTIONS
The author confirms being the sole contributor of this work and has approved it for publication.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Baken, K. A., Pennings, J. L. A., Jonker, M. J., Schaap, M. M., de Vries, A., van Steeg, H., et al. (2008). Overlapping Gene Expression Profiles of Model Compounds Provide Opportunities for Immunotoxicity Screening. Toxicol. Appl. Pharmacol. 226 (1), 46–59. doi:10.1016/j.taap.2007.08.026
 Bouteau, A., Kervevan, J., Su, Q., Zurawski, S. M., Contreras, V., Dereuddre-Bosquet, N., et al. (2019). DC Subsets Regulate Humoral Immune Responses by Supporting the Differentiation of Distinct Tfh Cells. Front. Immunol. 10, 1134. doi:10.3389/fimmu.2019.01134
 Bugelski, P. J., Volk, A., Walker, M. R., Krayer, J. H., Martin, P., and Descotes, J. (2010). Critical Review of Preclinical Approaches to Evaluate the Potential of Immunosuppressive Drugs to Influence Human Neoplasia. Int. J. Toxicol. 29 (5), 435–466. doi:10.1177/1091581810374654
 de Wolf, A. C. M. T., Herberts, C. A., and Hoefnagel, M. H. N. (2020). Dawn of Monitoring Regulatory T Cells in (Pre-)clinical Studies: Their Relevance Is Slowly Recognised. Front. Med. 7, 91. doi:10.3389/fmed.2020.00091
 Doedée, A. M., Boland, G. J., Pennings, J. L., de Klerk, A., Berbers, G. A., van der Klis, F. R., et al. (2014). Effects of Prophylactic and Therapeutic Paracetamol Treatment during Vaccination on Hepatitis B Antibody Levels in Adults: Two Open-Label, Randomized Controlled Trials. PLoS One 9 (6), e98175. doi:10.1371/journal.pone.0098175
 Doran, T. F., Angelis, C. D., Baumgardner, R. A., and Mellits, E. D. (1989). Acetaminophen: More Harm Than Good for Chickenpox?J. Pediatr. 114 (6), 1045–1048. doi:10.1016/s0022-3476(89)80461-5
 Ehmann, F., Sakai-Kato, K., Duncan, R., Pérez de la Ossa, D. H., Pita, R., Vidal, J.-M., et al. (20132013). Next-generation Nanomedicines and Nanosimilars: EU Regulators' Initiatives Relating to the Development and Evaluation of Nanomedicines. Nanomedicine 8, 849–856. doi:10.2217/nnm.13.68
 European Pharmacopoeia (2020) 10th EditionEuropean Pharmacopoeia (Ph. Eur.) 10th Edition. Strasbourg, France: EDQM - European Directorate for the Quality of Medicines
 Giannakou, C., Park, M. V. D. Z., Bosselaers, I. E. M., Jong, W. H., Laan, J. W., Loveren, H., et al. (2020). Nonclinical Regulatory Immunotoxicity Testing of Nanomedicinal Products: Proposed Strategy and Possible Pitfalls. WIREs Nanomed Nanobiotechnol 12 (5), e1633. doi:10.1002/wnan.1633
 Hastings, K. L. (2013). “ICH S8: History and Perspectives,” in Global Approach in Safety Testing ed . Editors J. W. Van der Laan, and J. J. DeGeorge (Springer New York, Heidelberg, Dordrecht, London: Advances Pharmaceut. Sci. Series 5), 267–281. doi:10.1007/978-1-4614-5950-7_12
 ICH (2021). ICH Topic S11 Nonclinical Safety Testing in Support of Development of Paediatric Pharmaceuticals. Available at: https://ich.org/page/safety-guidelines. 
 ICH (2005). ICH Topic S8 Immunotoxicity Studies for Human Pharmaceuticals. Available at: https://ich.org/page/safety-guidelines. 
 Iulini, M., Maddalon, A., Galbiati, V., and Corsini, E. (2022). he Modified THP-1 Activation Assay for the In Vitro Identification of Drug-Inducing Systemic Hypersensitivity. Front. Toxicol. 4. doi:10.3389/ftox.2022.814050
 Lebrec, H., Brennan, F. R., Haggerty, H., Herzyk, D., Kamperschroer, C., Maier, C. C., et al. (2016). HESI/FDA Workshop on Immunomodulators and Cancer Risk Assessment: Building Blocks for a Weight-Of-Evidence Approach. Regul. Toxicol. Pharmacol. 75, 72–80. doi:10.1016/j.yrtph.2015.12.018
 Noorlander, C. W., Kooi, M. W., Oomen, A. G., Park, M. V., Vandebriel, R. J., and Geertsma, R. E. (2015). Horizon Scan of Nanomedicinal Products. Nanomedicine 10 (10), 1599–1608. doi:10.2217/nnm.15.21
 Prymula, R., Siegrist, C.-A., Chlibek, R., Zemlickova, H., Vackova, M., Smetana, J., et al. (2009). Effect of Prophylactic Paracetamol Administration at Time of Vaccination on Febrile Reactions and Antibody Responses in Children: Two Open-Label, Randomised Controlled Trials. The Lancet 374 (9698), 1339–1350. doi:10.1016/S0140-6736(09)61208-3
 Szebeni, J. (2014). Complement Activation-Related Pseudoallergy: A Stress Reaction in Blood Triggered by Nanomedicines and Biologicals. Mol. Immunol. 61 (2), 163–173. doi:10.1016/j.molimm.2014.06.038
 Ueno, K., Yamaura, K., Nakamura, T., Satoh, T., and Yano, S. (2000). Acetaminophen-induced Immunosuppression Associated with Hepatotoxicity in Mice. Res. Commun. Mol. Pathol. Pharmacol. 108 (3-4), 237–251.
 van der Laan, J. W., Herberts, C. A., Jones, D. J., Thorpe, S., Stebbings, R., and Thorpe, R. (2014). “The Nonclinical Evaluation of Biotechnology-Derived Pharmaceuticals, Moving on after the TeGenero Case,” in Molecular Immunotoxicology ed . Editors E. Corsini, and H. v. Loveren ( Wiley-VCH Verlag), 189–2072.
 Van Meer, P. J. K., Kooijman, M., van der Laan, J. W., Moors, E. H. M., and Schellekens, H. (2013). The Value of Non-human Primates in the Development of Monoclonal Antibodies. Nat. Biotechnol. 31 (10), 882–883. doi:10.1038/nbt.2709
 van Mierlo, G. J. D., Cnubben, N. H. P., Wouters, D., Wolbink, G. J., Hart, M. H. L., Rispens, T., et al. (2014). The Minipig as an Alternative Non-rodent Model for Immunogenicity Testing Using the TNFα Blockers Adalimumab and Infliximab. J. Immunotoxicology 11, 62–71. doi:10.3109/1547691x.2013.796023
 Villeneuve, D. L., Landesmann, B., Allavena, P., Ashley, N., Bal-Price, A., Corsini, E., et al. (20182018). Representing the Process of Inflammation as Key Events in Adverse Outcome Pathways. Toxicol. Sci. 163 (2), 346–352. doi:10.1093/toxsci/kfy047
 Weaver, J. L., Tsutsui, N., Hisada, S., Vidal, J.-M., Spanhaak, S., Sawada, J.-i., et al. (2005). Development of the ICH Guidelines for Immunotoxicology Evaluation of Pharmaceuticals Using a Survey of Industry Practices. J. Immunotoxicology 2 (3), 171–180. doi:10.1080/15476910500241339
 World Health Organization (2013). Guidelines on the Nonclinical Evaluation of Vaccine Adjuvants and Adjuvanted Vaccines. Available at: ADJUVANTS_Post_ECBS_edited_clean_Guidelines_NCE_Adjuvant_Final_17122013_WEB.pdf (who.int. 
 Yamaura, K., Ogawa, K., Yonekawa, T., Nakamura, T., Yano, S., and Ueno, K. (20022002). Inhibition of the Antibody Production by Acetaminophen Independent of Liver Injury in Mice. Biol. Pharm. Bull. 25 (2), 201–205. doi:10.1248/bpb.25.201
Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Van Der Laan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




OPS/images/crossmark.jpg
©

|





OPS/xhtml/nav.xhtml
Contents

		Cover

		Revision of ICH S8 Needed?		Introduction		Developments Since 2005

		Future Directions





		Conclusion: Revision of ICH S8 Needed?

		Author Contributions

		Publisher’s Note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Toxicology






OPS/images/logo.jpg
P frontiers | Frontiers in Toxicology





