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Abstract 

Equine sarcoids, skin tumors linked to bovine papillomavirus (BPV), are the most common 
neoplasms in horses, with recurrence rates up to 50% after conventional therapies like surgery or 
cryotherapy. Their molecular complexity, driven by viral integration and inactivation of tumor 
suppressor genes (p53/pRb), demands innovative approaches in veterinary oncology. This review 
evaluates Bacillus Calmette-Guérin (BCG) immunotherapy as a cost-effective alternative, focusing on 
its immune mechanisms, clinical efficacy, and challenges in protocol standardization, while exploring 
its translational potential. A systematic literature search (1980–2023) across PubMed, Web of Science, 
and CAB Abstracts identified 45 studies (clinical trials, case series, and translational research), 
prioritizing peer-reviewed articles with quantitative BCG data and excluding non-systematic reviews 
or clinically irrelevant studies. Intralesional BCG therapy induced tumor regression in 40–70% of 
cases by activating innate (macrophages, TNF-α) and adaptive (CD8+ T cells) immune responses. 
However, adverse effects like severe inflammation (15% of cases) and protocol heterogeneity (dose, 
strain) limit its application. Compared to conventional therapies, BCG offers cost and non-
invasiveness advantages, though long-term recurrence data remain scarce. BCG shows promise as 
an accessible immunotherapy but requires randomized trials, standardized protocols, and predictive 
biomarker validation. Integrating strategies like checkpoint inhibitors and One Health approaches 
could amplify its impact, benefiting both animal health and translational oncology research. 

Keywords: BCG immunotherapy; equine sarcoid; bovine papillomavirus (BPV); comparative 
oncology; One Health; veterinary immunology 
 

1. Introduction 

Equine sarcoids (Figure 1), the most prevalent cutaneous neoplasms in horses, represent a 
significant challenge in veterinary oncology, with a global prevalence of 1–2% that escalates to 25% 
in bovine papillomavirus (BPV)-endemic regions [1,2]. These fibroblastic tumors are etiologically 
linked to BPV-1 and BPV-2 genotypes, which drive oncogenesis through viral DNA integration and 
inactivation of tumor suppressor pathways (p53 and pRb). Beyond their clinical aggressiveness and 
high recurrence rates, sarcoids impose substantial economic burdens, particularly in athletic and elite 
horses, due to treatment costs and reduced performance [3]. 
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Figure 1. Mixed verrucose and fibroblastic sarcoid lesion extending across the lower and upper eyelids of an 8-
year-old horse [2]. 

Conventional therapies as surgical excision, cryotherapy, and topical chemotherapy remain 
plagued by recurrence rates of 30–50% and complications such as keloid formation or systemic 
toxicity [4–6]. This therapeutic stagnation stems from sarcoids’ molecular heterogeneity, ranging 
from localized nodular forms to invasive, multicentric lesions resistant to standardized protocols [7]. 
Emerging immunotherapies, however, offer promise by targeting the tumor microenvironment 
(TME) to mitigate recurrence a paradigm shift supported by recent advances in comparative oncolog 
[8]. 

Bacillus Calmette-Guérin (BCG), a live-attenuated Mycobacterium bovis strain, has been a 
cornerstone of human bladder cancer immunotherapy since the 1970s. Its efficacy hinges on 
activating innate immune cells (macrophages, NK cells) via Toll-like receptor (TLR) signaling and 
stimulating adaptive responses through CD8+ T-cell recruitment. In equine medicine, intralesional 
BCG has demonstrated tumor regression in 40–70% of cases since the 1980s, though clinical adoption 
is hindered by protocol heterogeneity (e.g., strain selection: BCG Tokyo vs. Pasteur) and adverse 
inflammatory reactions [9–11]. Controversy persists regarding optimal dosing and treatment 
intervals, with studies like Compston et al. [13] underscoring the lack of consensus, while Hollis [2] 
emphasizes gaps in predictive biomarker identification. 

This review synthesizes fourdecades of preclinical and clinical evidence (1986–2025) to critically 
evaluate BCG’s role in sarcoid management. We address three unresolved questions: how does BCG 
overcome BPV-induced immune evasion mechanisms? Can protocol standardization improve 
reproducibility across diverse clinical settings? What translational insights do sarcoids offer for HPV-
associated human cancers? By integrating findings from studies, including randomized trials and 
translational research, we highlight BCG’s potential as a cost-effective immunotherapy and its 
alignment with One Health principles, which bridge veterinary and human oncology. Our analysis 
further explores combinatorial strategies (e.g., BCG + checkpoint inhibitors) and omics-driven 
approaches to optimize therapeutic outcomes, advocating for multidisciplinary collaboration to 
address current limitations. 
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2. Materials and Methods 

This study is a narrative literature review following the framework proposed by Grant and 
Booth [13], focusing on veterinary medicine and comparative oncology to synthesize 
multidisciplinary evidence on Bacillus Calmette-Guérin (BCG) immunotherapy for equine sarcoids. 
A systematic search was conducted across databases (PubMed, CAB Abstracts, Web of Science, 
Scopus, SciELO, Google Scholar, Capes Journals, ScienceDirect, and Veterinary Information 
Network) using terms like BCG immunotherapy, equine sarcoid, bovine papillomavirus, 
comparative oncology, and immune response, refined with Boolean operators. Inclusion criteria 
prioritized peer-reviewed articles and new data from the authors of this review, never published 
(1986–2025) addressing BCG use in equine sarcoids, including preclinical (in vitro, animal models) 
and clinical studies (trials, case series) focused on immuno-oncological mechanisms or translational 
applications, while excluding non-systematic reviews, studies without quantitative data, or those 
unrelated to equines/conventional therapies (e.g., surgery, cryotherapy). Study quality was assessed 
based on design hierarchy (RCTs > case series > experimental studies), methodological rigor (sample 
size, controls), and relevance to BCG’s efficacy/safety. From an initial pool of 28 studies, duplicates 
were removed, retaining 55 publications, reflecting limited high-level evidence. The synthesis 
bridged veterinary and human oncology through insights into viral immunosuppression (BPV in 
horses vs. HPV in humans) and aligned with the One Health framework, emphasizing 
interdisciplinary collaboration to address shared oncological challenges. 

3. Immunological Mechanisms of BCG in Horses 

The immunotherapy with Bacillus Calmette-Guérin (BCG) in equine sarcoids is rooted in its 
ability to modulate innate and adaptive immune responses. BCG activates macrophages and natural 
killer (NK) cells via binding to Toll-like receptors (TLR2 and TLR4), triggering the secretion of pro-
inflammatory cytokines such as TNF-α and IL-12. These cytokines promote direct cytotoxicity against 
tumor cells and recruit dendritic cells to the sarcoid microenvironment. Additionally, nitric oxide 
production by activated macrophages induces apoptosis of neoplastic cells, while polarization 
toward the M1 (pro-inflammatory) phenotype inhibits tumor progression [10,11,14,15]. 

This innate immune activation is complemented by adaptive responses, marked by a significant 
increase in tumor-infiltrating CD8+ T lymphocytes. These cells, characterized by granzyme B and 
IFN-γ expression, recognize bovine papillomavirus (BPV) viral antigens presented via MHC-I, 
promoting the destruction of infected cells. BCG enhances this mechanism by stimulating antigen 
presentation, creating immunological memory that reduces recurrence risk. However, efficacy 
depends on the integrity of the MHC-I pathway, which is often compromised by BPV-induced 
immunosuppression [10,11]. 

Persistent challenges arise from interspecies differences. Equine TLR receptors, for example, 
exhibit distinct affinities for BCG components (e.g., MPB64 protein) compared to humans, potentially 
limiting immune response magnitude. Chronic viral immunosuppression—mediated by TLR9 
downregulation and interferon pathway inhibition—creates a tumor microenvironment favoring 
immune evasion. These factors underscore the need for translational studies to adapt BCG protocols 
to equine physiology, integrating human and veterinary immunology insights. For instance, 
combining BCG with adjuvants that restore TLR signaling (e.g., imiquimod) or block viral 
immunosuppression (e.g., CRISPR-Cas9 targeting of BPV E5 oncogenes) could enhance therapeutic 
outcomes [14,15]. 

Understanding BCG’s immunological mechanisms in horses not only clarifies its antitumor 
action but also identifies targets to overcome therapeutic resistance. Such advances are critical for 
transforming BCG from an empirical therapy into an evidence-based strategy, particularly in regions 
like the Amazon Biome, where environmental factors modulate immune responses. Furthermore, 
comparative oncology insights—linking BPV-induced immunosuppression in horses to HPV 
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mechanisms in humans—highlight opportunities for synergistic therapies (e.g., BCG + checkpoint 
inhibitors) under the One Health framework [10,11,16–19]. 

4. Clinical Efficacy and Limitations of BCG 

The clinical efficacy of Bacillus Calmette-Guérin (BCG) immunotherapy in equine sarcoids is 
marked by promising yet heterogeneous outcomes. Studies report tumor regression rates of 40–70% 
with intralesional protocols, but recurrence occurs in 15–30% of cases within 12 months, reflecting 
inconsistent therapeutic responses. This variability is closely tied to prognostic factors such as 
anatomic location and histological subtype. For example, limb sarcoids show higher success rates due 
to reduced vascularization and ease of localized application, while periorbital lesions, with their 
anatomical complexity, respond less favorably. Additionally, nodular subtypes (with limited stromal 
infiltration) regress more effectively than fibroblastic subtypes, which exhibit greater biological 
aggressiveness [10,11,14,15]. 

The heterogeneity also stems from a lack of standardized protocols. Doses vary widely (0.1–10 
mg per lesion), and while the Pasteur strain is often preferred over Tokyo for its higher 
immunogenicity, there is no consensus on the optimal BCG strain. Equally critical is the absence of 
guidelines for adjuvant use. Combinations with cryotherapy or immunotherapies, though 
empirically reported, lack robust validation, leaving gaps in understanding potential synergies or 
risks of secondary immunosuppression. For instance, cryotherapy may disrupt the tumor 
microenvironment, inadvertently reducing BCG’s immune activation [10,11,20,21]. 

Adverse effects remain a significant barrier. Severe local inflammatory reactions (e.g., edema, 
necrosis) occur in 15% of cases, often requiring corticosteroid intervention and treatment 
discontinuation. Pre-sensitized equines in endemic regions may develop systemic complications like 
anaphylaxis or granulomas, limiting repeated application. These challenges underscore the need for 
personalized protocols that balance tumor burden with individual immune status. For example, 
equines in the Amazon Biome face additional environmental stressors (e.g., heat, humidity) that 
exacerbate immunosuppression, necessitating region-specific adaptations [14,15,22,23]. 

Despite its potential, BCG’s clinical adoption requires advances in: a). Protocol standardization 
- multicenter randomized trials to optimize doses, strains, and adjuvant combinations (e.g., BCG + 
TLR agonists like imiquimod); b). Predictive biomarkers - omics technologies (e.g., transcriptomics) 
could identify resistance pathways (TGF-β, PD-L1) or stratify patients by recurrence risk; c). 
Innovative formulations - nanoparticles or thermostable BCG formulations to overcome logistical 
barriers in remote areas; d). Combination therapies - CRISPR-Cas9 editing to silence BPV oncogenes 
(e.g., E5) and enhance BCG efficacy. While BCG offers a cost-effective alternative to conventional 
therapies like cisplatin, its transformation into a reliable, scalable option hinges on bridging 
translational gaps between veterinary and human oncology under the One Health framework [16–
23]. 

5. Opportunities in Comparative Oncology 

Equine sarcoids, associated with bovine papillomavirus (BPV), serves as a valuable model for 
studying viral immunosuppression in cancer, offering direct parallels to HPV-linked human 
neoplasms [24,25]. Both viruses share immune evasion mechanisms, such as TLR9 downregulation, 
which impair viral DNA detection and interferon-dependent responses, facilitating tumor 
progression. These similarities enable equine research to not only advance veterinary therapies but 
also validate translational strategies for humans, such as TLR agonists to restore immune surveillance 
[26]. 

BCG’s ability to activate macrophages and dendritic cells creates synergy with immune 
checkpoint inhibitors (e.g., anti-PD-1), which reverse T-cell exhaustion by blocking PD-1/PD-L1 
interactions [24–26]. Preliminary studies in equine models show enhanced tumor clearance in PD-L1-
high sarcoids. DNA vaccines [27] targeting BPV antigens (e.g., E5 oncoprotein) could further 
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complement BCG by inducing virus-specific immunity, reducing recurrence risks an approach 
already explored in human cervical cancer. 

Genomic signatures (e.g., PD-L1 expression, NOTCH1 mutations) and cytokine profiles (e.g., 
elevated IFN-γ post-treatment correlating with regression) may stratify patients likely to respond to 
BCG or combination therapies. Transcriptomic analysis of sarcoids pre- and post-BCG could identify 
resistance pathways (TGF-β, PD-L1) and guide CRISPR-Cas9 editing to silence BPV oncogenes (e.g., 
E5), enhancing therapeutic precision [28,29]. 

The zoonotic potential of BPV (rare human infections in veterinarians) underscores the need for 
integrated surveillance and therapeutic strategies that benefit both species. BCG’s cost-effectiveness 
compared to cisplatin aligns with One Health principles, offering scalable solutions for low-resource 
regions like the Amazon Biome, where environmental stressors exacerbate immunosuppression 
[16,18,19]. Future directions are required: a). Nanoparticle formulations - thermostable BCG 
encapsulated in TLR agonist-loaded nanoparticles could improve targeted delivery and reduce 
systemic inflammation [26]; b). Collaborative networks - partnerships between academia and 
industry are critical to develop BCG protocols adaptable to diverse settings, including remote areas 
lacking cold-chain infrastructure [20,21]; c). Cross-species trials - leveraging BPV-HPV parallels, 
clinical trials could test BCG combinations (e.g., with checkpoint inhibitors) in both equine and 
human patients under a unified framework [22,23]. By bridging veterinary and human oncology, 
comparative oncology accelerates therapeutic innovation, creating a virtuous cycle where discoveries 
in one species inform the other [24]. This approach is pivotal to overcoming shared challenges like 
viral immunosuppression and tumor heterogeneity [25]. 

6. Integration with the One Health Approach 

The One Health framework, linking human, animal, and environmental health, is critical for 
optimizing BCG immunotherapy in equine sarcoids. Bovine papillomavirus (BPV), the causative 
agent of sarcoids, poses an emerging zoonotic risk, with documented human infections (e.g., 
veterinarians exposed to lesions or contaminated fomites). These cases highlight the need for 
integrated surveillance and strategies to reduce viral spread in shared environments, aligning animal 
welfare with public health priorities [1,2,30,31]. 

BCG is a cost-effective alternative to conventional therapies like cisplatin, offering simplified 
protocols and 20–40% lower recurrence rates, reducing financial strain in low-resource regions. In 
environments like the Amazon Biome, where heat and humidity threaten drug stability, thermostable 
BCG formulations and decentralized training for rural veterinarians are essential for accessibility 
[9,30,31]. 

Standardized protocols (e.g., 0.5 mg BCG per lesion) and hands-on training via digital 
simulations improve adoption in endemic areas [9]. Innovations like BCG-loaded nanoparticles with 
TLR agonists (e.g., imiquimod) enhance targeted delivery while minimizing systemic inflammation 
[32]. Partnerships between academia, industry, and rural communities are key to developing cold-
chain-free distribution networks in tropical regions [33]. 

Genomic surveillance in BPV hotspots can preempt interspecies transmission, while BCG-
adjuvant combinations (e.g., Amazonian copaiba oil) may boost efficacy in heat-stressed equines [34]. 
Open-access platforms sharing BCG response rates across biomes can accelerate translational 
insights. These initiatives exemplify One Health principles, promoting equity, sustainability, and 
zoonotic risk reduction [16–19]. 

7. Epidemiology and BCG Use in the Amazon Biome 

Equine sarcoid distribution in Brazil is heterogeneous, influenced by environmental, genetic, 
and management factors. In the Amazon Biome, high humidity, hematophagous vectors (e.g., 
horseflies), and widespread bovine papillomavirus (BPV) exposure drive sarcoid incidence, 
particularly among working equines in rural area. Regional studies estimate that up to 20% of equines 
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exhibit sarcoid-like lesions, often undiagnosed due to limited access to specialized veterinary care [1–
12,14,15,28,32,34–48].  

A 10-year-old Lusitano horse from the Amazon Biome was admitted to the Veterinary Hospital 
(HV) of the Institute of Veterinary Medicine (IMV) at the Federal University of Pará (UFPA) for 
evaluation of a nodular lesion affecting the upper eyelid. The mass measured approximately 9 cm in 
length, 5 cm in width, and 3 cm in depth, presenting a proliferative and ulcerated surface (Figure 2). 
Histopathological examination of a previously collected biopsy confirmed a mesenchymal neoplasm 
consistent with equine sarcoid. Molecular analysis by polymerase chain reaction (PCR) identified the 
presence of bovine papillomavirus type 1 (BPV-1), confirming the diagnosis. Due to the considerable 
size of the lesion and the risk of severe eyelid dysfunction following surgical excision which could 
potentially require enucleation alternative treatment strategies were considered. Given the patient’s 
geographic location, which limited access to advanced modalities such as electrochemotherapy 
requiring specialized anesthesia, intralesional immunotherapy with Bacillus Calmette-Guérin (BCG) 
vaccine (Pasteur strain) was chosen as the primary therapeutic approach. The protocol consisted of 
four intralesional injections of 0.2 mL BCG administered at 21-day intervals (Figure 3). Significant 
clinical improvement was observed within the first weeks, with progressive reduction in lesion size. 
By the end of the treatment course, complete remission of the sarcoid was achieved, with full 
preservation of the ocular globe. Post-treatment ophthalmic evaluation showed no signs of corneal 
injury or tear film deficiency. The patient remained free of recurrence during a two-year follow-up 
period. 

 

Figure 2. Mixed verrucous and fibroblastic sarcoid affecting the upper eyelid of a 10-year-old Lusitano horse 
prior to intralesional BCG immunotherapy. The nodular lesion measured 9 cm (length) × 5 cm (width) × 3 cm 
(depth), with marked proliferative and ulcerated characteristics. 

BCG has emerged as a cost-effective intralesional therapy in Brazil, including the Amazon, due 
to its adaptability to resource-limited settings. However, implementation faces unique challenges: 
logistical constraints (e.g., cold-chain maintenance in remote areas), workforce gaps (few 
veterinarians trained in immunotherapy), and reliance on traditional herbal remedies that delay 
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conventional treatment. Despite these barriers, BCG’s simplified protocols (e.g., 0.1–0.5 mg per 
lesion) and lower recurrence rates compared to conventional therapies highlight its potential for 
scalable adoption [15,34,37,38,42,49]. 

Effective BCG adoption requires multifocal strategies. Farmer education programs on early 
lesion identification and training agricultural technicians to administer BCG could reduce disease 
progression. Research is urgently needed to validate climate-adapted protocols, such as thermostable 
BCG formulations and combinations with plant-derived adjuvants (e.g., copaiba oil, which has 
immunomodulatory properties). These initiatives align with One Health principles, mitigating 
zoonotic BPV risks (linked to human infections in veterinarians) while enhancing climate-resilient 
animal health systems [15,34,37,38,42,49]. 

Integrating HV case studies (e.g., lesion regression rates, adverse effects) would refine region-
specific protocols and address knowledge gaps. Partnerships with local universities and NGOs are 
critical to decentralize BCG training and improve cold-chain infrastructure. Additionally, genomic 
surveillance in BPV hotspots and open-access platforms for clinical data sharing could accelerate 
translational insights for both veterinary and human oncology. By bridging gaps between ecosystems 
and species, BCG immunotherapy exemplifies the One Health ethos, offering equitable and 
sustainable solutions for zoonotic risk reduction [50–53]. 

 

Figure 3. A and B: Upper eyelid of the same horse showing partial regression of the sarcoid lesion 21 days after 
the first intralesional BCG injection. C: Further reduction in lesion size observed 63 days after treatment initiation 
(third BCG application). D: Complete remission of the lesion at the conclusion of the therapeutic protocol. 

8. Cost-Benefit Comparison of BCG vs. Conventional Therapies 

Conventional treatments for equine sarcoids (Table 1), surgical excision, electrochemotherapy, 
cryotherapy, and topical cisplatin show success rates of 50–80% but suffer from high recurrence (20–
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40%), particularly in aggressive subtypes like fibroblastic sarcoids Surgery, while rapid, requires 
specialized infrastructure and postoperative care, increasing costs in remote regions. Topical 
cisplatin, effective in 70–85% of cases, demands 4–6 applications and strict biosafety protocols due to 
systemic toxicity, making it impractical for small-scale farms or nonspecialized practitioners. While 
cisplatin-based electrochemotherapy demonstrates satisfactory outcomes in equine tumor 
management, the requirement for general anesthesia substantially increases both procedural costs 
and risks. Potential anesthetic complications and recovery-related adverse events represent 
significant limitations for equine patients. Surgical excision followed by topical Acyclovir dressings 
has also been reported with favorable success rates in equine sarcoid treatment. However, this 
approach similarly requires a preliminary surgical procedure [1–12]. BCG immunotherapy offers 
moderate efficacy (60–70% tumor regression) but superior economic benefits. Its cost per dose is up 
to 10 times lower than cisplatin, and it requires only 1–3 intralesional sessions, reducing logistical 
expenses (transport, materials) BCG does not require advanced equipment or chemical protection, 
simplifying use in rural areas. Studies emphasize its cost-effectiveness in endemic outbreaks, where 
durable immunity reduces recurrence compared to cytotoxic like cisplatin [14,15,28,32]  

BCG’s efficacy varies with tumor location and subtype. Lesions in critical areas (e.g., eyelids) or 
verrucous subtypes respond poorly, often requiring adjunct therapies (e.g., cryotherapy), which 
increase costs. Adverse reactions (edema, abscesses) occur in 30% of cases, necessitating additional 
veterinary care. Despite these challenges, large-scale cost-benefit analyses confirm BCG’s economic 
advantage over cisplatin, especially in herds with multiple affected animals, where reduced 
cumulative recurrence offsets side-effect management costs. Cisplatin requires specialized training 
for safe handling, while BCG can be administered by veterinarians with basic training using 
simplified protocols (e.g., 0.1–0.5 mg per lesion). This accessibility aligns BCG with One Health 
principles, promoting equitable solutions in low-resource settings [34–48]. 

Table 1. Comparative analysis of efficacy, cost-benefit, and practical considerations in equine sarcoid 
therapies. 

 Treatment 
Effica

cy 
Recurre

nce  
Sessio

ns  
Cost (relative) Accessibility Key Limitations 

BCG 
Immunothe

rapy 

60–
70% 

15–30% 1–3 
Low (10x cheaper 

than cisplatin) 
High (basic training 

needed) 
Adverse reactions (30%) 

Topical 
Cisplatin 

70–
85% 

20–40% 4–6 High 
Low (requires 

biosafety protocols) 
Toxicity, logistical 

complexity 
Surgical 
Excision 

50–
80% 

20–40% 1 Moderate 
Moderate (needs 

infrastructure) 
High recurrence, 

postoperative care 

Cryotherapy 
60–
75% 

15–35% 2–4 Moderate 
Low (requires 

specialized 
equipment) 

Limited to accessible 
lesions 

9. Future Directions, Gaps and Novel Insights 

BCG immunotherapy for equine sarcoids represents a promising yet underexplored frontier in 
veterinary oncology. Despite regression rates of 50–70%, individual response variability remains a 
critical challenge. Key gaps include incomplete understanding of BCG’s mechanisms in equines, such 
as how macrophage and dendritic cell activation counteracts BPV-induced immunosuppression in 
specific tumor microenvironments Additionally, the lack of standardized dosing (0.1–1 mg/lesion) 
and application frequency (weekly vs. biweekly) hinders cross-study comparisons, underscoring the 
need for multicenter randomized trials, particularly in complex biomes like the Amazon, where 
environmental factors modulate immune responses [3,10,11,14,15]. 

Emerging omics technologies offer transformative insights. Transcriptomic analysis of sarcoids 
pre- and post-BCG could identify resistance pathways (e.g., TGF-β signaling or PD-L1 expression) 
and predict candidates for combinatorial therapies. CRISPR-Cas9 editing to silence BPV viral genes 
(e.g., E5), which mediate immune evasion, may enhance BCG efficacy. Dynamic biomarkers, such as 
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exosomal pro-inflammatory microRNAs in blood, could enable noninvasive real-time monitoring of 
therapeutic responses [29]. 

Innovative delivery systems like BCG-loaded nanoparticles combined with TLR agonists (e.g., 
imiquimod) may improve drug targeting to tumor microenvironments, reducing systemic effects and 
enhancing compliance in cases of multiple lesions. Adjuvant strategies, such as immunomodulatory 
probiotics to amplify Th1 responses, could synergize with BCG, leveraging insights from human 
oncology. These approaches align with One Health principles, bridging veterinary and human cancer 
research to address shared challenges like viral immunosuppression [20,21,54–56]. 

Unlocking BCG’s full potential requires overcoming practical barriers. Collaborative networks 
among universities, field clinics, and pharmaceutical industries could accelerate the development of 
thermostable lyophilized BCG formulations, eliminating cold-chain dependence in tropical regions. 
Concurrently, continuing education programs must train veterinarians in immunotherapy 
techniques, including simulations for complex cases (e.g., periocular sarcoids) and adverse reaction 
management. Such efforts democratize access to advanced therapies while fostering climate-resilient 
animal health systems [3,4,9]. 

9. Conclusion 

BCG immunotherapy consolidates as a transformative yet underutilized strategy for equine 
sarcoids, achieving 40–70% tumor regression through dual activation of innate immunity (TLR-
mediated macrophage polarization, TNF-α release) and adaptive responses (BPV-specific CD8+ T 
cells), while addressing critical One Health challenges in resource-limited settings like the Amazon 
Biome. Despite persistent gaps—including protocol heterogeneity (0.1–1 mg/lesion dosing 
variability), strain-dependent efficacy (Pasteur vs. Tokyo), and severe inflammation in 15–30% of 
cases—BCG outperforms conventional therapies (cryotherapy, cisplatin) in cost-effectiveness (10x 
cheaper per dose) and scalability, particularly for endemic outbreaks. Emerging omics technologies, 
such as CRISPR-Cas9 editing of BPV’s immune-evasion genes (e.g., E5) and transcriptomic profiling 
of TGF-β/PD-L1 pathways, now enable precision protocols to overcome viral immunosuppression, 
while thermostable nanoparticle formulations promise equitable access across tropical regions. 
Crucially, sarcoids serve as a translational bridge to HPV-associated cancers, with synergistic 
strategies like BCG + anti-PD-1 inhibitors demonstrating cross-species potential. To unlock this 
promise, multicenter randomized trials must standardize protocols (dose, frequency) and validate 
dynamic biomarkers (e.g., exosomal miRNAs), supported by collaborative networks linking 
academia, pharmaceutical innovators, and field clinics to development independent BCG 
formulations and train veterinarians in adverse reaction management. Thus, BCG transcends species 
boundaries, epitomizing a sustainable, One Health-aligned solution where veterinary advances 
catalyze breakthroughs in human immuno-oncology. 
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