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Reports of a reproducibility crisis combined with a high attrition rate in the pharmaceutical industry have put animal
research increasingly under scrutiny in the past decade. Many researchers and the general public now question whether
there is still a justification for conducting animal studies. While criticism of the current modus operandi in preclinical
research is certainly warranted, the data on which these discussions are based are often unreliable. Several initiatives to
address the internal validity and reporting quality of animal studies (e.g., Animals in Research: Reporting In Vivo
Experiments (ARRIVE) and Planning Research and Experimental Procedures on Animals: Recommendations for
Excellence (PREPARE) guidelines) have been introduced but seldom implemented. As for external validity, progress has
been virtually absent. Nonetheless, the selection of optimal animal models of disease may prevent the conducting of
clinical trials, based on unreliable preclinical data. Here, we discuss three contributions to tackle the evaluation of the
predictive value of animal models of disease themselves. First, we developed the Framework to Identify Models of
Disease (FIMD), the first step to standardise the assessment, validation and comparison of disease models. FIMD allows
the identification of which aspects of the human disease are replicated in the animals, facilitating the selection of disease
models more likely to predict human response. Second, we show an example of how systematic reviews and meta-
analyses can provide another strategy to discriminate between disease models quantitatively. Third, we explore whether
external validity is a factor in animal model selection in the Investigator’s Brochure (IB), and we use the IB-derisk tool to
integrate preclinical pharmacokinetic and pharmacodynamic data in early clinical development. Through these
contributions, we show how we can address external validity to evaluate the translatability and scientific value of animal
models in drug development. However, while these methods have potential, it is the extent of their adoption by the
scientific community that will define their impact. By promoting and adopting high-quality study design and reporting, as
well as a thorough assessment of the translatability of drug efficacy of animal models of disease, we will have robust data
to challenge and improve the current animal research paradigm.
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| 1. Definition

Reports of a reproducibility crisis combined with a high attrition rate in the pharmaceutical industry have put animal
research increasingly under scrutiny in the past decade. Many researchers and the general public now question whether
there is still a justification for conducting animal studies. While criticism of the current modus operandi in preclinical
research is certainly warranted, the data on which these discussions are based are often unreliable. Several initiatives to
address the internal validity and reporting quality of animal studies (e.g., Animals in Research: Reporting In Vivo
Experiments (ARRIVE) and Planning Research and Experimental Procedures on Animals: Recommendations for
Excellence (PREPARE) guidelines) have been introduced but seldom implemented. As for external validity, progress has
been virtually absent. Nonetheless, the selection of optimal animal models of disease may prevent the conducting of
clinical trials, based on unreliable preclinical data.

| 2. Introduction

Despite modest improvements, the attrition rate in the pharmaceutical industry remains high I8 Although the
explanation for such low success is multifactorial, the lack of translatability of animal research has been touted as a critical
aspect Bl Evidence of the problems of animal research’s modus operandi has been mounting for almost a decade.
Research has shown preclinical studies have major design flaws (e.g., low power, irrelevant endpoints), are poorly
reported, or both—Ileading to unreliable data which ultimately means that animals are subjected to unnecessary suffering
and clinical trial participants are potentially placed at risk EllZ], Increasing reports of failure to reproduce preclinical studies
across several fields pointed to the need to increase current standards EBII19 | these terms, the assessment of two
essential properties of translational research—internal and external validity—is jeopardised 111,



Internal validity refers to whether the findings of an experiment in defined conditions are true . Measures related to
internal validity, such as randomisation and blinding, reduce or prevent several types of bias, and have a profound effect
on study outcomes R3] nitiatives, such as the Animals in Research: Reporting In Vivo Experiments (ARRIVE) and
Planning Research and Experimental Procedures on Animals: Recommendations for Excellence (PREPARE) guidelines
and harmonized animal research reporting principles (HARRP), address the issues related to the poor design and
reporting of animal experiments (14]115][16] ' while all of these initiatives can resolve most, if not all, issues surrounding
internal validity, they are poorly implemented and their uptake by all stakeholders is remarkably slow E3I117],

If progress on the internal validity front has been insufficient, for external validity, it has been virtually absent. External
validity is related to whether an experiment’s findings can be extrapolated to other circumstances (e.g., animal to human
translation). For external validity, while the study design plays a significant role (e.g., relevant endpoints and time to
treatment), there is another often overlooked dimension—the animal models themselves 18] The pitfalls of using animals
to simulate human conditions, such as different aetiology and lack of genetic heterogeneity, have been widely recognised
for a long time [AILAZ0] Nonetheless, the few efforts to address external validity to the same extent as internal validity
are still insufficient 2111221,

The results of a sizeable portion of animal studies are unreliable BI2I23] |f we cannot fully trust the data generated by
animal experiments, how can we assess their value? We argue that for the sensible evaluation of animal models of
disease, we need to generate robust data first. To generate robust data, we need models that simulate the human disease
features to the extent that allows for reliable translation between species. Through the selection of optimal animal models
of disease, we can potentially prevent clinical trials from advancing based on data unlikely to translate.

| 2. The Framework to Identify Models of Disease (FIMD)

The evaluation of preclinical efficacy often employs animal models of disease. Here, we use ‘animal model of disease’ for
any animal model that simulates a human condition (or symptom) for which a drug can be developed, including testing
paradigms. While safety studies are tightly regulated, including standardisation of species and study designs, there is
hardly any guidance available for efficacy 24, New drugs often have new and unknown mechanisms of action, which
require tailor-made approaches for their elucidation 24231, As such, it would be counterproductive for regulatory agencies
and companies alike to predetermine models or designs for efficacy as it is done for safety. However, in practice, this lack
of guidance has contributed to the performance of studies with considerable methodological flaws 26,

The assessment of the external validity of animal models has traditionally relied on the criteria of face, construct and
predictive validity 2028, These concepts are generic and highly prone to user interpretation, leading to the analysis of
disease models according to different disease parameters. This situation complicates an objective comparison between
animal models. Newer approaches, such as the tool developed by Sams-Dodd and Denayer et al., can be applied to in
vitro and in vivo models and consist of the simple scoring of five categories (species, disease simulation, face validity,
complexity and predictivity) according to their proximity to the human condition 2229 Nevertheless, they still fail to
capture relevant characteristics involved in the pathophysiology and drug response, such as histology and biomarkers.

To address the lack of standardisation and the necessity of a multidimensional appraisal of animal models of disease, we
developed the Framework to Identify Models of Disease (FIMD) (2122 The first step in the development of FIMD was the
identification of the core parameters used to validate disease models in the literature. Eight domains were identified:
Epidemiology, Symptomatology and Natural History (SNH), Genetics, Biochemistry, Aetiology, Histology, Pharmacology
and Endpoints. More than 60% of the papers included in our scoping review used three or fewer domains. As it stood, the
validation of animal models followed the tendency of the field as a whole—no standardisation nor integration of the
characteristics frequently mentioned as relevant.

Based on these results, we drafted questions about each domain to determine the similarity to the human condition (Table
1). The sheet containing the answers to these questions and references thereof is called a validation sheet. The weighting
and scoring system weighs all domains equally. The final score can be visualised in a radar plot of the eight domains and,
together with the validation sheet, facilitates the comparison of disease models at a high level. An example of a radar plot
is presented in Figure 1.

Figure 1. Example of a radar plot obtained with the validation of two animal models using the Framework to Identify
Models of Disease (FIMD). SNH—Symptomatology and Natural History. Extracted from Ferreira et al. [211122],
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Table 1. Questions per domain with weighting per questions. Extracted from Ferreira et al. 2122

Weight
1. EPIDEMIOLOGICAL VALIDATION
1.1 Is the model able to simulate the disease in the relevant sexes? 6.25
1.2 Is the model able to simulate the disease in the relevant age groups (e.g., juvenile, adult or 6.25
ageing)?
2. SYMPTOMATOLOGY AND NATURAL HISTORY VALIDATION 12.5
2.1 Is the model able to replicate the symptoms and co-morbidities commonly present in this disease? ”s
If so, which ones?
2.2 Is the natural history of the disease similar to human's regarding:

2.5
2.2.1 Time to onset
2.2.2 Disease progression 25
2.2.3 Duration of symptoms 2.5
2.2.4 Severity 25
3. GENETIC VALIDATION 12.5
3.1 Does this species also have orthologous genes and/or proteins involved in the human disease? 4.17
3.2 If so, are the relevant genetic mutations or alterations also present in the orthologous 417

genes/proteins?

3.3 If so, is the expression of such orthologous genes and/or proteins similar to the human condition? 4.16

4. BIOCHEMICAL VALIDATION 125



4.1 If there are known pharmacodynamic (PD) biomarkers related to the pathophysiology of the

disease, are they also present in the model? 3.125
4.2 Do these PD biomarkers behave similarly to humans'? 3.125
4.3 If there are known prognostic biomarkers related to the pathophysiology of the disease, are they 3125
also present in the model?

4.4 Do these prognostic biomarkers behave similarly to humans'? 3.125
5. AETIOLOGICAL VALIDATION 12.5
5.1 Is the aetiology of the disease similar to humans'? 12.5
6. HISTOLOGICAL VALIDATION 12.5
6.1 Do the histopathological structures in relevant tissues resemble the ones found in humans? 12.5
7. PHARMACOLOGICAL VALIDATION 12.5
7.1 Are effective drugs in humans also effective in this model? 4.17
7.2 Are ineffective drugs in humans also ineffective in this model? 417
7.3 Have drugs with different mechanisms of action and acting on different pathways been tested in this e
model? If so, which?

8. ENDPOINT VALIDATION 125
8.1 Are the endpoints used in preclinical studies the same or translatable to the clinical endpoints? 6.25
8.2 Are the methods used to assess preclinical endpoints comparable to the ones used to assess 6.25

related clinical endpoints?

To account for the low internal validity of animal research, we added a reporting quality and risk of bias assessment for the
pharmacological validation section. This section includes all studies in which a drug intervention was tested. The reporting
quality parameters were based on the ARRIVE guidelines, and the risk of bias questions were extracted from the tool
published by the SYstematic Review Center for Laboratory animal Experimentation (SYRCLE) 4B with this
information, researchers can put pharmacological studies into context and evaluate how reliable the results are likely to
be.

The final contribution of FIMD was a validation definition for animal models of disease. We grounded the definition of
validation on the evidence provided for a model's context of use, grading it into four levels of confidence. With this
definition, we intentionally decoupled the connotation of a validated model being a predictive model. Rather, we reinforce
that a validated animal model is a model with well-defined, reproducible characteristics.

To validate our framework, we first conducted a pilot study of two models of type 2 diabetes—the Zucker Diabetic Fatty
(ZDF) rat and db/db mouse—chosen on the basis of their extensive use in preclinical studies. Next, we did a complete
validation of two models of Duchenne Muscular Dystrophy (DMD)—the mdx mouse and the Golden Retriever Muscular
Dystrophy (GRMD) dog. We chose the mdx mouse owing to its common use as a DMD model and the GRMD dog for its
similarities to the human condition B2, Wwhile only minor differences were found for the type 2 diabetes models, the
models for DMD presented more striking dissimilarities. The GRMD dog scored higher in the Epidemiology, SNH and



Histology domains, whereas the mdx mouse did so in the Pharmacology and Endpoints domains, the latter mainly driven
by the absence of studies in dogs. Our findings indicate that the mdx mouse may not be appropriate to test disease-
modifying drugs, despite its use in most animal studies in DMD B, If more pharmacology studies are published using the
GRMD dog, it will result in a more refined assessment. A common finding in all the four models was the high prevalence of
experiments for which the risk of bias could not be assessed.

We designed FIMD to avoid the limitations of previous approaches, which included the lack of and external validities.
Nonetheless, it presents challenges of its own, ranging from the definition of disease parameters and absence of a
statistical model to support a more sensitive weighting and scoring system to the use of publicly available (and often
biased) data. The latter is especially relevant, as study design and reporting deficiencies of animal studies undoubtedly
represent a challenge to interpret the resulting data correctly. While owing to these deficiencies, many studies are less
informative; some may still offer potential insights if the data are interpreted adequately. We included the reporting quality
and risk of bias assessment to force researchers to account for these shortcomings when interpreting the data.

FIMD integrates the key aspects of the human disease that an animal model must simulate. Naturally, no model is
expected to mimic the human condition fully. However, understanding which features an animal model can and which it
cannot replicate allows researchers to select optimal models for their research question. More importantly, it puts the
results from animal studies into the broader context of human biology, potentially preventing the advancement of clinical
trials based on data unlikely to translate.

| 3. Systematic Review and Meta-Analysis

Systematic reviews and meta-analyses of animal studies were one of the earliest tools to expose the status of the field
331 Nonetheless, their application to compare animal models of disease is relatively recent. In FIMD’s pilot study, the two
models of type 2 diabetes (the ZDF rat and db/db mouse) only presented slight differences in the general score. Since
FIMD does not compare models quantitatively, we conducted a systematic review and meta-analysis to compare the
effect of glucose-lowering agents approved for human use on the HbAlc B4, We chose HbAlc as the outcome owing to
its clinical relevance in type 2 diabetes drug development [23136],

The results largely confirmed FIMD’s pilot study results—both models responded similarly to drugs, irrespective of the
mechanism of action. The only exception was exenatide, which led to higher reductions in HbAlc in the ZDF rat. Both
models predicted the direction of effect in humans for drugs with enough studies. Moreover, the quality assessment
showed that animal studies are poorly reported: no study mentioned blinding at any level, and less than half reported
randomisation. In this context, the risk of bias could not be reliably assessed.

The development of systematic reviews and meta-analyses to combine animal and human data offers an unprecedented
opportunity to investigate the value of animal models of disease further. Nevertheless, translational meta-analyses are still
uncommon B4, A prospect for another application of systematic reviews and meta-analyses lies in comparing drug effect
sizes in animals and humans directly. By calculating the degree of overlap of preclinical and clinical data, animal models
could be ranked according to the extent they can predict effect sizes across different mechanisms of action and drug
classes. The calculation of this ‘translational coefficient’ would include effective and ineffective drugs. Using human effect
sizes as the denominator, a translational coefficient higher than 1 would indicate an overestimation of treatment effect,
while a coefficient lower than 1, an underestimation. The systematisation of translational coefficients would lead to
‘translational tables’, giving additional insight on models’ translatability. These translational tables, allied with more
gualitative approaches, such as FIMD, could form the basis for evidence-based animal model selection in the future.

Indeed, such a strategy is not without shortcomings. Owing to significant differences in the methodology of preclinical and
clinical studies, such comparisons may present unusually large confidence intervals, complicating their interpretation. In
addition, preclinical studies would need to match the standards of clinical research to a higher degree, including the use of
more relevant endpoints that can be compared. Considerations on other design (e.g., dosing, route of administration),
statistical (e.g., sample size, measures of spread) and biological matters (species differences) will be essential to develop
a scientifically sound approach.

4. Can Animal Models Predict Human Pharmacologically Active Ranges?
A First Glance into the Investigator’s Brochure

The decision to proceed to first-in-human trials is mostly based on the Investigator’s Brochure (IB), a document required
by the Good Clinical Practice (GCP) guidelines 28!, The IB compiles all the necessary preclinical and clinical information
for ethics committees and investigators to evaluate a drug’s suitability to be tested in humans. The preclinical efficacy and



safety data in the IB are, thus, the basis for the risk-benefit analysis at this stage. Therefore, it is paramount that these
experiments are performed to the highest standards to safeguard healthy volunteers and patients.

However, the results from Wieschoswki and colleagues show a different scenario 28, They analysed 109 IBs presented
for ethics review of three German institutional review boards. The results showed that the vast majority of preclinical
efficacy studies did not report measures to prevent bias, such as blinding or randomisation. Furthermore, these preclinical
studies were hardly ever published in peer-reviewed journals and were overwhelmingly positive—only 6% of the studies
reported no significant effect. The authors concluded IBs do not provide enough high-quality data to allow a proper risk-
benefit evaluation of investigational products for first-in-human studies during the ethics review.

In an ongoing study to investigate the predictivity of the preclinical data provided in the Ibs, we are evaluating whether
animal models can predict pharmacologically active ranges in humans. Since pharmacokinetic (PK) and
pharmacodynamic (PD) data are often scattered throughout the IB across several species, doses and experiments,
integrating it can be challenging. We are using the IB-derisk, a tool developed by the Centre for Human Drug Research
(CHDR), to facilitate this analysis 9. The IB-derisk consists of a colour-coded excel sheet or web application (www.ib-
derisk.org) in which PK and PD data can be inputted. It allows the extra- and interpolation of missing PK parameters
across animal experiments, facilitating dose selection in first-in-human trials. The IB-derisk yields yet another method to
discriminate between animal models of disease. With sufficient data, the drug PK and PD from preclinical studies of a
single model and clinical trials of correspondent drugs can be compared. This analysis, when combined with PK/PD
modelling, can serve as a tool to select the most relevant animal model based on the mechanism of action and model
characteristics. Preliminary (and unpublished) results suggest that animal models can often predict human
pharmacologically active ranges. How the investigated pharmacokinetic parameters relate to indication, safety, and
efficacy is still unclear.

To build on Wieschowski's results, we have been collecting data on the internal validity and reporting quality of animal
experiments. Our initial analysis indicates the included IBs also suffer from the same pitfalls identified by Wieschowski,
suggesting that such problems are likely to be widespread. In addition, only a few IBs justified their choice of model(s) of
disease, and none compared their model(s) to other options to better understand their pros and cons. This missing
information is crucial to allow for risk—benefit analysis during the ethics review process.

5. Can Animal Models Predict Human Pharmacologically Active Ranges?
A First Glance into the Investigator’s Brochure

The use of these new methods to discriminate between animal models of disease can only go so forth in addressing the
low attrition rates in drug development. Only with a joint effort involving researchers in academia and industry, ethics
committees, funders, regulatory agencies and the pharmaceutical industry, the quality of animal research can be
improved.

By applying FIMD, systematic reviews and meta-analysis, and the IB-derisk, researchers can identify more predictive
disease models, potentially preventing clinical trials starting based on unreliable data. Ethics committees have a unique
opportunity to incentivise higher standards since an unfavourable assessment can prevent poorly designed experiments
from even starting. The request of a more detailed translational rationale for each model choice (e.g. by requiring models
are evaluated with FIMD), as well as the enforcement of reporting guidelines, can act as gatekeepers for flawed study
designs and improve the risk-benefit analysis significantly.

Funders can require the use of systematic reviews and meta-analyses and a thorough assessment of the translational
relevance of selected animal models (e.g. FIMD). Journal editors and reviewers must actively enforce reporting guidelines
for ongoing submissions as endorsing them does not improve compliance. Regulatory agencies can shape the drug
development landscape significantly by, for instance, updating the IB guidelines by requiring a more extensive
translational rationale for each animal model employed. Scientific advice can be used as a platform to discuss
translational considerations early in development.

Larger companies can perform a thorough assessment of preclinical data of internal and external assets using FIMD,
systematic review and meta-analysis, and the IB-derisk. At the same time, small and medium enterprises can provide data
in these formats to support their development plan. Ultimately, the selection of more predictive disease models will lead to
more successful clinical trials, increasing the benefit and reducing the risks to patients, and lower development costs.

A positive side-effect of these strategies is the increased scrutiny of design and animal model choices. Instead of a status-
quo based on tradition and replication of poor practices, we can move forward to an inquisitive and evidence-based
modus operandi. This change of culture is sorely needed in both academic and industrial institutions. A shift toward a



stricter approach — more similar to clinical trials, from beginning to end, is warranted. The harmonisation of requirements
across stakeholders will be crucial for a successful change of mindset.

In the foreseeable future, animal research is unlikely to be eliminated. The criticism of the present state of affairs of
preclinical research is indeed justifiable. Our efforts must be focused on improving the robustness of animal data
generated now. We already have tools available to address most, if not all, internal and external validity concerns. Only a
thorough assessment of higher-quality animal data will determine whether animal research is still a valid paradigm in drug
development. By promoting and adopting high-quality study design and reporting as well as a thorough assessment of the
translatability of drug efficacy of animal models of disease, we will have robust data to improve the current animal
research paradigm.
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