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Abstract 

Companion dogs are increasingly recognized as translational models for studying human physiology 
and disease. Unlike conventional or genetically engineered laboratory models, dogs are outbred, 
immunocompetent animals that spontaneously develop complex diseases whose pathogenesis and 
environmental exposures commonly overlap with those of humans. These distinctive features create 
opportunities to study mechanisms of disease, progression, and therapeutic responses under 
conditions that more closely resemble clinical reality. This review highlights evidence for the 
translational relevance of canine models across multiple therapeutic areas. We further discuss how 
advances in genomics, transcriptomics, spatial biology, in vitro, and in silico model systems are 
expanding the translational utility of canine models for applications in human medicine. Although 
important species differences must be carefully weighed, dogs represent a uniquely valuable 
comparative model for elucidating disease mechanisms, informing drug development, and 
accelerating the translation of scientific discoveries to human medicine. 

Keywords: comparative physiology; translational medicine; canine; spontaneous disease; one health; 
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Introduction 

Murine models have played, and continue to play, a critical role in our understanding of 
biological pathways, enabling genetic manipulation on a large scale and under highly controlled 
experimental conditions [1]. However, they often fail to recapitulate the ecological, immunological, 
and physiological contexts in which chronic diseases develop in humans [2–4]. As the scientific 
community moves toward more predictive, biologically relevant models, companion animals offer a 
unique opportunity to study disease pathogenesis, progression, and therapeutic response in 
biological cohorts that share the same environment as humans. Unlike conventional laboratory 
models, dogs are outbred, immunocompetent animals that spontaneously develop complex, 
heterogeneous diseases [5,6]. They are exposed to the same environmental pollutants and allergens 
as humans [7], share overlapping microbial communities within households [8], and maintain 
circadian rhythms that closely mimic, and are entrained by, human activity [9–13]. Importantly, dogs’ 
shorter lifespan relative to humans enables the study of disease progression and therapeutic response 
on an accelerated timescale. Collectively, these features provide a compelling biological rationale for 
studying how real-world exposomic, behavioral, and socioecological factors shape health and disease 
trajectories. In this context, dogs have become central to the comparative oncology paradigm, as they 
develop spontaneous tumors within genetically structured breeds and intact tumor 
microenvironments. Canine cancers, such as osteosarcoma, lymphoma, glioma, and urothelial 
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carcinoma, among others, share remarkable histopathological, molecular, genetic, and environmental 
similarities with their human counterparts, as well as comparable treatment responses [6,14,15]. The 
translational utility of the companion animal model is further supported by the availability of 
advanced information technology and large data collection programs such as the National Cancer 
Instituteʹs Comparative Oncology Trials Consortium (COTC] and the Integrated Canine Data 
Commons, that enable the collection, annotation and archiving of large cancer datasets [16,17]. These 
resources facilitate the construction of cross-species molecular atlases and enable federated learning 
across veterinary and human datasets. 

This review examines the evidence supporting the dog as a translational model across multiple 
therapeutic areas, from the genomic and phenotypic foundations of cross-species disease 
comparability to emerging technologies and quantitative systems pharmacology that are expanding 
the translational utility of canine models for human medicine. 

Genetics to Phenotypes in Canine Patients: What Makes a Disease 
“Comparable”? 

Humans and dogs share extensive genetic predispositions to disease [18]. With approximately 
400 dog breeds worldwide, there is a large gene pool that can be leveraged to identify various 
genotypic-phenotypic relationships [18]. Selective breeding provides interbred genetic models, while 
the diversity of dog breeds allows for genetic variation in the population as a whole. This breed-
specific genetic variation, combined with a shared human environment, underlies an estimated 500 
heritable disorders common to both species [19], positioning the dog as a powerful genetic model for 
human disease. Beyond their shared lifestyle and role as spontaneous disease models, dogs develop 
tumors driven by age-related somatic mutations that recapitulate the histological features, biological 
behavior, and molecular underpinnings of human cancers [20]. Moreover, selective breeding for traits 
such as body size, morphology, behavior, and coat color, has fixed alleles that predispose specific 
breeds to defined disease phenotypes (Fig.1) [18]. 
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Figure 1. Shared risk factors and comparative disease statistics in humans and dogs. (Top) Environmental and 
genetic risk factors shared between species, including allergens, pesticides, and genetics, as well as secondary 
exposures such as diet and smoke. (Center) Select diseases occurring spontaneously in both species, with key 
statistics for humans (left) and dogs (right). (Bottom) Conserved mechanisms in cardiovascular disease, 
including shared neurohormonal pathways (left), the RAAS cascade (center, adapted from Mochel and Danhof, 
2015), and overlapping cardiac diseases (right). One image (diet) was generated using ChatGPT-5.2 (OpenAI, 
2026). The figure was otherwise adapted from images created with BioRender.com. 

Importantly, both humans and canines have highly complete and well-annotated genomes that 
enable robust cross-species comparisons, with recent canine reference genomes utilizing long-read 
sequencing [21]. Despite substantially lower sequence coverage, previous survey sequencing of the 
canine genome captured slightly more human transcripts (29,673 vs 29,529) and genes (18,473 vs 
18,311) than mouse alignments, although a smaller fraction of protein-coding sequence was covered 
(61% vs 77%) [22]. More recently, ‘(…) comparative epigenomic studies involving human and mouse further 
draw the idea that the human genome has greater similarities with the dog genome than the mouse genome’ 
[23]. When integrated with spontaneous disease phenotypes and shared household environment, 
these genomic parallels establish the dog as a powerful translational model. 

To fully harness the extensive genetic diversity across breeds, the Dog10K consortium was 
established in 2019, culminating in the publication of 2,000 canid genomes [21]. More recently, the 
consortium launched the Dog10K database to democratize access to these resources, which 
encompass DNA variant and de-novo mutation data, bulk RNA-sequencing, single nuclei and single 
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cell RNA-sequencing (sn- and scRNA-seq) [24]. Additional genomic resources, including the Dog 
Aging Project, Dog Biomedical Variant Database Consortium, Dog Genome SNP Database—iDOG, 
Golden Retriever Lifetime Study (Morris Animal Foundation), and The NHGRI Dog Genome Project, 
collectively expand the infrastructure available for comparative and translational research [18]. 

Despite substantial molecular conservation between species, exemplified by shared mutations 
in ESR1 and BRCA2 in human breast cancer and canine mammary tumors [15], important differences 
warrant careful consideration. For example, the BRAF(V600E) mutation is rare in human bladder 
cancer, whereas the homologous BRAF V595E mutation is present in ~85% of canine muscle-invasive 
urothelial carcinomas [25]. Paradoxically, this high prevalence positions the dog as a spontaneous 
model not for human bladder cancer per se, but for studying BRAF-driven tumorigenesis and 
evaluating targeted therapies applicable to other BRAF-mutant human cancers, such as melanoma 
[26]. 

Additionally, a persistent methodological challenge is the limited availability of canine-reactive 
antibodies. Cross-reactive human antibodies with high sequence homology to canine targets are 
routinely tested as surrogates; however, achieving target specificity without off-target effects remains 
difficult, underscoring the need to validate reagent cross-reactivity, including primers and druggable 
targets, on a case-by-case basis [27]. 

While human medicine benefits from extensive genomic resources and highly annotated clinical 
data that inform diagnostics and research, veterinary medicine generates large volumes of data [20] 
that remain largely underutilized [28]. Coordinated efforts to improve data accessibility, 
standardization, and archiving are needed to unlock the full potential of this spontaneous disease 
model for large-scale reverse translational research. 

Cross-Domain Evidence Supporting the Dog as a Translational Model 

Oncology: Where Dogs Move the Needle 

Shared physiology and common etiologic factors underpin the histologic, genetic, and molecular 
similarities between canine and human cancers, as well as their comparable tumor biology and 
therapeutic responses [6]. Naturally occurring cancers in pet dogs capture clinically relevant aspects 
of human disease that are incompletely modeled in mice, including tumor heterogeneity, metastatic 
progression, and treatment resistance [14]. Many of the biochemical pathways that drive human 
cancers are conserved in canine tumors, supporting the use of dogs in both translational research and 
preclinical evaluation of novel therapeutics [5]. The following subsections highlight a few cancer 
types with strong cross-species parallels. 

Osteosarcoma 

Osteosarcoma is a highly metastatic primary bone tumor that occurs in both humans and dogs, 
sharing many key clinical, histological, and molecular features across species. In humans, 
osteosarcoma has an incidence of 1.02 per 100,000 and is the third most common cancer in adolescents 
[29]. In dogs, incidence is substantially higher (13.9 per 100,000) and the disease is generally more 
aggressive. In both species, osteosarcoma is characterized by early micrometastatic dissemination 
and the subsequent emergence of chemotherapy resistance [30]. Although human osteosarcoma is 
most strongly associated with the adolescent growth spurt, the predilection for large and giant dog 
breeds and the involvement of IGF-1 signaling implicate bone growth as a contributing factor in both 
species [31]. Canine and human osteosarcoma share molecular alterations in pathways involving 
TP53 [32], as well as biomarkers of cell cycle regulation, immune infiltration, and epigenetic 
remodeling [33]. 

Lymphoma 
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Lymphoma is one of the most common hematopoietic malignancies in both species, with non-
Hodgkin lymphoma (NHL) and, in particular, diffuse large B-cell lymphoma (DLBCL) representing 
the predominant subtype [34–36]. In the United States alone, NHL is projected to account for 
approximately 19,000 deaths in 2025 [37]. In dogs, standard chemotherapy induces complete 
remission in approximately 90% of patients; however, most ultimately relapse, with a median 
survival of approximately 12 months [34]. Given that the most meaningful progress in DLBCL 
treatment has come from immunotherapy, canine lymphoma offers a unique opportunity to study 
tumor-immune interactions within an intact tumor microenvironment. Recent immune-profiling of 
canine B-cell lymphoma (BCL) has revealed cross-species conservation of prognostic markers, with 
variation in immune composition associated with differential chemotherapy response; findings that 
parallel observations in human DLBCL (Didehvar et al., 2025). 

Bladder Cancer 

Bladder cancer (BC) is the most common malignancy of the urinary tract in humans, with 
approximately 500,000 new cases diagnosed annually worldwide, accounting for about 3% of all 
cancers [39]. In dogs, more than 95% of bladder cancers are muscle-invasive urothelial carcinomas 
(iUCs) that closely mirror human muscle-invasive bladder cancer (MIBC) in morphology, biological 
behavior, metastatic progression, and response to therapy, including shared luminal and basal 
molecular subtypes [40,41]. The marked breed predisposition in Scottish Terriers, which carry an 
approximately 20-fold increased risk of developing BC, further offers a unique genetic context for 
studying disease susceptibility, early detection, and prevention strategies [42]. 

Glioma 

Malignant glioma (MG) occurs spontaneously in humans and dogs at broadly comparable 
frequencies and carries a dismal prognosis in both species. Canine gliomas show strong similarity to 
human pediatric gliomas, including comparable aneuploidy, mutational burden, DNA methylation 
patterns, and shared abnormalities affecting receptor tyrosine kinase signaling, TP53, IDH1, and cell-
cycle pathways [43]. Because canine gliomas arise in large, immunocompetent animals, they provide 
an informative platform for evaluating neurosurgical and radiotherapeutic strategies, as well as 
emerging immunotherapies, such as anti-glioma vaccines, immune checkpoint inhibitors, and 
adoptive T-cell therapy [44]. 

Clinical Translation: from Bench to Trial 

Because the number of potential molecular targets and candidate drugs far exceeds the capacity 
for clinical testing, robust preclinical models are essential for supporting go/no-go decisions. 
Comparative oncology trials in dogs with naturally occurring tumors have repeatedly addressed this 
need, generating critical translational data on antitumor activity, tolerability, 
pharmacokinetic/pharmacodynamic (PK/PD) relationships, and candidate biomarkers of response 
across multiple therapeutic modalities [45].  

Conventional and targeted therapies. In osteosarcoma, canine studies supported the development 
of limb-sparing surgery, regional chemotherapy delivery, and whole-body hyperthermia, helping 
shape subsequent strategies in human disease management [46,47]. Dogs with osteosarcoma also 
informed the evaluation of mTOR pathway inhibition in a phase I rapamycin trial, supporting the 
translational development of mTOR inhibitors in human sarcoma [48,49]. In NHL, the canine model 
dates to the 1970s, when bone marrow transplantation studies contributed to techniques 
subsequently adopted in human hematologic practice [50], and has since supported the evaluation 
of agents including pegylated liposomal doxorubicin and the PMEG prodrug GS-9219 [51,52]. Dogs 
have also contributed to the development of several kinase inhibitors. The RTK inhibitor toceranib 
(SU11654), developed in parallel with sunitinib in humans, exemplifies the comparative oncology 
paradigm [53,54]. Canine lymphoma models have similarly supported the evaluation of Brutonʹs 
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tyrosine kinase inhibitors, with both ibrutinib and acalabrutinib showing acceptable tolerability and 
antitumor activity in dogs with BCL [55,56]. Canine trials have also generated translational data for 
the XPO1 inhibitor verdinexor [57], the HSP90 inhibitor prodrug STA-1474 [58], the VCP inhibitor 
CB-5339 [59], and the procaspase activator PAC-1, whose canine data directly informed subsequent 
human phase I trials in high-grade glioma and uveal melanoma [45,60,61]. 

Immunotherapy. Spontaneous canine tumors are particularly valuable for immunotherapy 
research because they arise in immunocompetent hosts with an intact tumor microenvironment. 
Cross-species conservation of leukocyte composition, regulatory T-cell expansion during tumor 
progression, and immune-regulatory molecule expression further supports their use for evaluating 
immunotherapeutic strategies [62]. Among the most compelling examples is liposomal muramyl 
tripeptide phosphatidylethanolamine (L-MTP-PE) in osteosarcoma [31]. Early studies in dogs with 
spontaneous appendicular osteosarcoma helped establish the rationale for subsequent human trials; 
in children with osteosarcoma, the addition of L-MTP-PE to standard postoperative chemotherapy 
improved overall survival, with a trend toward improved event-free survival [63,64]. Dogs with 
spontaneous pulmonary metastases have also served as a preclinical model for cytokine-based 
immunotherapy: inhaled liposomal interleukin-2 (IL-2) was shown to be safe and biologically active 
in metastatic disease, further illustrating the value of canine models for testing immunotherapies in 
advanced cancer settings [65]. Canine studies have also been used to evaluate several vaccine-based 
immunotherapies across tumor types. These include HER2-targeted vaccination in osteosarcoma 
[66], telomerase-targeted vaccination in BCL [67], and disialoganglioside GD3-targeted vaccination 
in melanoma [68]. In canine brain tumors, vaccine approaches have likewise shown feasibility and 
immunological activity, although the study by Andersen and colleagues evaluated an autologous 
tumor lysate vaccine with toll-like receptor ligands rather than a GD3-targeted strategy [69]. Early-
stage development of canine immune checkpoint inhibitors is already underway, with therapeutic 
antibodies targeting PD-1 [70] and CTLA-4 [71] having been generated and evaluated in preclinical 
or early translational settings. Such studies may be particularly informative for aggressive metastatic 
solid tumors, including osteosarcoma and angiosarcoma, where durable responses remain difficult 
to achieve. Collectively, these studies demonstrate that dogs with spontaneous metastatic disease can 
yield actionable data on safety, immunogenicity, and biological activity of candidate 
immunotherapies. 

Adoptive cell therapies and tumor microenvironment modulation. Dogs are also emerging as a 
translational platform for adoptive cell therapies, enabling evaluation of feasibility and activity in 
spontaneous cancers before advancement to human trials. Recent work includes CD20-directed CAR 
T cells in canine BCL [72], adoptive NK-cell therapy in combination with radiotherapy in sarcoma 
[73], and a USDA-CVB-regulated pilot study using human-derived xenogeneic CAR T cells, which 
were well tolerated, induced remission, and could be tracked in vivo by PET imaging [74]. Naturally 
occurring canine tumors provide a valuable system for studying therapeutic modulation of the tumor 
microenvironment, including macrophage depletion with liposomal clodronate [75], blockade of 
CCR2-dependent monocyte recruitment [76] and CCR4-targeted depletion of regulatory T cells in 
invasive bladder cancer [77]. This is especially relevant in brain tumors, where the canine model 
allows investigation of slowly evolving and highly complex microenvironmental interactions that are 
difficult to capture in conventional experimental systems [78]. Recent immune-profiling studies in 
canine BCL have further demonstrated cross-species conservation of prognostic features within the 
tumor microenvironment [38]. 

Valvular Disease and Cardiomyopathy 

In humans, the main drivers of heart failure (HF) are ischemic heart disease, followed by 
hypertension and valvular heart diseases [79]. In dogs, HF is driven predominantly by myxomatous 
mitral valve disease (MMVD), accounting for about 75% of clinical cases, followed by dilated 
cardiomyopathy (DCM), which occurs most commonly in large and giant breeds [80]. Canine HF 
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often manifests as congestive heart failure (CHF), a presentation in which elevated cardiac filling 
pressure leads to fluid accumulation, especially in the lungs. 

The rationale supporting the dog as a model for heart diseases has been comprehensively 
reviewed by Pyle [81]. In brief, canine cardiovascular anatomy closely parallels that of humans, 
including a four-chambered heart with structurally and functionally comparable valves [82]. The 
electrical conducting system also shares basic anatomical and physiological features, although canine 
cardiomyocytes exhibit significantly higher inward rectifier potassium currents than their human 
counterparts [83,84]. Distinct morphological features of the canine heart include an ovoid shape with 
a more ventrally oriented apex, as well as a more extensive coronary venous network and robust 
collateral circulation, which, together with differences in lipid biology [85], contribute to the relative 
resistance of dogs to coronary artery disease [86]. 

Conserved Neurohormonal Mechanisms 

In humans, progression from compensated cardiac dysfunction to symptomatic HF is marked 
by robust neurohormonal activation, driven primarily by stimulation of the sympathetic and renin-
angiotensin-aldosterone systems (RAAS), promoting vascular constriction, sodium retention and 
maladaptive remodeling [87]. Although data on treatment-naïve RAAS activation in dogs with CHF 
remain limited, multiple clinical trials have established the benefit of RAAS modulation in this 
population [88,89]. Recent work from our consortium further suggests that higher doses of 
angiotensin converting enzyme inhibitors (ACEI) are associated with improved survival in dogs at 
the initial onset of CHF [90]. 

Aldosterone breakthrough has been described in experimental models of HF, as well as in 
clinical cases of HF in dogs [91,92]. Moreover, circulating RAAS activity exhibits diurnal variations 
in both species; in dogs, feeding time is a key determinant of RAAS chronobiology, blood pressure, 
and renal electrolyte handling [9,12,13]. These natural oscillations have prompted efforts to time 
ACEI dosing to circadian rhythms, though the clinical benefit of chronotherapy in hypertension 
remains debated [93]. Overall, the cross-species conservation of RAAS physiology and its role in HF 
pathophysiology provide a strong rationale for studying the PK and PD of RAAS-modulating 
therapies in canine experimental models and naturally occurring CHF [13,94–97]. 

Another conserved mechanism in canine and human HF is the non-osmotic activation of 
arginine vasopressin (AVP, also known as antidiuretic hormone (ADH), which is primarily driven 
by arterial underfilling secondary to reductions in stroke volume and cardiac index. In dogs, this has 
been shown in preclinical and clinical stages of HF [98,99]. The inverse association between ADH and 
serum chloride concentrations in canines further supports non-osmotic neurohormonal activation, 
consistent with earlier observations in human patients with HF [100,101]. 

MMVD in Humans and Dogs 

Degenerative MMVD, often presenting as mitral prolapse, is the leading indication for mitral 
valve repair or replacement in humans, affecting 2-3% of the general population with prevalence 
increasing steeply with age [102]. In dogs, MMVD is the most prevalent acquired heart disease, 
accounting for 75% of canine CHF [80]. Canine MMVD follows a similar age dependency but also 
exhibits marked breed predispositions: in small-to-medium breeds, prevalence in older dogs is 
commonly reported at 30-70%, reaching up to 90% in Cavalier King Charles Spaniels by 
approximately 10 years of age [103]. These naturally occurring cases represent a large resource to 
study disease pathomechanisms, natural history, and therapeutic response. 

Comparative anatomic studies have identified multiple structural parallels between the canine 
and the human mitral valve, including annulus architecture, aorto-mitral continuity, and chordal 
network [104]. At the tissue level, MMVD is characterized by leaflet thickening, disruption of the 
extracellular matrix, and myofibroblast activation, ultimately leading to mitral regurgitation in both 
species [105]. An important distinguishing feature, however, is that canine MMVD is generally 
regarded as a relatively homogeneous disease, whereas two main clinicopathological phenotypes 
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exist in humans; among these, Barlowʹs disease most closely resembles canine MMVD [81]. Beyond 
this epidemiological and histopathological overlap, canine and human MMVD share conserved 
molecular pathways driving valve remodeling, including serotonergic signaling through the 5-HT2B 
receptor [106], which intersects with core profibrotic programs such as TGF-β [105]. 

Genetic Cardiomyopathies in Humans and Dogs 

Dilated cardiomyopathy is a prevalent cause of HF in humans, with over 60 associated genes 
and a significant familial component [107,108]. Clinical symptoms may only appear after a prolonged 
subclinical (asymptomatic) phase [109]. Canine DCM has comparable heritability, with breed-
associated clustering and autosomal inheritance reported in several breeds (e.g., Great Danes, 
Doberman Pinschers) [110]. In Doberman Pinschers, DCM follows a two-stage course in which the 
asymptomatic phase closely resembles the subclinical stage of human DCM [81]. A key translational 
parallel with human DCM is the high arrhythmic risk: approximately one-third of Doberman 
Pinschers are reported to die suddenly during the occult phase of the disease. Beyond sudden cardiac 
arrest, both human and canine DCM typically present with syncope, exercise intolerance, 
arrhythmias, and pulmonary congestion [111]. Common biological pathways governing sarcomeric 
structure and regulation (e.g., titin), as well as RNA-splicing control (e.g., RBM20) have been 
implicated in dogs and humans. RNA-binding motif protein 20 (RBM20) is a cardiac splicing factor 
involved in arrhythmogenic DCM in humans and in a naturally occurring, early-onset DCM 
phenotype in Standard and Giant Schnauzers carrying a 22-bp frameshift deletion [112,113]. RBM20 
regulates alternative splicing of titin (TTN) and a broader network of cardiac transcripts. 
Accordingly, RBM20 cardiomyopathy is characterized by mis-splicing programs with downstream 
effects that include calcium-handling pathways, consistent with heightened arrhythmic susceptibility 
observed in RBM20-associated disease. Comparative genetic studies in predisposed breeds have 
isolated additional candidate loci (including RNF207 and PRKAA2) of potential relevance to human 
DCM [114]. 

Arrhythmogenic right ventricular cardiomyopathy (ARVC) typically presents in adulthood and 
may be exacerbated by training or exercise [115]. It is primarily a disease of the cardiac desmosome, 
the intercellular junction complex that provides mechanical coupling between cardiomyocytes [116]. 
Multiple genetic mutations have been identified in desmosome-related genes, with incomplete 
penetrance indicating contributions from both genetic and environmental factors. In well-
phenotyped cohorts, a causal variant is typically identified in approximately 50-60% of patients [117]. 
The clinical presentation, natural history, and histopathology of canine ARVC closely overlap with 
those of the human disease, including ventricular tachyarrhythmias of right ventricular origin, 
syncope, progression to CHF in a subset of patients, and sudden cardiac death [118]. In dogs, there 
is a clear breed predisposition to ARVC, with prevalence reaching 25% in Boxers [119]. Notably, most 
of the canonical human ARVC genes have not been identified as primary drivers in this breed; 
instead, the main canine-associated variant is an 8-bp deletion in striatin (STRN] associated with 
reduced STRN expression [120,121]. Despite these differences, both species share strong 
pathophysiological features, characterized by desmosomal disruption and impaired cell-cell 
adhesion, which promote cardiomyocyte loss and culminate in the defining lesion of fibro-fatty 
myocardial replacement. 

From Isolated Cardiac Diseases to the Cardiorenal Metabolic Axis 

Cardiovascular disease, chronic kidney disease, type 2 diabetes, and obesity are now understood 
to share interconnected pathophysiological mechanisms: a concept now formalized by the American 
Heart Association through the Cardiovascular-Kidney-Metabolic health paradigm [122]. This 
framework creates an opportunity for preclinical research in dogs, enabling longitudinal, within-
subject profiling of multiple biological variables, such as blood pressure, serum chemistry, 
lipoprotein analysis, glucose/insulin levels, RAAS peptides, oxidative stress markers, and 
serum/urine/fecal metabolomics. Despite unique features in lipid metabolism, dogs have been 
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extensively used to study metabolic obesity, diabetes, dyslipidemia, and their response to therapeutic 
interventions. In a comprehensive analysis published in the Journal of Lipid Research, dogs were 
identified as the second most translatable model (after non-human primates) among 24 animal 
species for studying dyslipidemia and related pharmacological agents in humans [123]. More 
recently, our consortium demonstrated that feeding healthy beagles an isocaloric Western diet 
induced features of metabolic syndrome, including elevated blood pressure, increased fasting 
glucose, a shift from HDL- to LDL-cholesterol, and changes consistent with renal-metabolic coupling 
[124]. 

Expanding the Translational Landscape 

The translational relevance of the canine model extends well beyond oncology and cardiology, 
encompassing safety pharmacology, gastrointestinal, ophthalmic, neurologic, and endocrine 
disorders that share conserved pathophysiological features with their human counterparts. A 
defining strength of the dog as a translational model lies in its ability to capture the complex, systems-
level nature of human diseases; an area where rodent models typically fall short. 

Dogs also exhibit organ-specific physiological features that closely parallel human biology. The 
canine heart recapitulates the electrophysiology of the human heart, including ventricular 
repolarization, ion channel composition (e.g., human ether-a-go-go related gene (hERG) potassium 
(K+) channel activity), and QT interval dynamics [125]. These similarities justify the long-standing 
(and continued) use of dogs in safety pharmacology, where murine models often fail to predict 
human-relevant proarrhythmic liabilities, such as QT-interval prolongation [126]. 

When microbial gene catalogs from the mouse, pig, and dog were mapped onto a human gut 
gene catalog, only about 20% of mouse genes and 33% of pig genes overlapped, compared with 
approximately 63% of dog genes [8]. The degree of microbiomic overlap suggests that pet dogs may 
serve as a more physiologically relevant model than rodents for studying diseases involving the gut-
brain axis (such as Alzheimer’s) [127,128]. Similarly, the canine digestive system bears a closer 
resemblance to that of humans in terms of luminal pH and intestinal transit time [129]. These 
similarities have direct implications for predicting oral absorption and bioavailability of therapeutic 
drugs. Recent PK studies have extended these observations across the full ADME (Absorption, 
Distribution, Metabolism, Excretion) continuum, underscoring the relevance of canines for modeling 
gastric emptying, tissue blood flows, or the expression and activity of key metabolic enzymes and 
transporter proteins that govern drug metabolism and excretion [130,131]. However, important 
species differences have also been identified [131,132], including specific conjugation pathways, bile 
acid pools, and renal organic anion transport. This knowledge helps delineate the circumstances 
under which interspecies extrapolation is justified and when in silico-based adjustments are 
warranted. Overall, the dog is a well-characterized preclinical species for physiologically-based PK 
modeling, enabling more accurate predictions of human systemic exposure than rodent models alone 
[133].  

In ophthalmology, the dog is an established large-animal model for inherited retinal 
degeneration because many canine retinal diseases occur spontaneously, are genetically defined, and 
closely parallel human retinal disorders. Studies in dogs have helped define inheritance patterns and 
causal mutations and establish natural-history metrics for disease staging. This work has also enabled 
the evaluation of therapeutic strategies ranging from neuroprotection to gene augmentation and 
mutation-specific knockdown or replacement approaches [134]. Comparative studies on the ocular 
surface have similarly demonstrated that dogs closely recapitulate the anatomy and physiology of 
the human eye. Cross-species parallels include ocular dimensions, lacrimal gland architecture and 
drainage, blink rate, and tear volume and composition [135]. Dogs also naturally develop ocular 
surface diseases that overlap with human clinical phenotypes [136]. Combined with the ability to 
safely and repeatedly sample tears for PK and biomarker analyses, these features support the use of 
the dog for translational and pharmacological research on the ocular surface [137–140]. 
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Neurologic disorders provide another important area in which the dog has translational value. 
Canine epilepsy encompasses a broad etiologic spectrum, including genetic forms and symptomatic 
epilepsies secondary to trauma, infection, or neoplasia, thereby recapitulating the major categories of 
human epilepsy. Accordingly, canine epilepsy has been used to study disease mechanisms, clinical 
heterogeneity, and responses to antiepileptic drugs [141]. Canine cognitive dysfunction serves as a 
spontaneous model of age-related cognitive decline and early Alzheimer-like neurodegeneration. 
Affected dogs develop behavioral impairment accompanied by neuropathologic changes, 
particularly Aβ-related pathology, that parallel early-stage human disease [127]. Dementia and 
cognitive dysfunction are estimated to affect approximately 10% of adults aged ≥65 years in humans 
[142] and 14.2% of dogs aged ≥8 years [143]. The aging process in dogs is marked by a gradual decline 
in multiple organ systems. ʺInflammagingʺ, a chronic, low-grade inflammatory state linked to frailty, 
multiple illnesses, and death, occurs spontaneously in dogs and closely resembles the aging process 
in humans [144]. This framework is exemplified by the Dog Aging Project, a large longitudinal cohort 
established to define how genetic, environmental, and lifestyle factors shape aging trajectories in 
companion dogs [145]. 

Cushingʹs disease is a severe endocrine disorder caused by a pituitary neuroendocrine tumor 
secreting excessive ACTH, which leads to overstimulation of the adrenal glands and elevated cortisol 
production [146]. Prolonged exposure to excess cortisol has major adverse effects on health and is 
associated with increased risk of stroke, diabetes, obesity, depression, anxiety, and a markedly higher 
likelihood of death due to cardiovascular disease and cancer [147,148]. In dogs, Cushing’s disease 
occurs far more frequently than in humans, with an incidence of approximately 1 in 500 compared 
with about 10 in 1 million in people [149]. More than 80% of canine cases that are caused by ACTH-
secreting pituitary neuroendocrine tumors develop clinical manifestations similar to those seen in 
human patients, including hypertension, obesity, diabetes mellitus, myopathy, and dermatologic 
changes [150,151]. Because of these similarities, canine Cushing’s disease represents an excellent 
naturally occurring model for investigating targeted therapies that may benefit both veterinary 
patients and humans affected by this rare disorder. 

Enabling Technologies for Cross-Species Translation 

Transcriptomics Revolution 

The advent of next generation sequencing (NGS) and the concurrent decline in sequencing costs 
have driven an exponential increase in genomic and transcriptomic data generation. Cutting-edge 
platforms including scRNA-seq have contributed to the creation of human atlases which combine 
hundreds of thousands of cells to identify tissue specific genes and analyze cell states and lineage 
histories [152]. Because scRNA-seq is species-agnostic, non-human atlases have been generated 
across a range of tissues and non-model organisms, including tigers, bats, dogs, and cats [153]. This 
technology has allowed canine scRNA-seq and the creation of atlases spanning healthy and diseased 
states across multiple tissue types and immune cell populations [154–156]. Advancing 
immunotherapeutic development across species requires such cross-species molecular insights. 
Comparative scRNA-seq of human and canine NK cells revealed conserved cell proportions and 
interactions, while also identifying key species-specific differences, notably the absence of a reliable 
cell surface marker such as CD56 in canine NK cells [155]. Although nearly every human tissue and 
cancer type has been profiled by scRNA-seq, the resolution of complex cell-cell interactions remains 
incomplete; a gap that is critical to disease understanding. 

More recently, spatial biology platforms enabling spatially resolved transcriptomics and 
proteomics have begun to complement single-cell approaches, preserving tissue context that is lost 
in dissociation-based methods. Most novel platforms are initially developed and validated for human 
and rodent applications, with species-adapted panels and reagents becoming available for other 
species only after a considerable lag. However, recent advancements now enable the use of reduced 
animal probe sets (GeoMx) or species-agnostic sequencing-based platforms (Visium and Stereo-seq). 
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These platforms have only recently been applied in veterinary medicine, with probe-based platforms 
such as GeoMx used in canine oral squamous cell carcinoma [157] and osteosarcoma [158]. Species-
agnostic sequencing platforms have also been used in dogs including Stereo-seq in a cognitive 
dysfunction study [159], Visium for vein grafts [160] and osteosarcoma [161]. Within osteosarcoma, 
scRNA-seq and Visium spatial transcriptomics between human, patient-derived xenograft, mouse, 
and canine samples revealed that canine tumors showed strong concordance across anatomical sites 
[161]. Despite the expanding availability of these platforms, key challenges remain, including the 
complexity of large-scale data analysis, limited bioinformatic capacity, and barriers to data sharing 
and dissemination. 

New Approach Methodologies - Organoids 

Advances in transcriptomics and spatial biology have transformed tissue characterization and 
deepened our understanding of disease mechanisms. Complementing these molecular insights, 
predictive in vitro models are essential for assessing drug efficacy and safety and supporting 
personalized medicine applications. Conventional in vitro systems, including 2D cultures, have 
driven significant progress in biomedical research; however, their limited predictive capacity, 
combined with growing ethical imperatives to reduce animal use, has motivated the development of 
New Approach Methodologies (NAMs), which encompass both in vitro and in silico platforms [162]. 
Among these, 3D spheroid cultures represent an incremental advance, introducing architectural 
complexity to otherwise clonal 2D systems [163]. 

Stem cell cultures encompass embryonic, adult induced pluripotent stem cells (iPSC), and adult 
stem cells. iPSC cultures were first described in 2006 [164], followed shortly by adult stem cell-derived 
organoids grown in a 3D matrix, together ushering in a new era of in vitro technologies [165]. Since 
then, human organoids have been generated for a variety of tissue types, diseases, and tumors 
[166,167], while veterinary organoid models are rapidly being established [168–170]. For example, 
canine organoid models have been established for mammary tumors that retain key driver mutations 
in PIK3CA and TP53, providing a comparative model for human breast cancer [171], while canine 
urothelial carcinoma-derived organoids exploit the high prevalence of canine MIBC to model the 
muscle-invasive form of the human disease [172]. Veterinary iPSC lines have trailed in development 
because of ‘low reprogramming efficiency, lack of standardization, unique epigenetic barriers, and ambiguous 
pluripotency states’ [173]. However, canine iPSCs have successfully been generated using various 
viruses and starting cell types including fibroblasts, peripheral blood mononuclear cells (PBMCs), 
urine, and adipose tissue [173]. 

Although adult stem cell and tissue-derived organoids have revolutionized stem cell biology in 
the context of personalized medicine, they typically recapitulate only the epithelial component of the 
tissue while lacking other critical cell types including immune cells, fibroblasts, and vasculature 
(Fig.2] [166]. Co-culture protocols that combine organoids with additional cell types are emerging, 
though significant methodological challenges remain. Reports in human medicine exist, for example 
in gastric cancer using dendritic cells (DCs), CD8+ T cells, and myeloid-derived suppressor cells 
(MDSCs) [174], as well as with pancreatic ductal adenocarcinoma [175]. Successfully incorporating 
multiple cell types requires additional controls, complex media, and specialized readouts to account 
for the increased heterogeneity in the culture. 
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Figure 2. Integrated multi-omic tissue characterization, personalized in vitro modeling, and comparative 
human-canine translational pipeline for drug discovery. (Top) Single-cell RNA-seq atlases define cell types and 
cell states, including epithelial-to-mesenchymal transition, in human and canine tissues. Spatial profiling of 
formalin-fixed paraffin-embedded and frozen tissue sections complements dissociation-based approaches by 
preserving spatial context through spatial transcriptomics and proteomics. (Middle) Patient-derived stem cells: 
embryonic, induced pluripotent, and adult stem cells give rise to spheroids, organoids, and tumor organoids. 
Multicellular complexity is increased through co-culture with immune cells, cancer-associated fibroblasts, and 
vasculature, and through culture in platforms of increasing physiological relevance, including hydrogel-based 
3D matrices, Transwell inserts, and dynamic organ-on-a chip/microphysiological systems. (Bottom) A 
translational drug development pipeline integrating computational target identification (genomics, 
transcriptomics, AlphaFold-based structure prediction, reverse docking), chemical library creation, in vitro 
organoid screening, and in silico perturbation modeling. Canine clinical trials in dogs with spontaneous disease 
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serve as a translational bridge, informing dose selection, biomarker strategies, and go/no-go decisions for human 
Phase 1-3 trials and regulatory review. Abbreviations: ASC, adult stem cell; CAF, cancer associated fibroblast; 
EMT, epithelial-to-mesenchymal transition; ESC, embryonic stem cell; FDA, Food and Drug Administration; 
FFPE, formalin-fixed paraffin-embedded; iPSC, induced pluripotent stem cell; scRNA-seq, single-cell RNA 
sequencing. Figure adapted from images created with BioRender.com. 

Organoids can be cultured in a variety of platforms ranging from 3D extracellular matrices, 
whether animal-derived (Matrigel), plant-derived, or plastic, to bioreactors that agitate the media and 
can increase culture volume and cell yield for industrial applications. In their native 3D format, 
organoids expand rapidly; however, access to both the luminal and basal compartments of the 
epithelium is precluded. Their complex three-dimensional architecture also complicates imaging and 
quantitative analysis [176]. Organoids can also be converted into 2D monolayers on Transwell inserts 
which enable permeability assays, drug screening, and monitoring of tight junctions. This technique 
has successfully been used for both human [177] and canine [178] organoids. Although static systems 
offer higher throughput and lower cost, there is growing interest in dynamic organ-on-a-chip 
platforms, some of which integrate microfluidic flow to better recapitulate tissue-level physiology 
(e.g., Emulate, Mimetas, and Alveolix) [179]. These platforms aim to create more physiologically 
relevant in vitro systems, such as models of renal epithelial cells cultured in parallel with endothelial 
cells and monocytes [180]. Despite broad interest across academia, industry, and regulatory agencies, 
adopting these platforms remains challenging owing to high costs, technical complexity, the need for 
specialized expertise, and reduced throughput relative to conventional systems. Bioprinting 
represents another emerging platform for fabricating physiologically relevant, multi-cellular 
constructs, though it has not yet been applied to veterinary organoid systems [181]. 

The predictive potential and use of NAMs in personalized medicine remains significant. While 
genetic engineering has been used extensively in human organoids, canine mammary tumor 
organoids are, to our knowledge, the only ones to have been genetically engineered using 
CRISPR/Cas9 [171]. Despite the growing breadth of NAMs, only a limited number of organoid-
informed clinical trials have been initiated to date [166]. This paradigm has not yet been implemented 
in veterinary medicine, likely owing to cost constraints and limited infrastructure. Nevertheless, the 
mechanistic insights afforded by veterinary organoids, combined with the large population of 
naturally diseased patients, represent a compelling and largely untapped opportunity to accelerate 
therapeutic development in both human and veterinary medicine (Fig.3). 
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Figure 3. Comparative genetics, clinical metadata integration, and translational drug development from 
spontaneous canine cancer models to human therapeutics. (Top) Humans and dogs share similar genetic 
predispositions. Selective breeding has produced extensive breed-specific diversity, with naturally occurring 
genetic variation that can be harnessed for comparative disease studies. (Middle) Clinical metadata collected in 
parallel across species, including medical records, histopathology, diagnostic imaging, genetic profiling, and 
multiplex biomarker analysis, supports shared therapeutic modalities such as chemotherapy, surgery, radiation, 
and immunotherapy. (Bottom) Translational drug development: data generated in veterinary patients (V) with 
spontaneous cancer can directly inform human (H) drug development and vice versa, as exemplified by agents 
such as PAC-1, CB-5339, and L-MTP-PE. Abbreviations: CB-5339, valosin-containing protein inhibitor; H, human 
medicine; L-MTP-PE, liposomal muramyl tripeptide phosphatidylethanolamine; PAC-1, procaspase-activating 
compound 1; V, veterinary medicine. Figure adapted from images created with BioRender.com. 

Quantitative Tools for Translation: PK/PD, QSP, and Model-Informed Decisions 

Quantitative pharmacology provides a generalizable framework for translating preclinical 
findings from animal models and cell-based assays to support model-informed predictions of human 
drug exposure, efficacy, and safety. It achieves this by explicitly linking drug exposure, mode of 
action, and biological responses [182]. At its core, PK/PD modeling uses drug concentration time-
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courses as the driving force of the pharmacological effect(s) [183]. This exposure-response 
relationship can be modeled empirically or, when supported by sufficient biological knowledge and 
data, mechanistically, providing a stronger foundation for cross-species extrapolation. In this 
paradigm, prediction of human response is no longer defined by simple “dose equivalence” (e.g., 
derived from empirical scaling between species). Instead, it is established by modeling systemic and, 
where feasible, target-site exposure profiles, and demonstrating concordant drug exposure-response 
relationships between preclinical species and humans. 

Quantitative systems pharmacology (QSP) builds on this foundation by incorporating 
mechanistic representations of disease pathophysiology and drug effects within the context of the 
underlying biological systems being modeled [184]. It was formally defined by the QSP Workshop 
Group of the NIH (2011) as ‘(…) an approach to translational medicine that combines computational and 
experimental methods to elucidate, validate and apply new pharmacological concepts to the development and 
use of small molecule and biologic drugs’. 

Practically, QSP models integrate multiscale data, ranging from molecular interactions (e.g., 
target engagement) and cellular signaling to tissue remodeling and organ function, to evaluate how 
therapeutic responses can propagate through complex biological systems. 

Collectively, PK/PD and QSP modeling approaches facilitate a translational paradigm shift away 
from traditional heuristic interspecies comparisons, such as simple allometric dose scaling, toward 
mechanism-based, exposure-driven quantitative approaches that enable reproducible predictions, 
rigorous hypothesis testing, and scalable extrapolation of efficacy and safety across species. These 
tools are being increasingly used for the rational selection of drug doses, dosing schedules, and drug 
combinations, thereby informing and optimizing the design of first-in-human (FIH) clinical trials 
[185]. As such, they are now integral to modern model-informed drug development, providing an 
essential foundation for translating preclinical data into actionable clinical strategies [186]. 

Limitations of the Canine Model 

Despite the broad translational potential of spontaneous canine disease models, their use in 
translational research is constrained by both biological and methodological limitations. Biological 
constraints, discussed in preceding sections, include interspecies differences in xenobiotic 
disposition, gastrointestinal, and renal physiology [131], and immune-cell activation and cytokine 
responses, among others [187]. Moreover, because individual breeds carry distinct mutational 
profiles, any single breed’s ability to model the genetic diversity of human populations is inherently 
limited [18]. Beyond these biological constraints, methodological considerations are equally 
important. Compared with rodent studies, canine trials are generally more costly and logistically 
demanding, owing in part to longer study durations and greater drug requirements [6]. 

An additional challenge in canine translational research is the marked heterogeneity of the 
patient population. Companion dogs vary substantially in breed, body size, sex, age, environment, 
and disease risk, and although stringent eligibility criteria can reduce this variability, such restrictions 
may further complicate recruitment and reduce cohort size [145]. Combined with the difficulty of 
recruiting sufficient numbers of eligible client-owned patients, these factors contribute to studies that 
often suffer from low statistical power, inconsistent endpoint definitions, incomplete reporting, and, 
in some settings, owner-dependent outcome assessments [188]. Data quality in canine translational 
research is poised to improve through strengthened trial oversight and reporting standards, 
expanded access to clinically annotated biobanked canine samples, and broader adoption of 
molecular profiling approaches. In particular, the increasing use of NGS and other genomic, 
transcriptomic, and proteomic methods is narrowing the technical gap between canine and human 
studies, although important limitations remain, including the incomplete availability of validated 
canine-specific reagents [4]. The development of coordinated infrastructures such as the COTC has 
further strengthened the field by providing the framework needed to integrate naturally occurring 
canine diseases into the development of human drugs, devices, and imaging techniques [16]. 
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Ethical considerations are also paramount in studies involving client-owned dogs, as 
participation depends on informed owner consent. Owners must be clearly informed about how 
knowledge gained through trial enrollment may benefit companion animals and humans broadly, 
even when the trial is not designed to provide a direct therapeutic benefit to their individual pet [189]. 

Future Directions: Toward “One Medicine” 

Conventional preclinical models too often fail to predict human outcomes, resulting in high 
clinical trial attrition and increasing development timelines and costs. An integrated comparative 
canine clinical trials platform, one that couples mechanistic biomarker discovery with therapeutic 
evaluation, directly addresses this gap by enabling rapid proof-of-concept studies in 
immunocompetent hosts with spontaneous disease. While human and murine atlases have expanded 
rapidly, enabling high-resolution, cell-resolved mapping of cellular states, lineage trajectories, and 
microenvironmental niches across tissues and disease contexts [190,191], comparable resources in 
companion animals remain sparse [154,192]. The expanding accessibility of NGS technologies creates 
an opportunity to generate comprehensive genetic and molecular datasets from dogs, enabling the 
construction of multi-modal, cross-species atlases. In particular, single-cell RNA-seq, combined with 
proteomics and now spatial transcriptomics, provide an opportunity to resolve the architecture of 
canine tissues and tumors in situ, link molecular programs to histologic context, and establish 
reference frameworks that align organoids with matched primary tissues and clinically annotated 
specimens across species [193]. Critically, as we build these resources, there is a need to define 
harmonized protocols for tissue procurement, processing, and annotation, enabling rigorous 
comparisons across species. 

As NGS and spatial biology tools become increasingly accessible, these approaches enable data-
driven identification of disease-relevant targets directly from patient tissues, capturing context-
dependent cell states, pathway activation, and microenvironmental influence. These targets can then 
be mapped to protein-coding sequences and corresponding three-dimensional structures predicted 
at scale using AI-enabled structure-prediction platforms such as AlphaFold [194]. Structure-based 
docking and virtual screening can subsequently accelerate the identification of candidate ligands 
using “lock-and-key” principles, substantially narrowing the search space for subsequent medicinal 
chemistry and experimental validation. 

In a revisited drug development paradigm, PK, efficacy, and safety data generated in canine 
patients with naturally occurring disease can be leveraged to streamline pharmaceutical research and 
development, support early go/no-go decisions, and de-risk translation by informing dose selection, 
exposure targets, and biomarker strategies for first-in-human studies [3]. Patient-derived canine 
organoids can provide a unique intermediate validation layer, enabling functional assessment of 
target engagement and PD surrogate endpoints of efficacy in model systems that retain key features 
of disease-relevant architecture, cellular diversity, and inter-patient heterogeneity. Within this 
framework, candidate ligands derived from structure-based docking and virtual screening can be 
triaged in vitro using canine organoids to identify the most promising compounds, thereby reducing 
and refining the set of candidates advancing to in vivo evaluation. When integrated with quantitative 
modeling frameworks that scale exposure-response relationships across species, these data have the 
potential to improve the probability of success in human clinical trials by strengthening translational 
dose selection and reducing late-stage attrition, particularly in Phase II. Grounded in One Health 
principles, this integrated approach has the potential to deliver safe and effective therapeutic 
innovations that benefit both humans and their companion animals.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 April 2026 doi:10.20944/preprints202604.1132.v2

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1132.v2
http://creativecommons.org/licenses/by/4.0/


 17 of 26 

 

Declaration of Assistive AI in Scientific Writing 

ChatGPT-5.2 (OpenAI, 2026), Grok 4.2 Beta (xAI, 2026), and Claude Opus 4.6 (Anthropic, 2026) 
were used to support the writing process. Their use was exclusively limited to improving grammar 
and enhancing readability, without generating new data, analyses or conclusions. Use of AI 
assistance is disclosed in line with prevailing authorship and publication-ethics guidance from the 
Committee on Publication Ethics (COPE1 ) and the International Committee of Medical Journal Editors 
(ICMJE2). All AI-generated text was reviewed and edited thoroughly by the authors, who take full 
responsibility for the final content of the publication. 

Author Contributions: All authors contributed equally to the development, drafting, editing, and critical 

revision of the manuscript, and all authors have read and approved the final version. 

Conflict of Interest: Jonathan Mochel is a co-founder of 3D Health Solutions Inc., a small biotechnology 

company specializing in the development of animal-derived organoids for drug testing. Christopher Zdyrski is 

the Director of Research and Product Development at 3D Health Solutions. 

References 

1.  Rosenthal N, Brown S. 2007. The mouse ascending: perspectives for human-disease models. Nat. Cell Biol. 
9(9):993–99 

2.  Mestas J, Hughes CCW. 2004. Of Mice and Not Men: Differences between Mouse and Human Immunology. 
The Journal of Immunology. 172(5):2731–38 

3.  Schneider B, Balbas-Martinez V, Jergens AE, Troconiz IF, Allenspach K, Mochel JP. 2018. Model-Based 
Reverse Translation Between Veterinary and Human Medicine: The One Health Initiative. CPT 
Pharmacometrics Syst. Pharmacol. 7(2):65–68 

4.  LeBlanc AK, Mazcko CN. 2020. Improving human cancer therapy through the evaluation of pet dogs. Nat. 
Rev. Cancer. 20(12):727–42 

5.  Gardner HL, Fenger JM, London CA. 2016. Dogs as a Model for Cancer. Annu. Rev. Anim. Biosci. 4(1):199–
222 

6.  Paoloni M, Khanna C. 2008. Translation of new cancer treatments from pet dogs to humans. Nat. Rev. 
Cancer. 8(2):147–56 

7.  Hakanen E, Lehtimäki J, Salmela E, Tiira K, Anturaniemi J, et al. 2018. Urban environment predisposes 
dogs and their owners to allergic symptoms. Sci. Rep. 8(1):1585 

8.  Coelho LP, Kultima JR, Costea PI, Fournier C, Pan Y, et al. 2018. Similarity of the dog and human gut 
microbiomes in gene content and response to diet. Microbiome. 6(1):72 

9.  Mochel JP, Fink M, Bon C, Peyrou M, Bieth B, et al. 2014. Influence of feeding schedules on the 
chronobiology of renin activity, urinary electrolytes and blood pressure in dogs. Chronobiol. Int. 31(5):715–
30 

10.  Zanghi BM, Gardner C, Araujo J, Milgram NW. 2016. Diurnal changes in core body temperature, day/night 
locomotor activity patterns, and actigraphy-generated behavioral sleep in aged canines with varying levels 
of cognitive dysfunction. Neurobiol. Sleep Circadian Rhythms. 1(1):8–18 

11.  Nagendran L, Li MF, Samson DR, Schroeder L. 2025. The impact of Daylight Saving Time on dog activity. 
PLoS One. 20(1):e0317028 

 
1 Committee on Publication Ethics. COPE Core Practices. COPE; 2017. Updated regularly. Available 
from: https://publicationethics.org 
2 International Committee of Medical Journal Editors. Recommendations for the Conduct, Reporting, 
Editing, and Publication of Scholarly Work in Medical Journals. ICMJE; updated 2024. Available from: 
https://www.icmje.org 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 April 2026 doi:10.20944/preprints202604.1132.v2

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1132.v2
http://creativecommons.org/licenses/by/4.0/


 18 of 26 

 

12.  Mochel JP, Fink M, Peyrou M, Desevaux C, Deurinck M, et al. 2013. Chronobiology of the renin-
angiotensin-aldosterone system in dogs: relation to blood pressure and renal physiology. Chronobiol. Int. 
30(9):1144–59 

13.  Mochel JP, Danhof M. 2015. Chronobiology and Pharmacologic Modulation of the Renin–Angiotensin–
Aldosterone System in Dogs: What Have We Learned? , pp. 43–69 

14.  Rowell JL, McCarthy DO, Alvarez CE. 2011. Dog models of naturally occurring cancer. Trends Mol. Med. 
17(7):380–88 

15.  Oh JH, Cho J-Y. 2023. Comparative oncology: overcoming human cancer through companion animal 
studies. Exp. Mol. Med. 55(4):725–34 

16.  Gordon I, Paoloni M, Mazcko C, Khanna C. 2009. The Comparative Oncology Trials Consortium: Using 
Spontaneously Occurring Cancers in Dogs to Inform the Cancer Drug Development Pathway. PLoS Med. 
6(10):e1000161 

17.  Wang Z, Davidsen TM, Kuffel GR, Addepalli K, Bell A, et al. 2024. NCI Cancer Research Data Commons: 
Resources to Share Key Cancer Data. Cancer Res. 84(9):1388–95 

18.  Pallotti S, Piras IS, Marchegiani A, Cerquetella M, Napolioni V. 2022. Dog–human translational genomics: 
state of the art and genomic resources. J. Appl. Genet. 63(4):703–16 

19.  Switonski M. 2014. Dog as a model in studies on human hereditary diseases and their gene therapy. 
Reprod. Biol. 14(1):44–50 

20.  London CA, Gardner H, Zhao S, Knapp DW, Utturkar SM, et al. 2023. Leading the pack: Best practices in 
comparative canine cancer genomics to inform human oncology. Vet. Comp. Oncol. 21(4):565–77 

21.  Meadows JRS, Kidd JM, Wang G-D, Parker HG, Schall PZ, et al. 2023. Genome sequencing of 2000 canids 
by the Dog10K consortium advances the understanding of demography, genome function and architecture. 
Genome Biol. 24(1):187 

22.  Kirkness EF, Bafna V, Halpern AL, Levy S, Remington K, et al. 2003. The Dog Genome: Survey Sequencing 
and Comparative Analysis. Science (1979). 301(5641):1898–1903 

23.  Son KH, Aldonza MBD, Nam A-R, Lee K-H, Lee J-W, et al. 2023. Integrative mapping of the dog epigenome: 
Reference annotation for comparative intertissue and cross-species studies. Sci. Adv. 9(27): 

24.  Zhou T, Pu S-Y, Zhang S-J, Zhou Q-J, Zeng M, et al. 2025. Dog10K: an integrated Dog10K database 
summarizing canine multi-omics. Nucleic Acids Res. 53(D1):D939–47 

25.  Decker B, Parker HG, Dhawan D, Kwon EM, Karlins E, et al. 2015. Homologous Mutation to Human BRAF 
V600E Is Common in Naturally Occurring Canine Bladder Cancer—Evidence for a Relevant Model System 
and Urine-Based Diagnostic Test. Molecular Cancer Research. 13(6):993–1002 

26.  Mochizuki H, Breen M. 2015. Comparative Aspects of BRAF Mutations in Canine Cancers. Vet. Sci. 
2(3):231–45 

27.  Forehand A, Criswell S. 2025. Cross-reactivity of anti-human antibodies in canine tissues using 
immunohistochemistry. Biotechnic & Histochemistry. 100(8):486–93 

28.  Paynter AN, Dunbar MD, Creevy KE, Ruple A. 2021. Veterinary Big Data: When Data Goes to the Dogs. 
Animals. 11(7):1872 

29.  Mirabello L, Troisi RJ, Savage SA. 2009. Osteosarcoma incidence and survival rates from 1973 to 2004: data 
from the Surveillance, Epidemiology, and End Results Program. Cancer: Interdisciplinary International 
Journal of the American Cancer Society. 115(7):1531–43 

30.  Walkley CR, Qudsi R, Sankaran VG, Perry JA, Gostissa M, et al. 2008. Conditional mouse osteosarcoma, 
dependent on p53 loss and potentiated by loss of Rb, mimics the human disease. Genes Dev. 22(12):1662–
76 

31.  Fenger JM, London CA, Kisseberth WC. 2014. Canine osteosarcoma: a naturally occurring disease to inform 
pediatric oncology. ILAR J. 55(1):69–85 

32.  Gardner HL, Sivaprakasam K, Briones N, Zismann V, Perdigones N, et al. 2019. Canine osteosarcoma 
genome sequencing identifies recurrent mutations in DMD and the histone methyltransferase gene SETD2. 
Commun. Biol. 2(1):266 

33.  Dolnicka A, Fosse V, Raciborska A, Śmieszek A. 2025. Building a Therapeutic Bridge Between Dogs and 
Humans: A Review of Potential Cross-Species Osteosarcoma Biomarkers. Int. J. Mol. Sci. 26(11):5152 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 April 2026 doi:10.20944/preprints202604.1132.v2

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1132.v2
http://creativecommons.org/licenses/by/4.0/


 19 of 26 

 

34.  Marconato L, Gelain ME, Comazzi S. 2013. The dog as a possible animal model for human non-Hodgkin 
lymphoma: a review. Hematol Oncol. 31(1):1–9 

35.  Pawlak A, Rapak A, Drynda A, Poradowski D, Zbyryt I, et al. 2016. Immunophenotypic characterization 
of canine malignant lymphoma: a retrospective study of cases diagnosed in Poland Lower Silesia, over the 
period 2011–2013. Vet. Comp. Oncol. 14(S1):52–60 

36.  Zandvliet M. 2016. Canine lymphoma: a review. Veterinary Quarterly. 36(2):76–104 
37.  Siegel RL, Kratzer TB, Giaquinto AN, Sung H, Jemal A. 2025. Cancer statistics, 2025. Ca. 75(1):10 
38.  Didehvar D, Lenz JA, Peng B, Ghanian A, Jiang L, Atherton MJ. 2025. Immune profiling of canine B cell 

lymphoma reveals cross-species conservation of prognostic markers. Sci. Rep. 15(1):28385 
39.  Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, et al. 2024. Global cancer statistics 2022: GLOBOCAN 

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 
74(3):229–63 

40.  Knapp DW, Dhawan D, Ramos-Vara JA, Ratliff TL, Cresswell GM, et al. 2020. Naturally-Occurring Invasive 
Urothelial Carcinoma in Dogs, a Unique Model to Drive Advances in Managing Muscle Invasive Bladder 
Cancer in Humans. Front. Oncol. 9: 

41.  Dhawan D, Hahn NM, Ramos-Vara JA, Knapp DW. 2018. Naturally-occurring canine invasive urothelial 
carcinoma harbors luminal and basal transcriptional subtypes found in human muscle invasive bladder 
cancer. PLoS Genet. 14(8):e1007571 

42.  Knapp DW, Ramos-Vara JA, Moore GE, Dhawan D, Bonney PL, Young KE. 2014. Urinary bladder cancer 
in dogs, a naturally occurring model for cancer biology and drug development. ILAR J. 55(1):100–118 

43.  Amin SB, Anderson KJ, Boudreau CE, Martinez-Ledesma E, Kocakavuk E, et al. 2020. Comparative 
Molecular Life History of Spontaneous Canine and Human Gliomas. Cancer Cell. 37(2):243-257.e7 

44.  Calinescu A-A, Kamran N, Baker G, Mineharu Y, Lowenstein PR, Castro MG. 2015. Overview of current 
immunotherapeutic strategies for glioma. Immunotherapy. 7(10):1073–1104 

45.  LeBlanc A, Mazcko C, London C, Hergenrother PJ, Fan TM. 2025. Comparative oncology in action: 
vignettes on small molecule development. Veterinary Oncology. 2(1):8 

46.  LaRue SM, Withrow SJ, Powers BE, Wrigley RH, Gillette EL, et al. 1989. Limb-sparing treatment for 
osteosarcoma in dogs. J. Am. Vet. Med. Assoc. 195(12):1734–44 

47.  Cullen JW, Jamroz BA, Stevens SL, Madsen W, Hinshaw I, et al. 2005. The value of serial arteriography in 
osteosarcoma: delivery of chemotherapy, determination of therapy duration, and prediction of necrosis. 
Journal of vascular and interventional radiology. 16(8):1107–19 

48.  Demetri GD, Chawla SP, Ray-Coquard I, Le Cesne A, Staddon AP, et al. 2013. Results of an international 
randomized phase III trial of the mammalian target of rapamycin inhibitor ridaforolimus versus placebo 
to control metastatic sarcomas in patients after benefit from prior chemotherapy. Journal of Clinical 
Oncology. 31(19):2485–92 

49.  Paoloni MC, Mazcko C, Fox E, Fan T, Lana S, et al. 2010. Rapamycin pharmacokinetic and 
pharmacodynamic relationships in osteosarcoma: a comparative oncology study in dogs. PLoS One. 
5(6):e11013 

50.  Weiden PL, Storb R, Lerner KG, Kao GF, Graham TC, Thomas ED. 1975. Treatment of canine malignancies 
by 1200 R total body irradiation and autologous marrow grafts. Exp. Hematol. 3(2):124–34 

51.  Vail DM, Kravis LD, Cooley AJ, Chun R, MacEwen EG. 1997. Preclinical trial of doxorubicin entrapped in 
sterically stabilized liposomes in dogs with spontaneously arising malignant tumors. Cancer Chemother. 
Pharmacol. 39(5):410–16 

52.  Vail DM, Thamm DH, Reiser H, Ray AS, Wolfgang GHI, et al. 2009. Assessment of GS-9219 in a Pet Dog 
Model of Non-Hodgkin’s Lymphoma. Clinical Cancer Research. 15(10):3503–10 

53.  London CA, Hannah AL, Zadovoskaya R, Chien MB, Kollias-Baker C, et al. 2003. Phase I dose-escalating 
study of SU11654, a small molecule receptor tyrosine kinase inhibitor, in dogs with spontaneous 
malignancies. Clin Cancer Res. 9(7):2755–68 

54.  Fazekas J, Fürdös I, Singer J, Jensen-Jarolim E. 2016. Why man’s best friend, the dog, could also benefit 
from an anti-HER-2 vaccine. Oncol Lett. 12(4):2271–76 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 April 2026 doi:10.20944/preprints202604.1132.v2

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1132.v2
http://creativecommons.org/licenses/by/4.0/


 20 of 26 

 

55.  Harrington BK, Gardner HL, Izumi R, Hamdy A, Rothbaum W, et al. 2016. Preclinical evaluation of the 
novel BTK inhibitor acalabrutinib in canine models of B-cell non-Hodgkin lymphoma. PLoS One. 
11(7):e0159607 

56.  Honigberg LA, Smith AM, Sirisawad M, Verner E, Loury D, et al. 2010. The Bruton tyrosine kinase inhibitor 
PCI-32765 blocks B-cell activation and is efficacious in models of autoimmune disease and B-cell 
malignancy. Proceedings of the National Academy of Sciences. 107(29):13075–80 

57.  Sadowski AR, Gardner HL, Borgatti A, Wilson H, Vail DM, et al. 2018. Phase II study of the oral selective 
inhibitor of nuclear export (SINE) KPT-335 (verdinexor) in dogs with lymphoma. BMC Vet. Res. 14(1):250 

58.  London CA, Bear MD, McCleese J, Foley KP, Paalangara R, et al. 2011. Phase I evaluation of STA-1474, a 
prodrug of the novel HSP90 inhibitor ganetespib, in dogs with spontaneous cancer. PLoS One. 6(11):3 

59.  LeBlanc AK, Mazcko CN, Fan TM, Vail DM, Flesner BK, et al. 2022. Comparative oncology assessment of 
a novel inhibitor of valosin-containing protein in tumor-bearing dogs. Mol. Cancer Ther. 21(10):1510–23 

60.  Tonogai EJ, Huang S, Botham RC, Berry MR, Joslyn SK, et al. 2021. Evaluation of a procaspase-3 activator 
with hydroxyurea or temozolomide against high-grade meningioma in cell culture and canine cancer 
patients. Neuro. Oncol. 23(10):1723–35 

61.  Danciu OC, Holdhoff M, Peterson RA, Fischer JH, Liu LC, et al. 2023. Phase I study of procaspase-activating 
compound-1 (PAC-1) in the treatment of advanced malignancies. Br J Cancer. 128(5):783–92 

62.  Dow S. 2019. A Role for Dogs in Advancing Cancer Immunotherapy Research. Front Immunol. 10:2935 
63.  Kurzman ID, MacEwen EG, Rosenthal RC, Fox LE, Keller ET, et al. 1995. Adjuvant therapy for 

osteosarcoma in dogs: results of randomized clinical trials using combined liposome-encapsulated 
muramyl tripeptide and cisplatin. Clin. Cancer Res. 1(12):1595–1601 

64.  Meyers PA, Schwartz CL, Krailo MD, Healey JH, Bernstein ML, et al. 2008. Osteosarcoma: The Addition of 
Muramyl Tripeptide to Chemotherapy Improves Overall Survival—A Report From the Children’s 
Oncology Group. Journal of Clinical Oncology. 26(4):633–38 

65.  Khanna C, Anderson PM, Hasz DE, Katsanis E, Neville M, Klausner JS. 1997. Interleukin-2 liposome 
inhalation therapy is safe and effective for dogs with spontaneous pulmonary metastases. Cancer: 
Interdisciplinary International Journal of the American Cancer Society. 79(7):1409–21 

66.  Mason NJ, Gnanandarajah JS, Engiles JB, Gray F, Laughlin D, et al. 2016. Immunotherapy with a HER2-
targeting listeria induces HER2-specific immunity and demonstrates potential therapeutic effects in a phase 
I trial in canine osteosarcoma. Clinical Cancer Research. 22(17):4380–90 

67.  Peruzzi D, Gavazza A, Mesiti G, Lubas G, Scarselli E, et al. 2010. A vaccine targeting telomerase enhances 
survival of dogs affected by B-cell lymphoma. Molecular Therapy. 18(8):1559–67 

68.  Milner RJ, Salute M, Crawford C, Abbot JR, Farese J. 2006. The immune response to disialoganglioside GD3 
vaccination in normal dogs: a melanoma surface antigen vaccine. Vet. Immunol. Immunopathol. 114(3–
4):273–84 

69.  Andersen BM, Pluhar GE, Seiler CE, Goulart MR, SantaCruz KS, et al. 2013. Vaccination for invasive canine 
meningioma induces in situ production of antibodies capable of antibody-dependent cell-mediated 
cytotoxicity. Cancer Res. 73(10):2987–97 

70.  Coy J, Caldwell A, Chow L, Guth A, Dow S. 2017. <scp>PD</scp> -1 expression by canine T cells and 
functional effects of <scp>PD</scp> -1 blockade. Vet. Comp. Oncol. 15(4):1487–1502 

71.  Maekawa N, Konnai S, Watari K, Takeuchi H, Nakanishi T, et al. 2025. Development of caninized anti-
CTLA-4 antibody as salvage combination therapy for anti-PD-L1 refractory tumors in dogs. Front. 
Immunol. 16:1570717 

72.  Panjwani MK, Smith JB, Schutsky K, Gnanandarajah J, O’connor CM, et al. 2016. Feasibility and safety of 
RNA-transfected CD20-specific chimeric antigen receptor T cells in dogs with spontaneous B cell 
lymphoma. Molecular Therapy. 24(9):1602–14 

73.  Canter RJ, Grossenbacher SK, Foltz JA, Sturgill IR, Park JS, et al. 2017. Radiotherapy enhances natural killer 
cell cytotoxicity and localization in pre-clinical canine sarcomas and first-in-dog clinical trial. J. 
Immunother. Cancer. 5(1):98 

74.  Siegler E, Abel A, Wierson W, Huynh T, Stewart C, et al. 2025. Live imaging of human xenogeneic CART 
cells in a clinical trial of companion dogs with lymphoma. Blood. 146:4105 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 April 2026 doi:10.20944/preprints202604.1132.v2

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1132.v2
http://creativecommons.org/licenses/by/4.0/


 21 of 26 

 

75.  Guth AM, Hafeman SD, Elmslie RE, Dow SW. 2013. Liposomal clodronate treatment for tumour 
macrophage depletion in dogs with soft-tissue sarcoma. Vet. Comp. Oncol. 11(4):296–305 

76.  Regan DP, Coy JW, Chahal KK, Chow L, Kurihara JN, et al. 2019. The angiotensin receptor blocker losartan 
suppresses growth of pulmonary metastases via AT1R-independent inhibition of CCR2 signaling and 
monocyte recruitment. The Journal of Immunology. 202(10):3087–3102 

77.  Maeda S, Murakami K, Inoue A, Yonezawa T, Matsuki N. 2019. CCR4 blockade depletes regulatory T cells 
and prolongs survival in a canine model of bladder cancer. Cancer Immunol. Res. 7(7):1175–87 

78.  Rossmeisl JH. 2014. New treatment modalities for brain tumors in dogs and cats. Veterinary Clinics: Small 
Animal Practice. 44(6):1013–38 

79.  Heidenreich PA, Bozkurt B, Aguilar D, Allen LA, Byun JJ, et al. 2022. 2022 AHA/ACC/HFSA Guideline for 
the Management of Heart Failure: A Report of the American College of Cardiology/American Heart 
Association Joint Committee on Clinical Practice Guidelines. Circulation. 145(18): 

80.  Keene BW, Atkins CE, Bonagura JD, Fox PR, Häggström J, et al. 2019. ACVIM consensus guidelines for the 
diagnosis and treatment of myxomatous mitral valve disease in dogs. J. Vet. Intern. Med. 33(3):1127–40 

81.  Pyle WG. 2025. Cardiology’s best friend: Using naturally occurring disease in dogs to understand heart 
disease in humans. Journal of Molecular and Cellular Cardiology Plus. 13:100474 

82.  Hill AJ, Iaizzo PA. 2009. Comparative Cardiac Anatomy. In Handbook of Cardiac Anatomy, Physiology, 
and Devices, pp. 87–108. Totowa, NJ: Humana Press 

83.  Nánási PP, Horváth B, Tar F, Almássy J, Szentandrássy N, et al. 2021. Canine Myocytes Represent a Good 
Model for Human Ventricular Cells Regarding Their Electrophysiological Properties. Pharmaceuticals. 
14(8):748 

84.  Ágoston M, Kohajda Z, Virág L, Baláti B, Nagy N, et al. 2024. A Comparative Study of the Rapid (IKr) and 
Slow (IKs) Delayed Rectifier Potassium Currents in Undiseased Human, Dog, Rabbit, and Guinea Pig 
Cardiac Ventricular Preparations. Pharmaceuticals. 17(8):1091 

85.  Maldonado EN, Romero JR, Ochoa B, Aveldaño MI. 2001. Lipid and fatty acid composition of canine 
lipoproteins. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 128(4):719–29 

86.  Genain M-A, Morlet A, Herrtage M, Muresian H, Anselme F, et al. 2018. Comparative anatomy and 
angiography of the cardiac coronary venous system in four species: human, ovine, porcine, and canine. 
Journal of Veterinary Cardiology. 20(1):33–44 

87.  Packer M. 1992. The neurohormonal hypothesis: a theory to explain the mechanism of disease progression 
in heart failure. J. Am. Coll. Cardiol. 20(1):248–54 

88.  Coffman M, Guillot E, Blondel T, Garelli-Paar C, Feng S, et al. 2021. Clinical efficacy of a benazepril and 
spironolactone combination in dogs with congestive heart failure due to myxomatous mitral valve disease: 
The BEnazepril Spironolactone STudy (BESST). J. Vet. Intern. Med. 35(4):1673–87 

89.  BENCH (BENazepril in Canine Heart disease) Study Group. 1999. The effect of benazepril on survival times 
and clinical signs of dogs with congestive heart failure: Results of a multicenter, prospective, randomized, 
double-blinded, placebo-controlled, long-term clinical trial. J. Vet. Cardiol. 1(1):7–18 

90.  Ward JL, Chou Y-Y, Yuan L, Dorman KS, Mochel JP. 2021. Retrospective evaluation of a dose-dependent 
effect of angiotensin-converting enzyme inhibitors on long-term outcome in dogs with cardiac disease. J. 
Vet. Intern. Med. 35(5):2102–11 

91.  Ames MK, Atkins CE, Eriksson A, Hess AM. 2017. Aldosterone breakthrough in dogs with naturally 
occurring myxomatous mitral valve disease. Journal of Veterinary Cardiology. 19(3):218–27 

92.  Masters AK, Ward JL, Guillot E, Domenig O, Yuan L, Mochel JP. 2024. Comprehensive characterization of 
the effect of mineralocorticoid receptor antagonism with spironolactone on the renin-angiotensin-
aldosterone system in healthy dogs. PLoS One. 19(2):e0298030 

93.  Azami P, Hosseinpour A, Zandi E, Rajabi F, Mirhosseini A, et al. 2026. The Effect of Chronotherapy on 
Clinical Outcomes in Hypertensive Patients: A Systematic Review and Meta-Analysis Comparing Bedtime 
Versus Morning Dosing of Antihypertensive Drugs. Health Sci. Rep. 9(1): 

94.  Schneider BK, Ward J, Sotillo S, Garelli-Paar C, Guillot E, et al. 2023. Breakthrough: a first-in-class virtual 
simulator for dose optimization of ACE inhibitors in translational cardiovascular medicine. Sci. Rep. 
13(1):3300 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 April 2026 doi:10.20944/preprints202604.1132.v2

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1132.v2
http://creativecommons.org/licenses/by/4.0/


 22 of 26 

 

95.  Manson E, Ward JL, Merodio M, Guillot E, Blondel T, et al. 2025. Dose-exposure-response of CARDALIS® 
(benazepril/spironolactone) on the classical and alternative arms of the renin-angiotensin-aldosterone 
system in healthy dogs. J. Vet. Intern. Med. 39(1): 

96.  MOCHEL JP, PEYROU M, FINK M, STREHLAU G, MOHAMED R, et al. 2013. Capturing the dynamics of 
systemic Renin-Angiotensin-Aldosterone System (RAAS) peptides heightens the understanding of the 
effect of benazepril in dogs. J. Vet. Pharmacol. Ther. 36(2):174–80 

97.  Mochel JP, Teng CH, Peyrou M, Giraudel J, Danhof M, Rigel DF. 2019. Sacubitril/valsartan (LCZ696) 
significantly reduces aldosterone and increases cGMP circulating levels in a canine model of RAAS 
activation. European Journal of Pharmaceutical Sciences. 128:103–11 

98.  Scollan KF, Bulmer BJ, Sisson DD. 2013. Validation of a commercially available enzyme immunoassay for 
measurement of plasma antidiuretic hormone concentration in healthy dogs and assessment of plasma 
antidiuretic hormone concentration in dogs with congestive heart failure. Am. J. Vet. Res. 74(9):1206–11 

99.  Lavigne C, Adin DB, Hanner C, Cooper A, Castro RA, Harris AN. 2025. Copeptin Hormone Concentrations 
in Dogs with Heart Disease and Relationship with Antidiuretic Hormone. Animals. 15(7):1013 

100.  Arora N. 2023. Serum Chloride and Heart Failure. Kidney Med. 5(4):100614 
101.  Harris AN, Hanner C, Cooper A, Castro RA, Adin DB. 2025. Antidiuretic hormone concentrations in dogs 

with heart disease and relationship to serum chloride. Journal of Veterinary Cardiology. 59:15–23 
102.  Le Tourneau T, Mérot J, Rimbert A, Le Scouarnec S, Probst V, et al. 2018. Genetics of syndromic and non-

syndromic mitral valve prolapse. Heart. 104(12):978–84 
103.  Parker HG, Kilroy-Glynn P. 2012. Myxomatous mitral valve disease in dogs: Does size matter? Journal of 

Veterinary Cardiology. 14(1):19–29 
104.  Oyama MA, Elliott C, Loughran KA, Kossar AP, Castillero E, et al. 2020. Comparative pathology of human 

and canine myxomatous mitral valve degeneration: 5HT and TGF-β mechanisms. Cardiovascular 
Pathology. 46:107196 

105.  Tang Q, McNair AJ, Phadwal K, Macrae VE, Corcoran BM. 2022. The Role of Transforming Growth Factor-
β Signaling in Myxomatous Mitral Valve Degeneration. Front. Cardiovasc. Med. 9: 

106.  Driesbaugh KH, Branchetti E, Grau JB, Keeney SJ, Glass K, et al. 2018. Serotonin receptor 2B signaling with 
interstitial cell activation and leaflet remodeling in degenerative mitral regurgitation. J. Mol. Cell. Cardiol. 
115:94–103 

107.  Rosenbaum AN, Agre KE, Pereira NL. 2020. Genetics of dilated cardiomyopathy: practical implications for 
heart failure management. Nat. Rev. Cardiol. 17(5):286–97 

108.  Bui QM, Ding J, Hong KN, Adler EA. 2023. The Genetic Evaluation of Dilated Cardiomyopathy. Structural 
Heart. 7(5):100200 

109.  Arbelo E, Protonotarios A, Gimeno JR, Arbustini E, Barriales-Villa R, et al. 2023. 2023 ESC Guidelines for 
the management of cardiomyopathies. Eur. Heart J. 44(37):3503–3626 

110.  Meurs KM, Fox PR, Norgard M, Spier AW, Lamb A, et al. 2007. A prospective genetic evaluation of familial 
dilated cardiomyopathy in the Doberman pinscher. J. Vet. Intern. Med. 21(5):1016–20 

111.  Klüser L, Holler PJ, Simak J, Tater G, Smets P, et al. 2016. Predictors of Sudden Cardiac Death in Doberman 
Pinschers with Dilated Cardiomyopathy. J. Vet. Intern. Med. 30(3):722–32 

112.  Harmon MW, Leach SB, Lamb KE. 2017. Dilated Cardiomyopathy in Standard Schnauzers: Retrospective 
Study of 15 Cases. J. Am. Anim. Hosp. Assoc. 53(1):38–44 

113.  van den Hoogenhof MMG, Beqqali A, Amin AS, van der Made I, Aufiero S, et al. 2018. RBM20 Mutations 
Induce an Arrhythmogenic Dilated Cardiomyopathy Related to Disturbed Calcium Handling. Circulation. 
138(13):1330–42 

114.  Niskanen JE, Ohlsson Å, Ljungvall I, Drögemüller M, Ernst RF, et al. 2023. Identification of novel genetic 
risk factors of dilated cardiomyopathy: from canine to human. Genome Med. 15(1):73 

115.  Meurs KM, Stern JA, Reina-Doreste Y, Spier AW, Koplitz SL, Baumwart RD. 2014. Natural History of 
Arrhythmogenic Right Ventricular Cardiomyopathy in the Boxer Dog: A Prospective Study. J. Vet. Intern. 
Med. 28(4):1214–20 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 April 2026 doi:10.20944/preprints202604.1132.v2

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1132.v2
http://creativecommons.org/licenses/by/4.0/


 23 of 26 

 

116.  Towbin JA, McKenna WJ, Abrams DJ, Ackerman MJ, Calkins H, et al. 2019. 2019 HRS expert consensus 
statement on evaluation, risk stratification, and management of arrhythmogenic cardiomyopathy. Heart 
Rhythm. 16(11):e301–72 

117.  Xu Z, Zhu W, Wang C, Huang L, Zhou Q, et al. 2017. Genotype-phenotype relationship in patients with 
arrhythmogenic right ventricular cardiomyopathy caused by desmosomal gene mutations: A systematic 
review and meta-analysis. Sci. Rep. 7(1):41387 

118.  Cunningham SM, Dos Santos L. 2022. Arrhythmogenic right ventricular cardiomyopathy in dogs. Journal 
of Veterinary Cardiology. 40:156–69 

119.  Stern JA, Meurs KM, Spier AW, Koplitz SL, Baumwart RD. 2010. Ambulatory electrocardiographic 
evaluation of clinically normal adult Boxers. J. Am. Vet. Med. Assoc. 236(4):430–33 

120.  Meurs KM, Mauceli E, Lahmers S, Acland GM, White SN, Lindblad-Toh K. 2010. Genome-wide association 
identifies a deletion in the 3′ untranslated region of Striatin in a canine model of arrhythmogenic right 
ventricular cardiomyopathy. Hum. Genet. 128(3):315–24 

121.  Meurs KM, Stern JA, Sisson DD, Kittleson MD, Cunningham SM, et al. 2013. Association of Dilated 
Cardiomyopathy with the Striatin Mutation Genotype in Boxer Dogs. J. Vet. Intern. Med. 27(6):1437–40 

122.  Ndumele CE, Rangaswami J, Chow SL, Neeland IJ, Tuttle KR, et al. 2023. Cardiovascular-Kidney-Metabolic 
Health: A Presidential Advisory From the American Heart Association. Circulation. 148(20):1606–35 

123.  Yin W, Carballo-Jane E, McLaren DG, Mendoza VH, Gagen K, et al. 2012. Plasma lipid profiling across 
species for the identification of optimal animal models of human dyslipidemia. J. Lipid Res. 53(1):51–65 

124.  Mochel JP, Ward JL, Blondel T, Kundu D, Merodio MM, et al. 2024. Preclinical modeling of metabolic 
syndrome to study the pleiotropic effects of novel antidiabetic therapy independent of obesity. Sci. Rep. 
14(1):20665 

125.  Dubois VFS, Smania G, Yu H, Graf R, Chain ASY, et al. 2017. Translating QT interval prolongation from 
conscious dogs to humans. Br. J. Clin. Pharmacol. 83(2):349–62 

126.  Gralinski MR. 2003. The Dog’s Role in the Preclinical Assessment of QT Interval Prolongation. Toxicol. 
Pathol. 31(1_suppl):11–16 

127.  Schütt T, Helboe L, Pedersen LØ, Waldemar G, Berendt M, Pedersen JT. 2016. Dogs with Cognitive 
Dysfunction as a Spontaneous Model for Early Alzheimer’s Disease: A Translational Study of 
Neuropathological and Inflammatory Markers. Journal of Alzheimer’s Disease. 52(2):433–49 

128.  Ambrosini YM, Borcherding D, Kanthasamy A, Kim HJ, Willette AA, et al. 2019. The Gut-Brain Axis in 
Neurodegenerative Diseases and Relevance of the Canine Model: A Review. Front. Aging Neurosci. 11: 

129.  Kararli TT. 1995. Comparison of the gastrointestinal anatomy, physiology, and biochemistry of humans 
and commonly used laboratory animals. Biopharm. Drug Dispos. 16(5):351–80 

130.  Dalgaard L. 2015. Comparison of minipig, dog, monkey and human drug metabolism and disposition. J. 
Pharmacol. Toxicol. Methods. 74:80–92 

131.  Martinez MN, Mochel JP, Neuhoff S, Pade D. 2021. Comparison of Canine and Human Physiological 
Factors: Understanding Interspecies Differences that Impact Drug Pharmacokinetics. AAPS J. 23(3):59 

132.  Koziolek M, Grimm M, Bollmann T, Schäfer KJ, Blattner SM, et al. 2019. Characterization of the GI transit 
conditions in Beagle dogs with a telemetric motility capsule. European Journal of Pharmaceutics and 
Biopharmaceutics. 136:221–30 

133.  Witta S, Collins KP, Ramirez DA, Mannheimer JD, Wittenburg LA, Gustafson DL. 2023. Vinblastine 
pharmacokinetics in mouse, dog, and human in the context of a physiologically based model incorporating 
tissue-specific drug binding, transport, and metabolism. Pharmacol. Res. Perspect. 11(1): 

134.  Beltran WA. 2009. The use of canine models of inherited retinal degeneration to test novel therapeutic 
approaches. Vet. Ophthalmol. 12(3):192–204 

135.  Sebbag L, Mochel JP. 2020. An eye on the dog as the scientist’s best friend for translational research in 
ophthalmology: Focus on the ocular surface. Med. Res. Rev. 40(6):2566–2604 

136.  Hisey EA, Galor A, Leonard BC. 2023. A comparative review of evaporative dry eye disease and meibomian 
gland dysfunction in dogs and humans. Vet. Ophthalmol. 26(S1):16–30 

137.  Page L, Allbaugh RA, Mochel JP, Peraza J, Bertram M, Sebbag L. 2020. Impact of diurnal variation, sex, tear 
collection method, and disease state on tear protein levels in dogs. Vet. Ophthalmol. 23(6):994–1000 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 April 2026 doi:10.20944/preprints202604.1132.v2

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1132.v2
http://creativecommons.org/licenses/by/4.0/


 24 of 26 

 

138.  Sebbag L, Broadbent VL, Kenne DE, Perrin AL, Mochel JP. 2021. Albumin in Tears Modulates Bacterial 
Susceptibility to Topical Antibiotics in Ophthalmology. Front. Med. (Lausanne). 8: 

139.  Sebbag L, Kirner NS, Allbaugh RA, Reis A, Mochel JP. 2019. Kinetics of Fluorescein in Tear Film After Eye 
Drop Instillation in Beagle Dogs: Does Size Really Matter? Front. Vet. Sci. 6: 

140.  Sebbag L, McDowell EM, Hepner PM, Mochel JP. 2018. Effect of tear collection on lacrimal total protein 
content in dogs and cats: a comparison between Schirmer strips and ophthalmic sponges. BMC Vet. Res. 
14(1):61 

141.  Potschka H, Fischer A, von Rüden E, Hülsmeyer V, Baumgärtner W. 2013. Canine epilepsy as a 
translational model? Epilepsia. 54(4):571–79 

142.  Manly JJ, Jones RN, Langa KM, Ryan LH, Levine DA, et al. 2022. Estimating the Prevalence of Dementia 
and Mild Cognitive Impairment in the US. JAMA Neurol. 79(12):1242 

143.  Salvin HE, McGreevy PD, Sachdev PS, Valenzuela MJ. 2010. Under diagnosis of canine cognitive 
dysfunction: A cross-sectional survey of older companion dogs. The Veterinary Journal. 184(3):277–81 

144.  Schmid SM, Hoffman JM, Prescott J, Ernst H, Promislow DEL, et al. 2024. The companion dog as a model 
for inflammaging: a cross-sectional pilot study. Geroscience. 46(6):5395–5407 

145.  Creevy KE, Akey JM, Kaeberlein M, Promislow DEL, Barnett BG, et al. 2022. An open science study of 
ageing in companion dogs. Nature. 602(7895):51–57 

146.  Loriaux DL. 2017. Diagnosis and Differential Diagnosis of Cushing’s Syndrome. New England Journal of 
Medicine. 376(15):1451–59 

147.  Feelders RA, Hofland LJ. 2013. Medical Treatment of Cushing’s Disease. J. Clin. Endocrinol. Metab. 
98(2):425–38 

148.  Limumpornpetch P, Morgan AW, Tiganescu A, Baxter PD, Nyawira Nyaga V, et al. 2022. The Effect of 
Endogenous Cushing Syndrome on All-cause and Cause-specific Mortality. J. Clin. Endocrinol. Metab. 
107(8):2377–88 

149.  Schofield I, Brodbelt DC, Niessen SJM, Church DB, Geddes RF, O’Neill DG. 2022. Frequency and risk 
factors for naturally occurring Cushing’s syndrome in dogs attending <scp>UK</scp> primary-care 
practices. Journal of Small Animal Practice. 63(4):265–74 

150.  Bennaim M, Centola S, Ramsey I, Seth M. 2019. Clinical and Clinicopathological Features in Dogs with 
Uncomplicated Spontaneous Hyperadrenocorticism Diagnosed in Primary Care Practice (2013–2014). J. 
Am. Anim. Hosp. Assoc. 55(4):178–86 

151.  Bennaim M, Shiel RE, Mooney CT. 2019. Diagnosis of spontaneous hyperadrenocorticism in dogs. Part 1: 
Pathophysiology, aetiology, clinical and clinicopathological features. The Veterinary Journal. 252:105342 

152.  The Tabula Sapiens Consortium*, Jones RC, Karkanias J, Krasnow MA, Pisco AO, et al. 2022. The Tabula 
Sapiens: A multiple-organ, single-cell transcriptomic atlas of humans. Science (1979). 376(6594): 

153.  Chen D, Sun J, Zhu J, Ding X, Lan T, et al. 2021. Single cell atlas for 11 non-model mammals, reptiles and 
birds. Nat. Commun. 12(1):7083 

154.  Rizzoli E, Fievez L, Fastrès A, Roels E, Marichal T, Clercx C. 2025. A single-cell RNA sequencing atlas of 
the healthy canine lung: a foundation for comparative studies. Front. Immunol. 16: 

155.  Razmara AM, Lammers M, Judge SJ, Murphy WJ, Gaskill CE, et al. 2025. Single cell atlas of canine natural 
killer cells identifies distinct circulating and tissue resident gene profiles. Front. Immunol. 16: 

156.  Ammons DT, Harris RA, Hopkins LS, Kurihara J, Weishaar K, Dow S. 2023. A single-cell RNA sequencing 
atlas of circulating leukocytes from healthy and osteosarcoma affected dogs. Front. Immunol. 14: 

157.  Goldschmidt S, Tepper CG, Goon J, Soltero-Rivera M, Rebhun R, et al. 2025. Spatial Transcriptomic 
Landscape of Canine Oral Squamous Cell Carcinoma. Mol. Carcinog. 64(9):1415–28 

158.  Beck JA, Garg A, Church S, Mazcko C, LeBlanc AK. 2025. Spatial Transcriptomics Advances the Use of 
Canine Patients in Cancer Research: Analysis of Osteosarcoma-Bearing Pet Dogs Enrolled in a Clinical 
Trial. Clinical Cancer Research. 31(14):2957–62 

159.  Yang S, Jing Q, Duan W, Huang L. 2025. Microglial function alterations during healthy ageing and canine 
cognitive dysfunction revealed by single-nucleus and spatial transcriptomics. Natl. Sci. Rev. 

160.  Michaud ME, Mota L, Bakhtiari M, Thomas BE, Tomeo J, et al. 2024. Early Injury Landscape in Vein Harvest 
by Single-Cell and Spatial Transcriptomics. Circ. Res. 135(1):110–34 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 April 2026 doi:10.20944/preprints202604.1132.v2

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1132.v2
http://creativecommons.org/licenses/by/4.0/


 25 of 26 

 

161.  Budhathoki Y, Cannon M V, McEachron TA, Patel AG, Gust MJ, et al. 2026. Integrative Single-cell and 
Spatial Transcriptomic Analysis of Osteosarcoma Reveals Conserved and Distinct Ecosystems Across Sites 
and Species. bioRxiv 

162.  Liu W, Pang PD, Wu CA, Tagle D, Wu JC. 2026. New approach methodologies for drug discovery. Cell. 
189(7):1877–1903 

163.  Gebhard C, Gabriel C, Walter I. 2016. Morphological and Immunohistochemical Characterization of Canine 
Osteosarcoma Spheroid Cell Cultures. Anat. Histol. Embryol. 45(3):219–30 

164.  Takahashi K, Yamanaka S. 2006. Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult 
Fibroblast Cultures by Defined Factors. Cell. 126(4):663–76 

165.  Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, et al. 2009. Single Lgr5 stem cells build crypt-
villus structures in vitro without a mesenchymal niche. Nature. 459(7244):262–65 

166.  Verstegen MMA, Coppes RP, Beghin A, De Coppi P, Gerli MFM, et al. 2025. Clinical applications of human 
organoids. Nat. Med. 31(2):409–21 

167.  Kim J, Koo BK, Knoblich JA. 2020. Human organoids: model systems for human biology and medicine 
168.  Gabriel V, Zdyrski C, Sahoo DK, Ralston A, Wickham H, et al. 2024. Adult Animal Stem Cell-Derived 

Organoids in Biomedical Research and the One Health Paradigm. Int. J. Mol. Sci. 25(2):701 
169.  Zdyrski C, Gabriel V, Ospina O, Nicholson HF, Catucci M, et al. 2025. Establishment and transcriptomic 

characterization of canine organoids from multiple tissues. Front. Cell Dev. Biol. 13: 
170.  Verduijn K, de Rooster H, Meyer E, Steenbrugge J. 2025. Canine organoids: state-of-the-art, translation 

potential for human medicine and plea for standardization. Front. Vet. Sci. 12: 
171.  Inglebert M, Dettwiler M, Hahn K, Letko A, Drogemuller C, et al. 2022. A living biobank of canine 

mammary tumor organoids as a comparative model for human breast cancer. Sci. Rep. 12(1):18051 
172.  Zdyrski C, Pawlak A, Nicholson HF, Corbett MP, Catucci M, et al. 2026. Establishment of a canine urothelial 

carcinoma-derived organoid biobank: A platform for comparative and translational research. Clin. Transl. 
Med. 16(4): 

173.  Aruvornlop P, Chakritbudsabong W, Sandech N, Muangthong T, Rungarunlert S. 2025. Advances in canine 
iPSC technology: Current methods and future directions — A narrative review. Res. Vet. Sci. 195:105844 

174.  Chakrabarti J, Koh V, So JBY, Yong WP, Zavros Y. 2021. A Preclinical Human-Derived Autologous Gastric 
Cancer Organoid/Immune Cell Co-Culture Model to Predict the Efficacy of Targeted Therapies. Journal of 
Visualized Experiments 

175.  Adhikary P, Chakrabarti J, Wang J, Ezuma-Igwe U, Sun X, et al. 2025. Spatial Biology and Organoid 
Technologies Reveal a Potential Therapy-Resistant Cancer Stem Cell Population in Pancreatic Ductal 
Adenocarcinoma 

176.  Moshksayan K, Khanna R, Camli B, Yakay ZN, Harihara A, et al. 2025. A microfluidic platform for 
culturing and high-content imaging of adult stem cell-derived organoids. Sci. Rep. 15(1):40162 

177.  Lechuga S, Braga-Neto MB, Naydenov NG, Rieder F, Ivanov AI. 2023. Understanding disruption of the gut 
barrier during inflammation: Should we abandon traditional epithelial cell lines and switch to intestinal 
organoids? Front. Immunol. 14: 

178.  Sahoo DK, Martinez MN, Dao K, Gabriel V, Zdyrski C, et al. 2023. Canine Intestinal Organoids as a Novel 
In Vitro Model of Intestinal Drug Permeability: A Proof-of-Concept Study. Cells. 12(9):1269 

179.  The 3Rs Collaborative. Microphysiological Systems Technology Hub. https://3rc.org 
180.  Gijzen L, Bokkers M, Hanamsagar R, Olivier T, Burton TP, et al. 2025. An immunocompetent human kidney 

on-a-chip model to study renal inflammation and immune-mediated injury. Biofabrication. 17(1):015040 
181.  Brassard JA, Nikolaev M, Hübscher T, Hofer M, Lutolf MP. 2021. Recapitulating macro-scale tissue self-

organization through organoid bioprinting. Nat. Mater. 20(1):22–29 
182.  Holford NHG, Sheiner LB. 1982. Kinetics of pharmacologic response. Pharmacol. Ther. 16(2):143–66 
183.  DANHOF M, DELANGE E, DELLAPASQUA O, PLOEGER B, VOSKUYL R. 2008. Mechanism-based 

pharmacokinetic-pharmacodynamic (PK-PD) modeling in translational drug research. Trends Pharmacol. 
Sci. 29(4):186–91 

184.  van der Graaf PH. 2012. CPT: Pharmacometrics and Systems Pharmacology. CPT Pharmacometrics Syst. 
Pharmacol. 1(9):1–4 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 April 2026 doi:10.20944/preprints202604.1132.v2

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1132.v2
http://creativecommons.org/licenses/by/4.0/


 26 of 26 

 

185.  van der Graaf PH, Benson N. 2018. The Role of Quantitative Systems Pharmacology in the Design of First-
in-Human Trials. Clin. Pharmacol. Ther. 104(5):797–797 

186.  Kapitanov GI, Earp JC, Gadkar K, Jin JY, Joshi A, et al. 2026. Bridging the Gap: Integrating Quantitative 
Systems Pharmacology and Pharmacometrics in Drug Development. Clin. Pharmacol. Ther. 119(4):830–33 

187.  Chow L, Wheat W, Ramirez D, Impastato R, Dow S. 2024. Direct comparison of canine and human immune 
responses using transcriptomic and functional analyses. Sci. Rep. 14(1):2207 

188.  Tan YJ, Crowley RJ, Ioannidis JPA. 2019. An empirical assessment of research practices across 163 clinical 
trials of tumor-bearing companion dogs. Sci. Rep. 9(1):11877 

189.  Page R, Baneux P, Vail D, Duda L, Olson P, et al. 2016. Conduct, Oversight, and Ethical Considerations of 
Clinical Trials in Companion Animals with Cancer: Report of a Workshop on Best Practice 
Recommendations. J. Vet. Intern. Med. 30(2):527–35 

190.  Regev A, Teichmann SA, Lander ES, Amit I, Benoist C, et al. 2017. The Human Cell Atlas. Elife. 6: 
191.  Tabula Muris Consortium, Overall coordination, Logistical coordination, Organ collection and processing, 

Library preparation and sequencing, et al. 2018. Single-cell transcriptomics of 20 mouse organs creates a 
Tabula Muris. Nature. 562(7727):367–72 

192.  Hörtenhuber M, Hytönen MK, Mukarram AK, Arumilli M, Araujo CL, et al. 2024. The DoGA consortium 
expression atlas of promoters and genes in 100 canine tissues. Nat. Commun. 15(1):9082 

193.  Rao A, Barkley D, França GS, Yanai I. 2021. Exploring tissue architecture using spatial transcriptomics. 
Nature. 596(7871):211–20 

194.  Jumper J, Evans R, Pritzel A, Green T, Figurnov M, et al. 2021. Highly accurate protein structure prediction 
with AlphaFold. Nature. 596(7873):583–89 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 April 2026 doi:10.20944/preprints202604.1132.v2

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1132.v2
http://creativecommons.org/licenses/by/4.0/

