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Traditional approaches to preclinical drug safety assessment have generally protected human patients from unintended adverse effects. However, these assessments typically occur too late to make changes in the formulation or in phase 1 and beyond, are highly dependent on animal studies and have the potential to lead to the termination of useful drugs due to liabilities in animals that are not applicable in patients. Collectively, these elements come at great detriment to both patients and the drug development sector. This phenomenon is particularly problematic in the area of cardiovascular safety assessment where preclinical attrition is high. We believe that a more efficient and translational approach can be defined. A multi-tiered assessment that leverages our understanding of human cardiovascular biology, applies human cell-based in vitro characterizations of cardiovascular responses to insult, and incorporates computational models of pharmacokinetic relationships would enable earlier and more translational identification of human-relevant liabilities. While this will take time to develop, the ultimate goal would be to implement such assays both in the lead selection phase as well as through regulatory phases.
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1 INTRODUCTION
Traditional approaches to preclinical drug safety assessment have supported an accepted level of protection for human patients from unintended adverse effects in clinical trials and post-marketing clinical use. These approaches are mostly based on animal studies and occur late in preclinical development as Investigational New Drug (IND)-enabling studies. These studies frequently reveal putative safety liabilities that can lead to attrition and ultimate termination in the drug development process (Laverty et al., 2011). There are a number of key challenges inherent in our current animal-based approach including its application late in development, lack of scalability for use in earlier stages of development, varying predictivity for human outcomes and little substantive mechanistic insight from these very morphology-based studies. Significant investment in time, people and fiscal resources is lost when attrition occurs at a late stage of development when a novel drug candidate is either terminated for safety concerns prior to clinical testing or, worse, in the clinical phase of development, a detriment to both product developer and patient. Even worse, that resource was not expended on an asset that could have been successful. In limited, but sometimes highly visible cases, safety liabilities occur in patients that were not detected in these preclinical studies (Type II or false negative errors) suggesting that traditional lead compound assessment approaches lack predictivity for some human outcomes (Laverty et al., 2011; Ferri et al., 2013; Waring et al., 2015). What is less quantifiable but equally detrimental to the goal of developing safe and effective medicines is attrition resulting from Type 1 or false positive errors, particularly findings identified in preclinical animal studies that are qualitatively or quantitatively irrelevant to patients (i.e., they are liabilities for animals but not humans) (Dogterom et al., 1992; Monticello et al., 2017). Accordingly, there are two fundamental challenges in contemporary preclinical drug safety assessment: development-limiting safety liabilities are not identified until late in nonclinical development (i.e., candidate selection and beyond) and safety-related attrition due to liabilities that are not relevant to humans represent lost opportunities for patients and drug developers.
Cardiovascular safety liabilities are well recognized to be significant contributors to the overall safety-related attrition in both preclinical and clinical studies (Laverty et al., 2011). Like most liabilities, they are most often identified in late preclinical or early clinical development where safety assessments are concentrated in the typical drug development scheme. Though some molecular mediators of the cardiovascular system are components of typical secondary (off-target) pharmacology screening and in vitro assessment for proarrhythmic hERG-binding is common, much of the assessment of drug-induced effects on the cardiovascular system relies on subjective and unblinded interpretation of samples from whole animal studies (Laverty et al., 2011; Bowes et al., 2012; Whitebread et al., 2016).
For cardiovascular risk assessment, single dose, non-rodent cardiovascular safety pharmacology studies are used to assess acute functional effects (Pugsley et al., 2010). Repeat-dose general toxicity studies in rodents and non-rodents characterize structural or morphological changes with histopathology, clinical chemistry, and hematology. For the most part, any functional consequences or causes of structural change are left to speculation since assessments of function are not common in repeat-dose animal studies aside from sporadic monitoring of the ECG in non-rodent studies (Berridge et al., 2013).
The current animal-based safety assessment approach attempts to mitigate the challenges of cross-species translation where international guidances recommend a 2-animal species safety assessment package (ICH Harmonised Tripartite Guideline, 2009). In this paradigm, a liability in either species is considered potentially human-relevant unless convincing mechanistic evidence can be developed to prove otherwise. This approach contributes to the risk of false positives, and, because it is inherently low-throughput and resource consumptive, it generally prevents the advancement of multiple candidates concurrently. It also poorly informs the mechanistic initiators of the injuries observed or their human relevance without additional time-consuming investigation.
The mechanistic insights gained through an evolved paradigm could help to proactively inform drug target relatedness and patient relevance as well as support the design of more sensitive clinical biomarker strategies. For example, when an unexpected liability is identified currently, an initial concern is whether that liability has any relation to the pharmacologic target of interest (as the development implications of this assessment are profound). Current phenotypic approaches offer no real opportunity to advance this understanding, often prompting additional investigation that consumes valuable patent life of the novel drug candidate. It is also difficult to predict the potential for a CV bioactivity to be a unique liability in a patient with pre-existing disease without some fundamental understanding of the mechanism of that bioactivity. For example, a drug that unintentionally activates or agonizes β-adrenergic receptors even at physiological levels may be a liability in a patient with heart failure where the β-adrenergic system is often upregulated and the patient is taking β-blockers. Likewise, drugs that inhibit phosphodiesterases that could induce vasodilation might be contraindicated in a patient on hypotensive therapy (Kloner et al., 2018; Schurtz et al., 2023.) Without sufficient insight into the mechanisms of these toxicities, our ability to stratify patient risk is hindered.
Safety assessment is increasingly challenging in a world where patients are experiencing more chronically progressive disease managed with long-term drug therapy. Assessment of acute safety liabilities or toxicity is profoundly easier to do than characterizing long-term liabilities of drugs in patients (particularly those with comorbidities). While animal-based safety assessment models can temporally replicate moderately long-term dosing (usually in the absence of comorbidities), a phenotypic outcomes-based paradigm reliant on animal studies provides little insight into the early subclinical biological activities of the drug that should be the target of mitigating the potential for harm. The addition of better insights into the human-relevance of the drug’s mechanism of action could better enable effective monitoring and assessment of a drug’s bioactivity in anticipation of potential clinical liabilities. As an example, clinicians currently use insights into modes of actions of drugs to manage these challenges in individual patients. The ability to manage and mitigate putative liabilities is informed by a better understanding of the bioactivity of the drug—insights that rarely come from describing biochemical and morphological outcomes in animal studies. The paradigm proposed here offers opportunities to systematically enhance our mechanistic understanding of pharmaceutical bioactivity.
The authors propose that the development and implementation of a multi-tiered, human-relevant and mechanistic assessment that leverages our vast experience and understanding of how the human cardiovascular system responds to physiological or pathophysiological perturbation could meaningfully address limitations in the current paradigm and improve patient benefit, while also enhancing overall efficiency and reduce animal use. Unlike the current approach where critical assessments are left until the eve of clinical progression, a novel paradigm could be more objective and hypothesis-driven and supported by a progressive generation of mechanistically-informative data that enables safety assessment along a larger continuum of drug development decision-making (Figure 1). This approach will employ the use of new approach methodologies (NAM), defined as any technology, methodology, approach, or combination that can provide information hazard and risk assessment without the use of animals (in silico, in chemico, in vitro, ex vivo) (Stucki et al., 2022).
[image: Figure 1]FIGURE 1 | Drug discovery process. Note. A novel human-relevant and mechanistic screening paradigm positioned earlier in development would enable evidence-based lead selection and more informed preclinical and clinical safety assessments.
Our current CV safety assessment approach is potentially overly conservative, highly animal dependent, and often deficient in mechanistic insights. The proposal that follows describes a path to leverage our contemporary understanding of human biology, cardiovascular toxicity, and technical capabilities to enable a more useful approach that is more broadly applicable along the development continuum.
2 A NEW APPROACH
Early drug discovery and lead optimization are often biased toward optimizing pharmacological potency and bioavailability to ensure patient benefit, yet that candidate will not become a marketed drug without an acceptable risk/benefit profile. Our re-envisioned approach seeks to shift safety considerations to earlier in the development paradigm. By incorporating defined assessments of bioactivity on key targets of CV relevance and responses to injury in simpler and higher-throughput modeling systems earlier than current safety or secondary pharmacology assessments, it may be possible to more expeditiously inform risk/benefit assessment, molecular design, and/or subsequent human studies (Figure 1). This leftward shift in the timeline for assessment is intended to enable more proactive identification and mitigation of human CV safety liabilities (Pierson et al., 2013).
The feasibility of defining and implementing such an approach is supported by our fundamental understanding of how the CV system works, knowledge of key pathways that have been implicated in adverse effects on the structure and function of the CV system, and data on the manifestations of drug-induced toxicity gained through our decades of experience modeling drug-induced CV toxicity (Haschek et al., 2013). Significant advances in scalable human-derived cell systems that model more in vivo and physiologically-relevant phenotypes, the ability to interrogate cell biology or pathobiology at increasingly mechanistic and molecular levels, and computational methods that quantitatively link in vitro exposures to in vivo exposures (IVIVE) can augment these historical datasets and provide additional insights into the human fidelity of the responses (Dick et al., 2010; Doherty et al., 2013; Sirenko et al., 2017; Bell et al., 2018; Grimm et al., 2018; Wambaugh et al., 2018; Gintant et al., 2019; Honda et al., 2019).
2.1 Leveraging our knowledge and experience–the “failure mode” concept
We have been evaluating the CV system for health, disease and toxicity in animals and human patients for centuries. We know its structural and functional constituents. We know its physiology, its pathophysiology and what it looks like when toxicity and disease manifests (Katz, 2010; Haschek et al., 2013.) The breadth of that understanding is an opportunity to invent a novel approach to evaluating drug effects that may be liabilities for patients. Though we continue to learn more, many of the molecular and mechanistic mediators of cardiac and vascular physiology are known. The heart rhythmically contracts to circulate blood throughout the body. Cardiac valves ensure unidirectional flow. Vascular arteries, capillaries, and veins provide the conduits for circulation. The cell membrane of cardiomyocytes and vascular smooth muscle cells are replete with ion channels that link action potentials to calcium transients from outside and within the cell that facilitate dynamic “sliding” of myofibrils to induce cellular contraction and relaxation. The initiation of action potentials occurs spontaneously in “nodal centers” in the heart but their coordinated pace is guided by signals from the autonomic nervous system for which there are receptors on cardiomyocytes and smooth muscle cells. Mitochondrial ATP provides the fuel for ion movements in, out and within the cell as well as for contraction. Fatty acids and oxygen are primary fuel substrates but other substrates can also be used though with less efficiency. Endothelial cells that line large and small blood vessels are key mediators of trans- or intercellular transport of nutrients, cellular waste, fuel substrates, proinflammatory cytokines, paracrine signalling (e.g., nitric oxide and endothelin as vasoactive molecules), and mediators of coagulation. Toxicity is usually a result of perturbing those usual molecular and mechanistic mediators.
Perturbations or altered function of these molecular mediators of usual CV physiology could be considered “failure modes” that can lead to a discrete number of tissue or organ-level dysfunctions or structural injuries. As an example, tissue and organ-level failures can be represented as an overt decrease in myocardial contractility, altered rhythmicity, a change in vasoactivity (vasoconstriction or vasodilation), loss of valve function, degeneration or death of the cellular constituents of the heart or blood vessels, an increase in coagulation or increase in inflammatory signaling (Table 1). The CV system, like many vital organ systems, also dynamically adapts to changes in functional demand to ensure survival of the organism and has the potential to compensate for a partial loss of function (i.e., a reserve capacity). Loss of that ability to respond to changes in demand or loss of reserve capacity is a form of injury or toxicity but more challenging to recognize in usual animal-based assessments and even human patients.
TABLE 1 | Important cardiovascular failure modes.
[image: Table 1]The “failure modes” that can lead to the discrete number of organ-level failures noted above can be quantitatively modeled using available systems. Those “modes” are represented as a perturbation of one or more of the key molecular pathways that support normal physiological function–many of which are evaluated in secondary pharmacology screens. They could be represented as a discrete set of “adverse outcome pathways” for which there is a growing database. Identifying these key failure modes and their associated adverse outcome pathways provides a framework for designing a relevant modeling paradigm that can be applied more broadly across the drug discovery and development process.
2.2 Leveraging technical capabilities
The ability to model fundamental elements of cellular biology at medium and high-throughput has expanded significantly over the past few decades. Individual receptors, transporters, enzymes and other mechanistic mediators of cell biology can be expressed in either native or artificial systems. Competitive and non-competitive (with natural substrates) binding and functional effects of endogenous or exogenous (e.g., drugs) molecules can be quantitatively evaluated.
Cell-based modeling systems of moderate throughput have the potential to provide insights into the link between those molecular bioactivities and alterations in normal cell function. A growth in more complex or three-dimensional modeling systems with tissue-level histoarchitecture offers the ability to link cellular function to more organ-level function increasing confidence in the in vivo relevance of the bioactivity without actually modeling the outcomes in an animal study. However, the value of these types of systems in the larger development picture is not yet established and more is needed to understand whether the time and expense are worthwhile.
This combination of biological understanding, experience in assessing CV disease and toxicity and rapid advances in technical capability provide a unique opportunity to define a novel, more broadly applicable and mechanistically informative approach to human CV safety assessment. A tiered approach is represented in Figure 2 along with the scientific justification, feasibility, and steps needed to advance the implementation of each tier.
[image: Figure 2]FIGURE 2 | Tiered approach for human CV safety assessment. Note. A human-relevant and mechanistically-based screening strategy could include an initial screen for bioactivities of CV concern. The outcomes of subsequent and qualifying in vitro systems within a framework of recognized CV “failure modes” could be computationally extrapolated to human-relevant exposures. Actionable decisions include approaches to molecular design, a more informed candidate selection and bespoke clinical trial design.
2.3 Tier one: bioactivity/secondary pharmacology screening
These initial screens are targeted to identify important molecular interactions known to mediate toxic CV injury. The purpose of these screens is to provide initial high-throughput filters to identify bioactivities that relate to structure-activity and off-target effects. Results from these early screens constitute likely liabilities to be specifically evaluated in Tier Two and Three assessments.
Mechanistic or molecular targets are often included in secondary pharmacology screens already used by many drug developers to identify potential structural injuries or functional effects from unintended and off-target biological activities of a candidate drug prior to animal safety studies. For example, Bowes, et al. (2012), describes 44 molecular targets for secondary pharmacology screening including G-protein coupled receptors, nuclear receptors, enzymes, ion channels and transporters that can be evaluated in a combination of binding and functional assays (Bowes et al., 2012). This list represents the collective experience of a group of four major pharmaceutical companies who support their lead selection processes with routine “off-target” drug bioactivity screening to identify unexpected safety liabilities. Thirty of those targets have relevance to the CV system supported either by recognized CV-relevant biology (e.g., β-adrenergic receptors; voltage-gated calcium, sodium and potassium channels; histamine receptors) or previous association with adverse CV effects (e.g., 5-HT receptors, phosphodiesterase activity, cyclooxygenase activity).
Historically, bioactivity assessment at these targets has intended to support selective progression of lead compounds with the least liabilities, to tailor subsequent and more resource-intensive in vivo testing and to provide mechanistic insights into the effects seen in those in vivo systems. Activity at these CV-relevant targets often generates a suspicion of potential liability but often lacks verification until after a subsequent in vivo study is done and the expected change in function or structure is observed. Thus, the actionable impact or influence of those assessments in decision-making has been both delayed and dependent on subsequent investigation in an in vivo study. The actionable interpretation of these secondary pharmacology screens can also be confounded by the fact that the biological targets screened in these studies are often human-derived but the results are confirmed in in vivo animal studies which provides the potential for discordance in outcomes. Animal study outcomes are generally considered more actionable than the mechanistic in vitro activity modeled in the screen. Improving confidence in the in vitro screening assays would result in better decisions at this earlier stage and avoid inappropriately eliminating drugs due to results that have no bearing on clinical outcomes. Further, smaller drug development companies without a budget to run secondary pharmacology and in vivo studies, would have additional benefit of in vitro screening assays.
Current approaches to secondary pharmacology or bioactivity screening are primarily focused on mediators of functional changes in the CV system. Examples of this are β1-adrenergic receptor stimulation which could be expected to increase heart rate and force of contraction, adenosine receptors α2A activity where stimulatory binding might be expected to decrease blood pressure, and blocking or antagonism of the hERG potassium channel that would prolong the ECG QT interval providing an opportunity for arrhythmia. Paradoxically, some of the functional perturbations that might result from these activities could also produce structural injuries (Hanton, 2007). Potent stimulation of the β-adrenergic system can result in myocardial necrosis due to an imbalance produced by the increase in workload of a heart that is beating faster and harder relative to its perfusion which is decreased due to shortening of the relaxation/perfusion phase of the cardiac cycle (i.e., produces a “relative” ischemia). The astute and experienced cardiovascular pathobiologist would not need to model myocardial necrosis to recognize that it might occur, but a quantitative understanding of the cellular or tissue response to the β-adrenergic stimulation would build confidence that it is likely. Binding and even cell-based functional assays could provide that understanding.
Aside from the extrinsic signaling and bioactivities represented by a traditional secondary pharmacology or bioactivity screen, there are also key intracellular organellar targets of interest in the cellular constituents of the CV system as well as the potential for indiscriminate cell death (though the CV system might not be a primary target for indiscriminate cytotoxicity). Organelles of particular interest include mitochondria, the sarcoplasmic reticulum, nuclear and mitochondrial DNA, and lysosomes. The mitochondria are pre-eminent among those organelles given the profound energetic demands of a dynamically contractile organ like the heart and even the arterial vascular system. Several well-studied cardiotoxic agents have known mitochondrial effects including doxorubicin and the HIV therapeutic azidothymidine (Sardão et al., 2008; Varga et al., 2015; Wallace et al., 2020). Doxorubicin is also recognized to induce endoplasmic or sarcoplasmic reticulum (SR) stress presenting morphologically as dilation of the SR in experimental models (Ferrans, 1978; Bellini and Solcia, 1985; Iwasaki and Suzuki, 1991). Azidothymidine and doxorubicin both have recognized effects on DNA replication and/or repair. Though the heart is not a common target organ for the induction of drug-induced phospholipidosis, the antimalarial drug chloroquine which is also used in patients with lupus and rheumatoid arthritis is an example of a drug that does (Roos et al., 2002; Tönnesmann et al., 2013; Blignaut et al., 2019). Drug-induced phospholipidosis manifests as lysosomal accumulation of membranous whorls of phospholipids presumed to result from inhibition of phospholipase A2 degradation. Many maladaptive organellar injuries induce the common final injury pathway of apoptosis.
This set of intrinsic organellar bioactivities represents primary mediators of “cell health” in cardiomyocytes as well as most other cells in the body. A useful and holistic mechanistic screen could include a primary assessment of cell health in cardiomyocytes.
The biological responses to these mechanistic activities are well recognized and define hypotheses that could be the focus of further confirmatory in vitro assessment with human-derived cellular systems. An example of this is agonist activity on a β-adrenergic receptor. Depending on the selectivity for a specific receptor subtype (e.g., β1 vs. β2), a β-adrenergic agonist might be expected to increase the rate and force of cardiomyocyte contraction as well as relax arterial smooth muscle cells. Alternatively, a compound that blocks calcium channels could be expected to decrease the force of contraction of a cardiomyocyte and decrease vascular tone in arterial smooth muscle cells.
In addition to having some experiential confidence in the cellular targets of CV toxicity and their mechanistic mediators, we also have fair experience in characterizing response to injury in those targets. Cardiomyocytes respond to insult or injury with rhythmic or contractile dysfunction, changes in morphology (e.g., atrophy, hypertrophy, lipid accumulation) or cell death. Endothelial cells might exhibit a change in functional secretion of the vasoactive peptides nitric oxide or endothelin, may increase their expression of cell surface inflammatory signaling molecules, may alter their replication rate or undergo some form of cell death. Similarly, valvular stromal cells may proliferate or increase their production of matrix as they have been demonstrated to do with ALK inhibitors or 5-HT serotonin receptor agonists (Walker et al., 2004; Oyama et al., 2020). Vascular smooth muscle cells can increase or decrease their contractile tone. Extremes of that change in dynamic function can be accompanied by arterial smooth muscle injury in vivo. These changes in function and/or morphology are identifiable and even quantifiable in relevant in vitro systems.
2.3.1 Feasibility and implementation of Tier I
Many of the biological targets represented in Tier I and the assays to measure them are well established, accessible, and scalable. The mechanistic secondary pharmacology screening already done routinely to identify important off-target bioactivities in most established pharmaceutical organizations can serve as a foundation for the proposed CV-specific Tier 1 screen (Bowes et al., 2012). The endpoints in these screens are already biased toward CV and neurologic bioactivities thus this well-established practice provides relevant substrate on which to build. It is likely that the existing portfolio of screening targets is incomplete. The breadth of a typical CV secondary pharmacology screen might be expanded to include additional mechanistic targets by systematically reviewing published experiences of cardiovascular toxicity and their associated pathogeneses leveraging our experiences further to identify novel targets. The xenobiotic effects identified in Tier I represent hypotheses to investigate in Tier II.
2.4 Tier II: in vitro failure mode evaluation
This tier further characterizes the targeted bioactivities identified in Tier I by evaluating those bioactivities in more complex and lower throughput in vitro cell and tissue-based confirmatory modeling systems. Tier II is designed to link those bioactivities to the ways that the CV system can “fail” at the organ level. Modeling failure modes unique to the CV system may provide more insight and confidence in potential impacts to the structural and functional changes in the CV system that are traditionally assessed in animal and clinical studies.
The Tier II evaluation assumes a finite set of well-recognized and tissue/organ-specific responses to injury (i.e., failures) as the basis for a framework that encompasses most of the ways that drug-induced CV toxicity will manifest. The cellular targets of these assessments are well characterized-cardiomyocytes, macro- and microvascular endothelial cells, valvular stromal cells and arterial smooth muscle cells (Berridge et al., 2016). More specifically, the cellular functions and biological pathways evaluated in Tier 1 are recognized to be targets of drug activity and mediators of toxicity at the cellular and tissue level that lead to the organ-level failure modes described above. For example, binding and inhibition of the L-type calcium channel could decrease cardiomyocyte contraction which would manifest in vivo as a decrease in ejection fraction or overt heart failure as represented in a relevant adverse outcome pathway (Margiotta-Casaluci, 2023). Many of these links are represented in a growing number of defined adverse outcomes pathways.
2.4.1 Feasibility and implementation of Tier II
Rapid development of in vitro modeling systems that incorporate human induced pluripotent stem cells (iPSC)-derived cardiomyocytes, smooth muscle and endothelial cells offer opportunities to assess Tier 1 bioactivities for their cell, tissue or organ effects (i.e., Tier II assessment) (Dick et al., 2010; Rana et al., 2012; Doherty et al., 2013; Pointon et al., 2013; Grimm et al., 2018; Gintant et al., 2019). Some of these systems are rapidly becoming more physiologically-relevant incorporating important elements of 3D architecture, multiple cell types, contractile function, rhythmicity and microfluidic shear (Ogunrinade et al., 2002; Fernandez et al., 2016; Huebsch et al., 2016; Truskey, 2016; Atchison et al., 2017; Hoang et al., 2018; Zhang et al., 2020). An expanding portfolio of endpoints like contractile rate, action potential generation, rhythm and force; ATP generation, markers of oxidative stress, smooth muscle contraction or relaxation; as well as cell morphology and viability provide direct lines of sight to recognized responses to cardiac or vascular injury. Depending on the context of use, each of these systems will need to be characterized for its biological relevance, its toxicologic relevance, its analytical reproducibility and technical tractability according to pre-defined criteria. The stringency of these criteria will vary depending on the intended context of use of this approach (e.g., internal product design decision-making versus regulatory submissions). One of the next steps involves identifying these in vitro systems that are high-throughput and scalable for further characterization and incorporation into this proposed paradigm. Usual purveyors of in vivo animal-based modeling systems are providing valuable guidance about biological analytical performance standards to consider for in vitro and computational modeling developers (Fabre et al., 2020).
2.5 Tier III: concentration and IVIVE
In addition to the biological complexities above, this novel approach will require adequate incorporation of pharmacokinetic or toxicokinetic considerations. All the influences of absorption, distribution, metabolism, excretion, dose and time are at play in vivo and should be considered in extrapolating in vitro pharmacobiology to in vivo outcomes for CV risk assessment. These challenges are not unique to CV, however, and are increasingly managed with in vitro screening or modeling approaches today that include complementary modeling of those fundamental activities (absorption assays, hepatic metabolism and clearance, physiologically based pharmacokinetic [PBPK] computation, etc.) (Jones et al., 2015; Sager et al., 2015; Zhuang and Lu, 2016). Like receptor affinity studies, these assessments are generally done in humanized models and thus enhance the human-relevance of this screening strategy.
In Tier 3, the outcomes of the “failure mode” assessment above will be contextualized against likely PK and human-relevant exposure considerations via in vitro to in vivo extrapolation (IVIVE) and other computational modeling approaches (Casey et al., 2018; Chang et al., 2022). This modeling and measuring of concentration-dependent human and in vivo-relevant CV bioactivity will subsequently provide a substrate for extrapolation to patients-an exercise known as IVIVE. The purpose of this step is to enable in vivo extrapolation and determination of the likelihood of patient risk for the biological or toxicological activity defined.
2.5.1 Tier III feasibility and implementation
Human pharmacokinetic and even toxicokinetic modeling are routine. Animal plasma exposures (AUC, Cmax, free and bound fractions) are integrated with in vitro assessments of human plasma protein binding and intrinsic clearance assessments in human primary liver cells to predict a likely human plasma exposure. Computational approaches to extrapolating in vitro concentrations to human plasma exposures that would be required to produce a specific bioactivity have also been developed and could be adapted to this screening paradigm (Bell et al., 2018; Wambaugh et al., 2018; Honda et al., 2019).
2.6 Tier IV: actionable decisions about a candidate compound
Tier IV involves the integration of the cumulative evidence derived from the first 3 assessment tiers with the aim of supporting decisions around molecular design, candidate selection, in vivo follow-up testing, and/or bespoke clinical trial design. This will likely require a novel decision framework that is more specific and focused than the fairly high-level observational decision framework applied to the usual in vivo animal-based system. It will also require understanding and confidence in data that is different than that usually used in safety assessments. As that confidence grows, Tier IV could evolve over time allowing for less or no reliance on in vivo data and support earlier decision-making.
Tier I uses a broad set of specific (receptors, ion channels, enzymes) and non-specific (e.g., cell health assessments) biological assessments to generate hypotheses that a CV liability is a potential concern for a novel drug candidate. Tier II assessments qualify those bioactivies for their CV-specific relevance in more complex modeling systems with the ability to model normal and abnormal or pathologic biology at the tissue and organ level. Tier III contextualizes potential liabilities with the concentration or dose at which those liabilities are likely to occur.
Avila et al. (2020) articulated a short series of high-level questions generally considered in human drug safety assessment. Within those questions are a myriad of potential considerations that relate to all the major organ systems of human biology. We contend that our understanding of human responses to injury or disease and our history of characterizing drug-induced toxicity positions a global community of toxicologists to define a discrete set of target-organ based questions that could guide a novel and more mechanistic approach to drug safety assessment. This novel decision framework is a key enabler to adopting a novel paradigm.
2.6.1 Tier IV feasibility and implementation
Confidence in the results of Tiers I-III are critical to the success of this last tier to avoid duplicating efforts in the in vivo studies (as discussed below). Once confidence has been established, Tier III results can be used to inform molecule design and an integrated risk assessment. Focusing the risk assessment on the predefined bioactivities will be necessary to best characterize the liabilities that may exist. Results can also be used to inform clinical trial design such that the suspected liabilities are monitored (e.g., ECG screening in early stage 1 trials for suspected proarrhythmic risk).
3 IMPLEMENTING THE TIERED APPROACH
The four-tiered approach described above aims to leverage our significant knowledge and experience with characterizing CV responses to xenobiotic-induced injury or dysfunction. It intends to expand the use of existing capabilities for detecting and measuring biological events at the cellular level in a framework that is more mechanistic, evidence-based and applicable across the drug discovery and development continuum. To be decision-enabling, it will need to be as complete as our knowledge allows, be human-relevant, be toxicologically-relevant and have the confidence of the decision makers who will use the outcomes of these assessments. That confidence will come from demonstrating the human biological relevance of the modeling systems, the CV relevance of the endpoints that are measured and the line of sight from in vitro mechanistic perturbations and changes in cell function to organ system-level clinical outcomes.
As noted above, our experience with secondary pharmacology screening and basic cell health assessments is a strong basis for our confidence in those assessments (i.e., we have experience using them). The biological scope of those assessments should likely be expanded to ensure that all CV-relevant molecular targets are represented (i.e., that the assessment is sufficiently holistic) and, though assays for most of the endpoints of interest are commercially available, they would benefit from being integrated into a discrete portfolio of assays amenable to high-throughput application to be useful in early discovery efforts.
Human cell-based modeling capabilities in simple and more complex configurations (e.g., 3D, multicellular) are progressing rapidly increasing confidence in both their human and in vivo relevance. Demonstrating that relevance is an important contributor to confidence-building. For example, a cardiomyocyte should rhythmically beat in response to an “electrical stimulation,” express troponins as components of its contractile apparatus, use fatty acids as a preferential fuel source and cycle calcium in and out of intra- and extracellular stores. There are a growing number of publications providing guidance on in vivo relevant biological features that should be modeled in in vitro systems (Guth et al., 2019; Ribeiro et al., 2019).
Also, cellular constituents of the CV system should replicate responses to known CV-active pharmacologic and toxic agents. Pharmacologic agents (i.e., drugs), in particular, offer the opportunity to benchmark bioactivities in in vitro systems against human responses exploring the dynamic range of bioactivity using cardio-active drugs with known pharmacologic mechanisms of action as tools to qualify drug responses. “Validating” the systems analytically will establish their reproducibility. Confidence in the outcomes of the effort will be supported by working the paradigm with a blinded panel of compounds with known human activity to ensure appropriate translation. These compounds must include drugs with known mechanisms that elicit toxicity via recognized and CV-relevant pathways rather than cardiotoxic drugs with known outcomes but unknown mechanisms. Real-time integration of this paradigm with contemporary approaches will fill an existing gap in our current approaches (i.e., identify true development-limiting liabilities earlier in development).
4 LIMITATIONS
This paradigm is not offered without recognizing that the cardiovascular system is physiologically integrated, has significant interdependencies among its individual tissue and organ components, and a number of controlling influences from non-CV organ systems. We propose that you do not have to replicate the entire organism to predict what would happen at the organ system level. In order to leverage the proposed higher throughput and human-relevant, albeit more reductionist approach, we will need to apply principles of systems biology by additively or computationally integrating outcomes and extrapolating them to the in vivo human context. In vitro assessment of phosphodiesterase activity in a secondary pharmacology screen is an example. Inhibition of phosphodiesterase activity in an in vitro assay would be expected to induce vasorelaxation in a cell-based in vitro assessment of dynamic vascular smooth muscle activity. Our understanding of vascular physiology provides confidence in the prediction that, in vivo, blood pressure would drop and heart rate would increase since these are usual physiologic responses to that bioactivity (Losco et al., 2004; Hanton et al., 2008; Zhang et al., 2008). Likewise, a drug candidate that increased the force of contraction in a dynamically contracting cardiomyocyte system would be expected to increase pulse pressure in vivo (Banfor et al., 2008; Abram et al., 2015). Alternatively, cardiomyocyte cytotoxicity and death in vitro would be expected to exhibit myocardial necrosis and increased circulating cTn in vivo. While current animal studies reveal changes that are clinically undetectable, similarly cell-based assays may reveal bioactivity that never manifests in patients. An important element of this more mechanistic approach requires some bridging and insight into the quantitative translation of molecular bioactivity to in vivo outcomes. Those insights could come from benchmarking against historical experiences of that translation leveraging marketed drugs with these intentional pharmacological activities.
A potential obstacle to the adoption of this, or any other more reductionist and mechanistic approach to safety assessment, is the concern for liabilities that might not be modeled in a more reductionist system (i.e., the fear of the unknown). Likewise, novel therapeutic modalities like stem cell and gene therapies will require re-thinking our current paradigm but benefit even more from species-relevant modeling systems. Interestingly, “unknowns” occur with the current animal-based approach in the form of unexpected and, occasionally, severe liabilities occurring in patients that were not recognized preclinically (Forrest et al., 2008; Harirforoosh et al., 2014; Wojcik et al., 2015). As the current testing paradigm has limited capabilities to be reflexively modified based on outcomes in the clinical setting, this more mechanistic and hypothesis-based paradigm could be modulated over time to be increasingly more predictive based upon clinical outcomes data.
Aside from the challenges above and despite the seemingly inherent value of a human-based modeling approach, the significant historical weight of our experience using animal data to make human decisions suggests that animal studies are likely to remain fundamental in pharmaceutical safety assessment for the foreseeable future (Avila et al., 2020). The rapid proliferation of human-relevant cell-based modeling systems has already prompted broader use of these systems for both regulatory and non-regulatory decision-making. Yang et al. (2022) recently reported a significant increase in the number of regulatory submissions to the FDA that included safety assessment data derived from human iPSC cardiomyocytes for both proarrhythmic and non-proarrhythmic safety liabilities using more mechanistic endpoints than usual in vivo animal studies. Though those data were submitted as complements to a usual safety assessment package, the potential exists for their use as alternatives to traditional data as confidence grows in their usefulness and relevance to human outcomes.
We recognize that the retention of animal-based CV risk assessment methods in parallel with the implementation of a novel, mechanistic-based paradigm may cause friction. What happens when a compound is incorrectly predicted to pose human CV safety liabilities in animal studies but not in a human-derived in vitro system? Or vice versa? If one assumes that animal studies have been reasonable surrogates for human outcomes and that the new approach is equally or more translational, then these disparities should be uncommon. If they are not, we may reveal a significant weakness in that assumption or even challenge our belief that in vivo outcomes can be reasonably modeled in a more reductionist in vitro system. Whatever the outcome, the proposed new paradigm will benefit from a prospective rigorous and evidence-based validation to assess the strengths and limitations of its application. These assessments will undoubtedly bring significant value by recognizing human CV liabilities earlier in development and may prompt us to improve our ability to translate preclinical modeling to clinical outcomes–an improvement sorely needed in drug development.
5 CONCLUSION
Animal study-based safety testing of novel drug candidates prior to clinical testing has prevented unintended adverse effects in most patients. Their application late in preclinical development and the potential that they under- or over-estimate patient risks likely represent important contributions to high attrition and cost of drug development. This is particularly true for CV safety liabilities. A higher throughput, more human-relevant and mechanistically informative, objectively evaluated screening strategy has the opportunity to mitigate that contribution. A human-relevant and higher throughput paradigm could identify true human liabilities earlier in development, support a more informed risk/benefit lead selection and guide the design of subsequent preclinical and clinical in vivo studies (Figure 3). The multidisciplinary and cross-sector HESI Cardiac Safety Technical Committee is taking on the challenge of defining and testing this strategy leveraging our understanding of the CV system, our experiences modeling toxicity in that system and the substantial proliferation of modeling platforms that would support such an approach.
[image: Figure 3]FIGURE 3 | Value propositions for an earlier integration of a human-relevant and mechanistic screening strategy.
This HESI Committee is a multidisciplinary team of in vivo and in vitro scientists with expertise in cardiovascular toxicobiology, cell-based modeling and computational approaches representing the pharmaceutical industry, government, academia and developers of the kinds of systems that will be needed to support this strategy (https://hesiglobal.org/cardiac-safety/). This group has been collaborating to align on the fundamental biological components (the “failure modes”) of the CV system that should be modeled to drive this proposed approach. In addition to identifying and understanding the failure modes, the Cardiac Safety Technical Committee is actively working to bridge the gaps between in vitro, in vivo data and clinical outcomes by conducting research and generating novel data. The responsibility of such a paradigm shift falls to everyone and HESI is ensuring collaboration across sectors, which will allow for an environment where change is possible. Working together will also combine expertise and experience to ensure new approaches are applied with the proper context of use and the appropriate stage of development.
HESI and similar consortia have published validation studies and best practices and continue to do so as part of their remit. Additional data along with case studies and training on data interpretation across pharmaceutical companies and regulatory agencies are still needed. A clear path for inclusion of such data in new drug submissions with buy in from all stakeholders is ultimately needed and can be achieved through further scientific development, regulatory acceptance and a tiered approach to prediction.
The magnitude of change proposed here is not to be taken lightly and it cannot be easily accomplished without full engagement of a committed biomedical community and substantial support and investment. A value proposition for a novel paradigm with the attributes described above is clear. Building the capability described will require that we leverage our collective experiences as well as technical advancements in in vitro and computational modeling. Gaining the confidence to make important decisions that ensure patient safety but also optimizes their opportunity for beneficial therapies will require a frameshift in a risk assessment culture that has been understandably conservative and incremental in its evolution and adoption of novel approaches. Bold change has inherent risks but we contend that we know enough to mitigate those risks to the ultimate benefit of patients and drug developers.
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Important cardiovascular failure modes

Vasoactivity Change in vascular tone (vasoconstriction or vasodilation) ‘
Contractility Change in contractile function (usually decreased in failure) ‘
Rhythmicity Altered rhythm/electrophysiology

Myocardial injury Injury or death of cellular components of the myocardium (usually cardiomyocytes); infiltration or remodeling of myocardium

Endothelial injury Injury or death of endothelial cells; change in coagulation; increased inflammatory signaling ‘
Vascular injury Injury or death of cellular constituents of blood vessels in any organ including the heart (most often arteries)

Valvulopathy Valvular insufficiency (usually due to structural deformity or inflammation)

“Note. There are a finite number of ways that the cardiovascular system “fails” in disease or toxicity. These “failure modes” represent the focus of modeling systems that could detect drug
bioactivities that might lead to or induce these failures.”
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