Revision of AOP 363 based on reviewer’s comments

General intro of the reviewers: The presented manuscript is a description of the AOP 363 of the AOP wiki, linking TPO inhibition, via altered thyroid levels to effects on retina development causing impaired vision in lower vertebrates leading to increased mortality. The AOP is mainly built on evidence from zebrafish. Although all reviewers agreed that the biological scenario described in this AOP is reasonable and the package is of good quality, several questions were raised. Please see our comments divided into two parts. Part one covers general conceptual questions we have and part two covers questions specific to the submitted documents.
We would like to thank the reviewers for their massive efforts in thoroughly reviewing this AOP and for their insightful comments that have greatly improved the AOP. In this rebuttal we address the reviewer's comments point by point. Reviewer comments are shown in black, responses in blue and altered/added text in black italics (sometimes using underlined text to indicate specific parts that have been added). The corresponding changes made in the AOP-Wiki pages are detailed in a separate document with track changes.

Part 1 Conceptual comments
1.1: One of the aims stated for development of this AOP is to break down walls between human health and environmental risk assessment.  It may be worth noting in this context that thyroid disruption also alters retinal development and retinal electrophysiology in mammalian experimental models, and hypothyroid children are reported to have visual deficits including impairments in contrast sensitivity.
We added in chapter “domain of applicability” (taxonomic applicability) (Line 623): For example, impaired retinal development and altered retinal electrophysiology has also been observed in mice (Gamborino et al., 2001) and TH insufficiency in humans has been linked to visual deficits (Klein and Mitchell, 1999; Klein et al., 2001, Eldred et al. 2018).

1.2: Is the suggested AOP relevant for fish in general?
Title and throughout text: The use of the word “fish” in general. There are over 28,000 species of teleosts that have adapted to a wide diversity of niches including freshwater (eg. Zebrafish), saltwater (the highest proportion of teleost fish – 70% of the Earth's surface) and brackish water. In the absence of evidence that the effects AOP linked to TPO modifications are phenocopied in other species a word of caution should be added. It seems not helpful to make generalized statements about “fish”.  Although it may be acceptable to keep the general term ‘fish’ or ‘teleost fish’ in the title to facilitate expansion of the AOP in the future to other types of fish, please elaborate and specify in more detail in the text the actual taxonomic applicability based on the available evidence. 

We added in chapter “domain of applicability” (Line 613): However, caution is needed when extrapolating effects to "fish" in general, as current data may not account for the many fish species that are adapted to different ecological niches. Nevertheless, the term "fish" is used, because it is plausible to assume that the sequence of events is applicable to most fish species. This facilitates the extension of the AOP to other fish species in the future as more research is conducted.

1.3: Applicability of AOP (developmental stages)
Could the authors clarify if this AOP is valid only for embryonic stages or is also relevant for adults? It appears that the left part of the AOP is embryo specific whereas the right part (Adverse outcome) refers more to adult stages. This should be clarified better.
We do not fully agree with the comment that the right part is more relevant for adults. If the offspring does not survive, we argue that this is also population relevant. We addressed this and rewrote the paragraph on “life-stage applicability” (L. 630): In terms of life-stage applicability, most of the data comes from developing fish and, subsequently, in this AOP the focus is on effects of THSDCs on the development of the retina during the embryonic period. Although the retina is known to remain sensitive to THSD in juveniles as well (Mackin et al., 2019), there are knowledge gaps relative to how THSDCs affect the eyes of developed organisms and whether they have similarly strong effects on the retinal layers. Regardless of the timing of retinal structure disruption, it is plausible to assume that such effects impose consequences at a population-relevant level, as visual perception is essential for foraging success, survival and reproduction throughout all life stages (Cohen et al., 2022).

1.4: General thyroid concept
We are concerned about the over generalized description of the thyroid system in vertebrates. The general framework of the thyroid system is conserved but at the gene/molecular and functional level conservation is less so. This should be reflected in the preliminary introduction. This may explain divergences in response between teleost fish and between vertebrates. Some of the nuances should be considered as currently the first introductory paragraph is too general and lacks crucial information. For example, in Rodent TPO/Neurodevelopment AOP, the primary KE is decreases in T4, as T4 is the hormone transported via placenta to fetus and to brain by transporters. In fish eye, is it T4 or T3 that is the critical analyte? Does the conversion from T4 to T3 by DIO occur within the retina itself or is it only T3 that is transported into the eye? If conversion from T4 to T3 in serum is the sequence of events, what controls that? Presumably peripheral DIOs but that seems like a KE that is distinct from TPO inhibition. Please improve the description of the Thyroid system relevant for this AOP. If such a description can’t be made with the current available knowledge, we suggest fuse the KEs T4 decrease and T3 decrease as it is done in other AOPs. Tissue concentrations of hormone seems to be a missing KE in this AOP, see also later comment.
While a full review of the cross-vertebrate differences in the TH system is outside the scope of this AOP report, in the introduction, we added some text to highlight differences between taxa (Line 48): Although the molecular machinery required for TH synthesis, as well as distribution of the hormones to various tissues and action on nuclear receptors is largely consistent in all vertebrates (Zoeller et al., 2007, LaLone et al., 2017), it should be noted that there are also some differences in these proteins and their functions across vertebrates, as well as differences in the metabolizing enzymes that activate or inactivate particular toxicants. Therefore, comparative research across taxa is necessary to fully understand these differences (McArdle et al., 2020; Walter et al. 2019).
Additionally, some information on other vertebrate taxa as well as a part on taxonomic applicability is included throughout the manuscript.
Similar to AOP 159, which has successfully gone through the OECD review process, we chose to outline one simple sequence of events which is biologically plausible. Specifically, TPO inhibition was linked to reduced TH synthesis, followed by decreased T4 in serum and decreased T3 levels. It is likely to assume that the actual effect at the target site is caused by reduced T3 levels to activate the receptors. When developing a single AOP, it is not possible to capture the entire biological reality and complexity. Additional AOPs could be thought of with slightly different upstream paths and joining the same downstream KEs and AOs. There is insufficient knowledge to determine the relative contributions of all potential paths. At this point we consider it most useful to describe one plausible AOP in line with the previously reviewed AOP 159.
We added a statement on T3 in section 4 “subsection biological plausibility” (Line 269): Thyroid follicles mainly secrete T4 and, to a lesser extent, also T3 to the blood.
And on Line 172 in section 2 “Brief AOP description”: Although reduced TH synthesis can also directly decrease T3 levels, we re-use this upstream path from previously reviewed AOP 159. This does not exclude the potential contribution by other upstream paths..
It is currently unclear whether the T3 decrease occurs in serum and/or locally in the target tissue. This is an ongoing debate and there may be differences across vertebrates. We argue that this information is not essential at this point as it is clear that reduced T3 action at the target can be causally linked to altered retinal layer structure (see info on KE 1003 in the essentiality table in the supplemental WoE table). We elaborate on these uncertainties both in the manuscript and the AOP-Wiki.
We added the following text in section 4 “subsection empirical evidence on KER 2038” (Line 375): Even in the absence of whole body T3 changes, there may be more subtle local T3 level changes. In fish early life stages, TH levels are mostly measured on a whole body level and the exact nature of the T3 decrease, systemic or local in specific tissues, is currently an area of uncertainty.
Adding tissue-specific TH levels as KEs would require routine tissue-specific measurements in the fish early life stages, which is not feasible (cfr. KE should be measurable). If such measurements would be made however, the methods would be the same, suggesting that distinct KEs are not necessary. We discussed this issue with the relevant Wiki authors and decided to remove “in serum” from the KE 1003 title (‘Decreased, Triiodothyronine (T3) in serum’ has now been changed to ‘Decreased, Triiodothyronine (T3)’). This does not change the AOP, but enables a broader interpretation to include local T3 changes. This way, in accordance with the OECD Users’ handbook, we are describing the KE as generally as possible and we are adding the tissue specificity in the downstream linkages. 
Developer tip from the OECD Users’ handbook: The biological context of the KE (e.g., the tissue type/taxa/life stage/sex etc.) should only be restricted (e.g., “enzyme activity in liver, decreased” or “hormone concentration in females, increased”) to the extent that function changes with context. If the function is equivalent in both sexes, do not restrict the context by sex. If the function is equivalent in all cell types, do not restrict to a specific cell type.
In fact, only one KE describing a tissue-specific T4 decrease exists in the thyroid AOP network consisting of all AOPs dealing with thyroid hormone system disruption that are currently available in the AOP-Wiki. This is KE 280: T4 in neuronal tissue decreased. Most other AOPs use KE 281 “T4 in serum decreased” and provide the tissue specificity in downstream KEs and KERs.
We now acknowledge the fact that there are no data on retinal T3 changes in the uncertainties of KER 2373 (Line 424): although the assumed site of decreased T3 is the retina, the available studies only report whole body T3 levels. 
We don’t agree with fusing T4 and T3 decrease into one KE since biologically these are two distinct things that can be measured separately. Furthermore, this KE (771: reduced TH levels) is currently not in use in any AOP. Fusing would therefore not be interesting from an AOP network perspective.
The fact that deiodinases play a role in KER 2038 in converting T4 to T3 does not imply that this process does not fit in an AOP initiated by TPO inhibition. This is not a case of DIO inhibition. We argue that TPO inhibition leading to reduced availability of T4 for conversion to T3 by deiodinases is a valid pathway, see also AOP 159, which has successfully gone through the OECD review process.

1.5: TPO expression in the eye relevance for this AOP? 
As this is mentioned several times in the text. What is the relevance of TPO expression in the eyes for this AOP? Is it suggested that THs are produced in the eyes? 
We understand that we did not provide enough guidance for the reader to interpret this. We now elaborated on this in the rewritten section on life-stage applicability (L. 670): 
There are other potential mechanisms that may contribute to altered retinal layer structure and that are not the subject of the present AOP report. For example, local expression of TPO mRNA has been reported in the mouse retina (Li et al., 2012) suggesting an additional target for TPO inhibition locally in the eyes, possibly even before the onset of TH synthesis in the thyroid follicles. Further studies are needed to establish whether local TH synthesis in the eye is biologically plausible. It is not clear to what extent essential components of the TH synthesizing machinery that are present in the thyroid gland are also present in the eyes. This includes presence of the TPO protein as well as thyroglobulin, iodide uptake, a source of hydrogen peroxide, etc. Moreover, it is not clear whether (perhaps less efficient) TH synthesis is actually possible without the presence of a follicular epithelial structure. Furthermore, there are TH-independent mechanisms that could contribute to altered retinal layer structure. Komoike et al. (2013) already observed effects of TPO inhibition (induced by MMI) on the retinal structure at 48 and 72 hpf and suggested that this was due to TH-independent apoptosis. Li et al. (2012) hypothesized that the development of the extracellular matrix was disrupted by general peroxidase inhibition after exposure to phenylthiourea, a bleaching agent that is a TPO inhibitor. Additionally, THSDCs often act via multiple mechanisms, and these mechanisms could simultaneously act on retinal layer development (e.g., combined TPO and DIO inhibition by PTU).


1.6: Are THs relevant for eye development?
Line 82/83 “Although the exact mechanisms need further investigation, studies show that THs are indeed required for healthy eye development in different vertebrates like zebrafish (Bertrand et al., 2007),” The cited literature Bertrand et al. does not show that THs are required for healthy eye development. There is a tendency throughout the manuscript to talk about TH importance in the retina development without direct evidence existing in the literature that is cited. The presence of a receptor gene transcript is not synonymous with TH presence or action. The beauty of the thyroid axis and signaling pathways is that absence of ligand and presence of ligand can have an effect and so finding the receptor transcript/protein does not mean the hormone is required for transcription factor action. This concept is nicely presented in the articles published by Darras and team in relation to their D3 KD studies in developing zfish (Type 3 iodothyronine deiodinase (D3) is the prime TH-inactivating enzyme, and its expression is highest in the early stages of vertebrate development, implying that it may be necessary to shield developing tissues from overexposure to THs....). Please elaborate or update sections accordingly.
Similar for Line 140 We would like to see more evidence for the statement that eye development is regulated by TH, especially by T3 levels. 

We elaborated and added in section “introduction and background” Line 90: THs are required for neuronal and neurosensory development, including retinal development in fish (Cohen et al., 2022), mice (Ng et al., 2001) chicken (Trimarchi et al., 2008) and humans (Eldred et al., 2018). Although the exact mechanisms need further investigation, THs have been shown to regulate retinal neurogenesis and are required for neuronal maturation and cell fate of cones (Harpavat and Cepko, 2003; Roberts et al., 2006). Among others, Harpavat and Cepko (2003) concluded that binding of THs to TRβ determines the correct expression of cone opsins in both zebrafish (Suzuki et al., 2013; Volkov et al., 2020) and rodents (Roberts et al., 2006).
More detailed information can be found in section 4-empirical evidence, specifically in the paragraph on KER 2373 linking decreased T3 levels to altered retinal layer structure.

1.7: Relevance of TPO during early development?
We have concerns about the developmental time frame of the onset of thyroid production in zebrafish (72h) and dependence on maternal hormone (a TPO-independent stage) and the timeframe of retina development. Considering the ontogeny of thyroid follicle development and hormone production in the zebrafish, it seems unlikely that TPO inhibition in early stages (up until at least 72 hpf when onset of T4 production starts), will be important as the maternal supply of hormone supports embryonic and early larval stages. See Porrazi et al., 2009 (Thyroid Gland Development and Function in the Zebrafish Model. Molecular and Cellular Endocrinology, Elsevier, 2009, 312 (1-2), pp.14. Ff10.1016/j.mce.2009.05.011). 
Our general hypothesis is indeed that TPO inhibition is unlikely to cause effects before 72 hpf since TH synthesis is not yet active at these earliest time points. In section 3-Domain of applicability paragraph 2 we elaborated on the life stage specificity of the AOP. We now rewrote this section to increase clarity (Lines 630):
In terms of life-stage applicability, most of the data comes from developing fish and, subsequently, in this AOP the focus is on effects of THSDCs on the development of the retina during the embryonic period. Although the retina is known to remain sensitive to THSD in juveniles as well (Mackin et al., 2019), there are knowledge gaps relative to how THSDCs affect the eyes of developed organisms and whether they have similarly strong effects on the retinal layers. Regardless of the timing of retinal structure disruption, it is plausible to assume that such effects impose consequences at a population-relevant level, as visual perception is essential for foraging success, survival and reproduction throughout all life stages (Cohen et al., 2022).
Most evidence of the impact of TPO inhibition on fish retinal development comes from exposures of zebrafish embryos from immediately after fertilization until day 5, when eleutheroembryos start to freely feed and enter the larval life stage. To evaluate the life stage specificity of the present AOP, the ontogeny of the downstream event (i.e., altered retinal layer structure) should be investigated as a function of the ontogeny of the HPT-axis and the activation of TH synthesis by TPO in particular (the MIE). In zebrafish, the first thyroid follicles appear around 55 hpf (Alt et al., 2006), and active endogenous TH synthesis indicating active thyroidal TPO has been detected around 72 hpf (Walter et al., 2019). Before active embryonic TH synthesis, the embryo relies on maternally transferred THs to regulate the earliest TH-dependent developmental processes (Power et al., 2001). This leads to the hypothesis that TPO inhibition has limited impact on processes occurring before 72 hpf and is thought to be the reason for the absence of effects on the inflation of the posterior chamber of the swim bladder after TPO inhibition (Stinckens et al., 2016). We therefore hypothesize that the effects on the retina are triggered between activation of TH synthesis (around 72 hpf) and 5 dpf. While the retinal layers can be distinguished at 72 hpf, the process of differentiation and maturation of the retinal layers leading to a functional retina continues until well after the onset of thyroidal TH synthesis. This is illustrated by the maturation of UV cones and the first proper optokinetic response occurring around 4 dpf (Cohen et al., 2022). In summary, we distinguish between early (< 72 hpf) and late (> 72 hpf) embryonic processes, where early processes may not be (highly) sensitive to TPO inhibition specifically, while they can be sensitive to other mechanisms of THSD such as deiodinase inhibition, since deiodinases are required to activate maternal T4 (Stinckens et al., 2016). Most evidence of effects on retinal layer structure detailed in section 4 is in line with this hypothesis, while some studies lead to uncertainties. For example, Reider and Connaughton (2014) exposed zebrafish embryos to MMI until 66 hpf and raised them further in clean water until 72 hpf. In these embryos, ganglion cell layer thickness was reduced. There is still uncertainty about the exact onset of TH synthesis. Potential TH level increases between 48 and 72 hpf have not been studied. Since in zebrafish mRNA coding for TPO and NIS is maternally transferred, expression of thyroglobulin increases before the appearance of the thyroid anlage at 32–35 hpf (Vergauwen et al., 2018) and the first follicle appears around 55 hpf, this leaves a 17-hour window for potential TH synthesis and thus potential sensitivity to TPO inhibition between 55 and 72 hpf.   
There are other potential mechanisms that may contribute to altered retinal layer structure and that are not the subject of the present AOP report. For example, local expression of TPO mRNA has been reported in the mouse retina (Li et al., 2012) suggesting an additional target for TPO inhibition locally in the eyes, possibly even before the onset of TH synthesis in the thyroid follicles. Further studies are needed to establish whether local TH synthesis in the eye is biologically plausible. It is not clear to what extent essential components of the TH synthesizing machinery that are present in the thyroid gland are also present in the eyes. This includes presence of the TPO protein as well as thyroglobulin, iodide uptake, a source of hydrogen peroxide, etc. Moreover, it is not clear whether (perhaps less efficient) TH synthesis is actually possible without the presence of a follicular epithelial structure. Furthermore, there are TH-independent mechanisms that could contribute to altered retinal layer structure. Komoike et al. (2013) already observed effects of TPO inhibition (induced by MMI) on the retinal structure at 48 and 72 hpf and suggested that this was due to TH-independent apoptosis. Li et al. (2012) hypothesized that the development of the extracellular matrix was disrupted by general peroxidase inhibition after exposure to phenylthiourea, a bleaching agent that is a TPO inhibitor. Additionally, THSDCs often act via multiple mechanisms, and these mechanisms could simultaneously act on retinal layer development (e.g., combined TPO and DIO inhibition by PTU).
In addition, TPO inhibition can lead to decreases in T4 and T3, but they are not necessarily sequential as indicated in the box graphic of this AOP
See also comment 1.4. We chose to outline one AOP which we think is dominant. Other paths leading to similar effects may be added in the future.

1.8: T4/ T3 serum levels
We don’t think there is enough evidence that whole body concentrations of T4 or T3 are representative of serum concentrations. We recognize the limitations of the technology such that serum levels are not measurable, and are comfortable accepting the assumption that changes in serum T4 (or T3) would track changes with whole body measurements, as long as it is described as an assumption in the text and wiki.  
We agree that whole-body and serum TH levels are not identical. Although it was explained in the AOP-Wiki that whole-body TH levels are used as a proxy for serum TH levels in fish early life stages, this had not yet been included in the manuscript. We now included this at lines 374: Even in the absence of whole-body T3 changes, there may be more subtle local T3 level changes. In fish early life stages, TH levels are mostly measured on a whole-body level, and the exact nature of the T3 decrease, systemic or local in specific tissues, is currently an area of uncertainty.

How might the reduction in gland concentrations of T4 compare with gland vs serum TH with TPO inhibition in mammals where some data are available? How moderate or severe are the zebrafish TH-levels reported here as it is critical to dissociate direct thyroid mediated effects on retinal development from secondary effects of hypothyroidism.
Secondary effects could be reduced growth leading to altered retinal development. There are no general effects on growth and development in the exposure ranges that have been used. Studies from our own laboratory show that there is a specific effect on RPE diameter without a change in body size of the embryos. 
This prerequisite (non-systemic toxicity) is postulated in established OECD guidelines for endocrine disruptor testing and has been reviewed by Wheeler et al. (2018) (reference given in the introduction). To ensure this aspect was considered in the studies that we screened for our review, we compared the concentration ranges of eye-related effects with the LC50 values we found in literature (Stinckens et al. 2018), or that were given in the papers (for zebrafish strain differences need to be taken into account). We checked if authors provided statements or data regarding unspecific toxic effects or mortality in their experiments. Here is a list of examples for PTU and MMI, two important TPO inhibitors for which eye-related effects were found in the following studies:
PTU: LC50 of 555 mg/L in zebrafish embryos, according to Stinckens et al. 2018
· Baumann et al. 2016: max. 250 mg/L in zebrafish embryos, no mortality or toxicity observed; Statement:„These concentrations were chosen based on range-finding tests to determine treatments that were sub-lethal“
· Jomaa et al. 2014: max. 70 mg/L in zebrafish embryos, no mortality or toxicity observed; Statement: not given
· Reinwald et al. 2020: max. 100 mg/L, in zebrafish embryos, no mortality or toxicity observed; Statement:„concentrations based on previous studies“
· Macaulay 2015: FET, max. 170 mg/L, in zebrafish embryos, no mortality or toxicity observed; Statement: „Range finding experiments and previous work in zebrafish were used to identify appropriate concentrations for these thyroid disrupting agents
MMI: LC50 of 895 mg/L in zebrafish embryos, according to Stinckens et al. 2018
· Jomaa et al. 2014: max. 230 mg/L in zebrafish embryos, no mortality or toxicity observed; Statement: not given
· Reider and Connaughton 2014: max. 34 mg/L in zebrafish embryos, no mortality or toxicity observed; Statement: „the concentration of MMI (#46429) used, 0.3 mM, was selected for comparing our findings with other reports that examine the effects of low-dose MMI on zebrafish development (Brown, 1997; Liu and Chan, 2002; Lam et al., 2005). This concentration is also reported to be the “highest nontoxic dose” (Brown, 1997), though more recent studies have used significantly higher doses (&100 mM, Komoike et al., 2013).
· Thienpont 2011: max. 75 mg/L in zebrafish embryos, no mortality or toxicity observed; Statement: „To obtain accurate concentration response curves, 58 different concentrations were used for each test compound. EC10 and EC50 were the parameters selected to describe thyroid disrupting potency and the thyroid disrupting index (TDI: LC50/ EC50) was used as a descriptor of thyroid disrupting hazard.“
· Komoike 2013: max. 1.1 g/L, in zebrafish embryos, no mortality or toxicity observed; Statement: not given
We added a paragraph to the introduction (lines 118) that outlines the need to ensure sub-lethal concentration ranges in endocrine-related test systems. 
In this respect, it is important to note that the studies evaluated in this review used model substances only at exposure concentrations far below LC values to avoid non-specific toxic effects, which is required for the unequivocal identification of endocrine-specific effects (Wheeler et al., 2018). LC50 values of typical THSDCs, including the TPO inhibitors discussed here, are given in Stinckens et al. (2018), and most studies analyzed for this review provide a statement that chosen concentration ranges were based on preliminary tests or previous studies to ensure sub-lethal ranges as well as the absence of obvious systemic toxicity.

1.9: Altered TH levels in tissue
When looking at other related AOPs the KE thyroid level decrease in tissue of interest is a critical KE in the pathway and its absence from this AOP is surprising. Although we understand that direct measures of thyroid hormone in the eye/retina are not possible, it is assumed that thyroid hormone insufficiency in the eye is responsible for the altered retinal structure and is a necessary link even if it cannot be measured directly. 
See comment 1.4  

Part 2 General comments on the manuscript 
Line 26 remove “can disrupt this process and”
This has been removed.
Line 48 the use of “highly conserved across vertebrates” is imprecise – Please improve precision. There is divergence at the hypothalamic-hypophyseal level. Moreover, the gene/molecular functional level shows significant divergence. Please qualify the statement. We believe that this publication will have a broad audience and so it is essential to be rigorous or this will lead to future misinterpretation and misunderstanding.
We elaborated on this and wrote in Introduction and Background (Line 47): 
To large extent, the thyroid hormone (TH) system is conserved across vertebrates including mammals, amphibians and fish. Although the molecular machinery required for TH synthesis, as well as distribution of the hormones to various tissues and action on nuclear receptors is largely consistent in all vertebrates (Zoeller et al., 2007, LaLone et al., 2017), it should be noted that there are also some differences in these proteins and their functions across vertebrates, as well as differences in the metabolizing enzymes that activate or inactivate particular toxicants. Therefore, comparative research across taxa is necessary to fully understand these differences (McArdle et al., 2020; Walter et al. 2019). 

Line 60 add references for the statement
We added on line 66: THs are essential for normal eye and retinal development (Lamb et al., 2007; Mc Nerney and Johnston, 2021; Raine & Hawryshyn, 2009)
Line 77 change “healthy zebrafish retina” to “healthy adult zebrafish retina”
This has been changed (L 85).
Line 86 Raine & Hawryshyn, 2009, is missing in the bibliography.
We added the reference. 
Line 99 “The structure and organization of the retina in fish has been shown to be affected after exposure to various THSDCs.” Some indication of the level of severity of the thyroid insult would be helpful here. Eye size and shape for example can change if body size and shape change so may not be specific effect of THSDC on retinal or eye development.
See comment 1.8.
Line 102 “For example, treatment with propylthiouracil (PTU), a model compound inhibiting TH synthesis, reduced pigmentation in zebrafish eyes at 30 hpf (Macaulay et al., 2015) and retinal pigment epithelial (RPE) layer diameter in the eye of 5 days post fertilization (dpf) zebrafish larvae (Baumann et al., 2016). “Some more indication of the concentration range of the tested compounds would be helpful here. In addition, it should be mentioned that PTU also induces other toxicities like liver toxicity to help put findings in perspective. 
See comment 1.8. 
Line 107 Please add the dose range for MMI used in the presented studies. 
We deleted this study in this part of the manuscript but elaborated on concentration ranges elsewhere, see comment 1.8.
Line 109 We suggest including descriptions of the mode of action of THSDCs included in this section, eg. IOP inhibits TH release from thyroid gland and interferes with T4 to T3 conversion in the periphery.
We now included descriptions of the mode of action for each chemical.
Line 126 “A: Control; B: Exposure to 1.5 mg/L PCL” We struggle with the rather high concentrations used. Could the authors add what the mortality rate was at that level and if other effects were observed. What was the ‘no effect’ concentration? What is the link of the reported effects to the proposed TPO mechanism and if there is a quantitative link (refers also to comment on Line 109)?
See  comment 1.8 regarding the concentration levels.
For each example the thyroid hormone system disruption mechanism has now been added to clarify the link to AOP 363. 
We also added a sentence at the end of this paragraph (L 151): “Together, this shows that reductions in TH levels caused by TPO inhibition as well as by other THSD modes of action lead to altered retinal layer structure and subsequent higher level adverse effects.”
Since this is the introduction and the AOP has not been outlined at this point in the manuscript, we decided not to add more specific statements here. 
Figure 2 We suggest also adding a control zoom in picture for the IPL as comparison. Add also a scale bar. Please highlight the reduced pigmentation.
The zoomed-in images only serve to illustrate the effect, the unzoomed images are to be used for size measurement/comparison. We hope this is sufficiently clear. A normal IPL is visible on the control picture (A). The reduced pigmentation is indicated by the arrow in D pointing at the RPE, which is much lighter than in the control. 
Line 148 “Therefore, altered visual function is linked to increased mortality (AO1, Event #351) and eventually to a decreased population trajectory (AO2, Event #360). “We struggle a bit with this conclusion. For example, it could be argued that the pluripotency of THs in early development does not mean that mortality is not necessarily a direct consequence of loss of visual acuity? It could be also said that the maternal supply of THs would sustain the embryo and developing larvae during the first 48 hrs at least. But on another point, are TH deficient fish, not likely to be small and weak overall and impaired in many critical functions and might die due to non-visual problems? We know that this would be difficult to assess. Therefore we suggest that the authors revise the evidence and uncertainty level of this part and discuss this issue in the manuscript.
We agree that multiple THSD mechanisms (i.e. additional AOPs) have an impact on survival. However, here we are restricting the discussion to the present AOP. In section 2 ‘Brief description of the AOP’ we prefer not to give details on the evidence linking altered visual function to increased mortality. This evidence is detailed in section 4 - Empirical evidence of KERs in the paragraph discussing KER 2375. The weight of evidence level for KER 2375 is determined based on the evidence available to support this linkage, which may also include evidence from mechanisms other than THSD. We believe that there is convincing evidence argumenting that altered visual function leads to increased mortality. We therefore opted for moderate evidence for this KER.
Line 158 “We chose to specify the central KE as ‘retinal layer structure altered’, instead of lumping different effects on the eyes such as reduced eye size and altered photoreceptor patterning, since distinct methods are available to measure these different events.” The meaning of this sentence is not clear. We suggest to replace 'instead of lumping different effects on the eyes' by 'separate from other effects on the eyes'. To what degree do these other effects on the eye influence retinal structure?
We made the suggested change. Although interactions cannot be excluded, the effects on retinal structure cannot be fully explained by reduced eye size or altered photoreceptor patterning. We decided not to mention this in the manuscript in order to keep this section (2: Brief description of the AOP) as succinct as possible. 
Line 173 Evidence is lacking to support that this statement is valid for “all vertebrate taxa”.
This has been changed to “other vertebrate taxa” on L 210.
Line 187 Did the search terms cover both spellings of behaviour/behavior?
Yes, indeed. This is now specifically mentioned in the methods (L 226).
Line 194 Does the term thyroid ablation mean chemical thyroid ablation e.g. with PTU, MMI?
The term “chemical” has been added.
Line 202 An intensive, specific final literature search was done to collect evidence for this AOP. Please specify this final search. 
More information has been added on L 242: “More specific search terms related to the KERs were used to find evidence for those specific KERs. Additionally, highly relevant reviews were used for identifying additional important publications.” 
Line 235 The authors seem to have overlooked that the TH follicles can also excrete T3 at least this is not discussed in the manuscript. 
See comment 1.4.
Also, in what tissue (e.g. blood) are the reduced TH levels seen/expected?
See comment 1.4
This has been clarified on L 269: “Thyroid follicles mainly secrete T4 and, to a lesser extent, also T3 to the blood. T4 is then activated to T3 by DIOs in the liver as well as multiple target tissues.”
The associated uncertainties are explained in lines 374 onwards. 
Line 237 besides the DIO activity, there is also a big reservoir bound to thyroid hormone distributer proteins (THDPs) please add this, including relevant literature.
We added a statement on the importance of THDPs but we would rather not add too much detail here to keep this section on biological plausibility succinct.
Changes made to lines 273: The latter relationship depends on the extent of the inhibition because (1) in some cases feedback/compensatory mechanisms limit the impact on T3 levels, possibly through increased DIO activity and (2) thyroid hormone distributor proteins such as transthyretin, thyroxin-binding globulin and albumin determine the fraction of T4 that is available for conversion to T3 and can therefore to some extent buffer the consequences of T4 decreases.

Line 244 the paper cited by Z. Li et al., 2012 suggests that PTU effects on eye size are not associated with thyroid hormone effects. Please elaborate.
This is now discussed as an additional potential pathway leading to altered retinal layer structure which is not the subject of the present AOP (line 682): 
Li et al. (2012) hypothesized that the development of the extracellular matrix was disrupted by general peroxidase inhibition after exposure to phenylthiourea, a bleaching agent that is a TPO inhibitor. Additionally, THSDCs often act via multiple mechanisms, and these mechanisms could simultaneously act on retinal layer development (e.g., combined TPO and DIO inhibition by PTU).
Line 273 We don’t think that there are sufficient studies measuring T4 or T3 in the developing fish eye, given that whole body measurements of hormone are scarce. Therefore, we find that the statement of decreasing T3 levels cannot be made in relation to zebrafish or other teleosts.
We agree that data on TH level changes in the eyes of zebrafish are lacking. We argue that such data are not essential to support the present AOP given that KE 1003 is generally formulated as T3 decrease. See comment 1.4.
Line 285 Based on the article cited, the results are ambiguous as there is some inhibition at very high doses of MBT, the TH results are ambiguous and the synchrony between TPO transcript abundance and TH levels are not compelling. Furthermore, fish recover their TH production despite treatments. The sentence should be adapted accordingly. 
These uncertainties are related to KER 366 and are discussed in the relevant section in lines 351 to 354.
Line 293 Please confirm if Stinckens et al. (2020) did indeed measure T3 levels.
Indeed, Stinckens et al. (2020) did measure T3 levels. PTU resulted in reduced whole-body T4 at all time points. Due to the decreased availability of T4 for conversion to T3 by deiodinases, this subsequently led to decreased T3 concentrations at all time points. TH levels were not measured in embryos, this was a mistake that has been corrected now.
Line 294 We don’t understand the use of the term “on the other hand” when the second sentence seems to confirm the first. Are the first mentioned studies in adults?
The wording has been changed (L 337).
Line 298 It should always be specified in what tissues T4 or T3 was measured.
We now specified the tissue (L 342 among others).
Line 314 We suggest to start a new paragraph when moving to a new KER.
We now started a new paragraph for each KER.
Line 324 In zebrafish continuously exposed to MBT up to 32 days of age, T3 levels were not significantly altered while T4 levels were reduced (Stinckens et al., 2016). Could the conversion not also be happening in tissue so it would not be reflected in serum? High doses reducing synthesis by a great deal are likely to reduce T4 and T3 in the gland, with more of a reduction seen on T4 than T3, so serum would likely experience a greater/earlier loss in T4.
We agree that a T4 decrease is likely to precede and be greater than the T3 decrease and that in some cases the T3 decrease is not measurable on the whole-body level, either due to compensatory/feedback systems or due to subtle local effects.
We added the following text on line 374: Even in the absence of whole-body T3 changes, there may be more subtle local T3 level changes. In fish early life stages, TH levels are mostly measured on a whole-body level, and the exact nature of the T3 decrease, systemic or local in specific tissues, is currently an area of uncertainty. 
Line 335 “retinal pigment epithelium decreased pigmentation”, there seems to be a word missing.
This has now been corrected (L 397).
Line 339 We don’t understand why the effects in the presented study diminished with a longer exposure? How does this fit in this AOP?
We assume that the reviewer is referring to lines 340-343 in the original submission where the study of Reider and Connaughton (2014) is discussed. We have no explanation for these observations and we mention these data to highlight uncertainties/inconsistencies. We have now made this clearer by moving this text to lines 420-424 where uncertainties are discussed. 
Line 347 Sentence should be changed to: Treatment of metamorphosing convict surgeonfish with NH3, a THR antagonist decreased bipolar cell density in the retina (Besson et al., 2020).
The sentence has been changed (L 404).
Line 376 “Besson et al. (2020) provided evidence of dose, time and incidence concordance in surgeonfish exposed to chlorpyrifos or increased temperature (Table S1).” The significance of this to the thyroid needs to be clarified. 
This part of the text (L 433) is dealing with KER 2373 (decreased T3 → retinal layer structure altered). Besson et al. (2020) show that chlorpyrifos exposure and increased temperature result in reduced T3 levels as well as altered retinal layer structure. The details are shown in Table S1. Although this is not prototypical THSD, it does provide direct evidence of this specific KER. 
Figure 3 There are discrepancies between the text and Figure 3.  The text (section 4. Summary of Scientific Evidence) lists weight of evidence as “High” for KERs #2375 and #2013, whereas Figure 3 labels those KERS as “Moderate”.   KER #2374 is labeled as “High” in Figure 3, but “Moderate” in the text section on Empirical evidence of KERs”.
Figure 1 shows the result of the overall WoE assessment which is based on both the biological plausibility and the empirical evidence. The different assessments leading to the overall assessment are summarized in Table 1. We added a sentence to explain this to the figure caption and the intro of section 4. We have also checked all statements to be sure that there are no discrepancies.
Line 392 Did the knockouts not show a difference in movement relative to the controls or did they not move et all? 
The knockdowns did move, but they did not respond to the dark-light transition by significantly increasing their movement.
We slightly changed the sentence to better convey this message (L 447): While control embryos showed increased swim speed upon a light stimulus after a period in the dark, the DIO1 and 2 knockdown embryos showed no significant increase in swim speed.
Line 398 “The measurements showed that untreated fish could perceive prey with greater contrast.” To us this sounds like a conjecture unless prey perception was actually assessed. 
Prey perception was assessed with the method of silhouette video photography to film both fish groups free foraging on Daphnia magna, a natural prey zooplankton of rainbow trout. Each experiment consisted of filming three new fish at a time foraging for 30 min on D. magna in a 30x30x30 cm glass aquarium. We added in “Evidence for KER #2373 ‘Decreased, T3 leads to Altered, retinal layer structure’ ” (Line 452-456): Foraging on Daphnia magna, a natural zooplankton prey of rainbow trout, was assessed with the method of silhouette video photography. This revealed that, under the full light spectrum, control fish (UV, M/L trichromats) located prey at greater distances and angles than TH-treated fish (S, M/L trichromats; Flamarique et al., 2013).
Line 401 “Both treatment with T3 and T4 altered the swimming response upon a transition from light to dark at 3, 4 and 5 dpf. ” Were there also effects on movement in general or only after stimulus change?
Unfortunately no information was provided on a general effect on movement after TH supplementation.
Line 402 “ Avallone et al. (2015) reported altered structure of the retina as well as increased light sensitivity (increased avoidance of bright light) after exposure of adult zebrafish to cadmium.” The significance of this observation is not clear to us. Downstream KERs can be dissociated from TH response, but in this case, the visual behavior is distinct from what is previously described and is followed by statements on TH and visual system.
The study of Avallone et al. (2015) supports KER 2374 in the fact that it shows altered visual function upon altered retinal layer structure, even though the nature of the changes is not identical to what we see for THSD. This is why this line of evidence is mentioned last, after evidence from THSD (L 459).
Line 412 Chlorpyrifos is also a powerful inhibitor of acetylcholinesterase and therefore maybe not a good example of a thyroid-mediated effect. 
KER 2375 (altered visual function → increased mortality) is not thyroid-specific. We do however agree that the neurotoxicity mechanism could also affect mortality via pathways other than altered visual function.
We added a sentence (L 471): It should be noted that chlorpyrifos is also an acetylcholinesterase inhibitor which may influence performance in the predation test via neurotoxicity.

Line 513 These seem like very high doses, some context would be helpful here. 

See comment 1.8.

What is no fold change and RPE diameter i.e., control RPE – we assume it is ~7.5 but that would suggest that 6.5 FC in TPO has no effect on RPE diameter? Adding confidence levels would maybe help interpretation of these data.

We specified, added the p value (p < 0.01) and added to Fig. 4 caption (L 573): measured as fold change compared to control, which was set to 1.

Line 518 “reduced numbers of cones in 2-month-old DIO3 knockout mice” Are these the same changes observed with the retinal layer alterations described earlier?
We added a statement on the reduction of cones in zebrafish (L 579):  In D3bMO zebrafish larvae (knockdown of DIO 3b, resulting in increased T3 levels), there was a marked disorganization across all layers of the retina with reductions in the numbers of cones (Houbrechts et al., 2016), and Ng et al. (2010) found severely reduced numbers of cones in 2-month-old DIO3 knockout mice and showed that cones were generated and then lost by cell death. 
Line 522 “KER 2373 linking reduced T3 to altered retinal structure is followed by statement “altered eye structure”.  Do the authors mean the same thing by altered retinal structure and altered eye structure?
We understand that this may be confusing. We changed the wording to altered retinal structure (L 584).
The authors should consult the literature on teleosts in general by selecting zebrafish within the search term they have eliminated a rich literature looking at TH in "fish" supporting in some cases aspects that are less convincing in zebrafish. It is unclear why the search terms were limited to zebrafish.
On line 226 we wrote that ‘fish’ was one of the search terms. The term ‘zebrafish’ was not included. This may have been a misunderstanding.
Line 535 The concentration range used in the Baumann et al. (2016) study was 50 to 250 mg/L PTU at which strong effects on eye development were observed. As previously mentioned, can the authors exclude secondary effects by altered somatic growth or general systemic toxicity affecting the eye?  
See comment 1.8.
Line 560 We suggest clarifying if, based on the timing of retinal development, this process relies on active thyroid biosynthesis or is dependent on maternal T4/T3?
This paragraph has been rewritten to better explain life-stage specificity (lines 630-687).
Line 568 “This leads to the hypothesis that TPO inhibition has limited impact on processes occurring before 72 hpf”. Could it also be TH in general?
The sentences in this section do not detail T4 or T3 and therefore we are not sure what this comment is referring to exactly. This paragraph has been rewritten to better explain life-stage specificity. We hope that this has remedied all unclarities.
Line 571 “Additionally, however, local expression of TPO has been reported in the mouse retina (Z. Li et al., 2012) suggesting an additional target for TPO inhibition locally in the eyes. Komoike et al. (2013) already observed effects of TPO inhibition (induced by MMI) on the retinal structure at 48 and 72 hpf. This suggests that local TPO activity in the eyes indeed plays a role in retinal development.” We think that this is a relevant statement. What is the role of TPO in the retina and how might the retinal TPO effects influence eye development and be distinguished from TPO inhibition in the follicle and thyroid hormone production? This is an important to discuss and adds uncertainty to the selectivity of this AOP to thyroid hormone production.
This paragraph has been rewritten to better explain life-stage specificity. It now provides a clear explanation of potential additional mechanisms that may influence the downstream KEs but are not the subject of the present AOP report.
Line 575 ‘On the other hand, THSDCs often act via multiple mechanisms simultaneously and additional mechanisms (e.g., DIO inhibition) could also contribute to these early effects. The process of differentiation and maturation of the retinal layers continues until well after the onset of thyroidal TH synthesis.’ We find this statement confusing. How does this link to TPO inhibition in the gland or the eye? There are many means where thyroid hormone action can be disrupted. Is DIO inhibition highlighted here because of the known effects of PTU on DIO1 inhibition? This needs to be clarified in the text.
This paragraph has been rewritten to better explain life-stage specificity. It now provides a clear explanation of potential additional mechanisms that may influence the downstream KEs but are not the subject of the present AOP report.

AOP363 WoE evaluation table
KE 279 (MIE): Thyroperoxidase, inhibition Please explain how the gene expression in the fish eye in sensory perception pathways fit under this KE? These observations do not address the MIE of TPO inhibition
The last sentence is important: “Pathways involved in repair mechanisms were significantly upregulated in the recovery treatment, which indicates activation of regeneration processes in the eyes after stopping the exposure to the TPO inhibitor.” 
We added the following sentence to clarify the relevance:
When blocking a KE prevents downstream KEs from happening, this supports essentiality of the former KE. In this case, cessation of exposure (i.e., blocking the MIE) resulted in reversal of downstream transcriptional changes which are implicitly part of the downstream pathway.
KE 277: Thyroid hormone synthesis, decreased Are adult rats not also adult mammals as mentioned in the following sentence referring to Hill et al. 
This has been adapted.
KE 1003: Decreased triiodothyronine (T3) in serum 
In Houbrechts et al 2016 is T4 also decreased? 
We added a sentence to clarify this to the essentiality table: TH levels were not measured in the study of Houbrechts et al. (2016a), but Houbrechts et al. (2016b) showed that permanent knockout of DIO2 resulted in decreased T3 levels with unaltered T4 levels. Together, this confirms that reduced T3 levels are most likely essential for causing the downstream effects on the retina.
Bhumika et al. 2014 please try to put the concentrations in context (high, low) and describe if other effects were observed (general toxicity).
We added the following information to the table: The authors stated the absence of toxic effects of the drug treatment and indicated that the observed effect of TH blockage on axonal regeneration is not due to activities on cell survival or proliferation. Lowering T3 Levels  had no influence on mitosis in the zebrafish retina. 
KE 1877: Altered, Retinal layer structure 
Do these KD models have severe phenotypic response in other organs that could influence eye development e.g.  severity of the insult should be considered as the effect observed could be secondary to TH reduction. 
We added a sentence to clarify: In a similar study, investigating D1D2MO zebrafish larvae, hatching occurred at a normal rate, heart rate was normal, growth was not significantly reduced, there was no pericardial edema, but the frequency of swim bladder inflation was decreased and the swimming activity was reduced (Bagci et al., 2015). This does not suggest that the observed effects on retinal development are the consequence of secondary effects or systemic toxicity. 
Is there any data from TPO inhibition/reduced serum TH on retinal structure in fish or other organisms? DIO can have varying effects on hormones at the organ level so it is unclear if this would lead to the same pattern of hormone change in retina as would interference with TPO. Altered swimming behaviour in the response to light could be visually-mediated or it could be mediated by other effects in DIO KD models - motor function, behavioural state. Please elaborate on this. Why aren't the other studies listed in the manuscript for this KE cited here?
In this essentiality table we only list evidence that specifically arguments for the essentiality of the KEs in the AOP. We are using decreased T3 levels as an intermediate KE, and several studies reported that DIO1 and DIO2 inhibition, which lead to reduced T3 levels, resulted in effects on the retinal layer structure as well as visual function in line with the present AOP. Therefore, we consider DIO inhibition studies relevant to support essentiality. We have not found any other lines of evidence from TPO inhibition studies to directly support the essentiality of altered retinal layer structure for downstream events. 
KE 1643: Altered, Visual function We believe there are studies showing altered visual function - ERGs, OMRs, OKRs, etc. - when retinal structure is altered.
We elaborate on empirical evidence for KER 2374 linking altered retinal layer structure to altered visual function in section 4 of the manuscript. Here, in the essentiality table, we have not found any specific evidence to support essentiality of KE 1643 for downstream events.
Relationship 2038: Reduction of T4 and reduction of T3 link. The large reservoir of T4 in tissue (e.g. Muscle) and bound to thyroid hormone distribution proteins (THDP), means there is a capacity to buffer reduced T4 production.

We added a sentence to clarify this: Additionally, thyroid binding proteins in plasma including transthyretin, thyroxin-binding globulin and albumin determine the fraction of T4 that is available for conversion to T3. This may buffer the impact of reduced T4 levels on downstream T3 levels. 
Relationship 2373: We think this evidence is poor, there is no direct evidence in the zebrafish. 
We do not agree. While in the table summarizing the empirical support for KERs there is only a brief summary, many convincing lines of evidence, mostly in zebrafish, are explained in section 4 of the manuscript. We expanded the summary in the empirical support table to clarify that there is a lot of evidence in zebrafish.
Convincing evidence of a link between decreased T3 levels and altered retinal layer structure has been generated using different methods to reduce T3 levels, mostly in zebrafish but also in other fish species: genetic knockdown, thyroidectomy and exposure to chemicals inhibiting thyroid hormone synthesis as well as other thyroid hormone system disruptors, each leading to decreased T3 levels, have been shown to result in altered retinal layer structure.

Snapshot 363 

See document ‘AOP 363 – AOP-Wiki changes.pdf’ including track changes as well as snapshot of the revised AOP-Wiki pages.
[bookmark: _GoBack]Key Event Description (page 31): The role of TRbeta2 in cone development could be mentioned here.
We added in KE 1877 “Key event description”:  Especially the TH receptor TRβ seems to be a key regulator by determining the expression of photoreceptor development in the retina (Ng et al., 2010; Suzuki et al., 2013; Deveau et al., 2019, 2020).
References (page 39) A single reference seems insufficient – please add additional citations. The description of the AOP WIKI For “Visual Function, altered” (KE 1643) is missing several entries in the reference list that were cited in the text (including Segura et al 2018).
The missing entries were added to the reference list of KE 1643. 
Method on the KE #1643 there are substantial differences between what is written and what was reported in Baumann et al, 2016. The KE #1643-page states that “the main disadvantage of optokinetic tracking is that it is a subjective method in which the decision about whether the animal is performing the optokinetic tracking or not is made by an experimenter (Segura et al., 2018).”  In contrast, the data reported in Baumann et al were recorded by an infrared camera and scored objectively by a computer algorithm as reported in Huber-Reggi et al., 2014.
We fully agree. This sentence was probably added by other Wiki editors. We deleted this paragraph.
