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lessons and technological advancements from the COVID-19 response offer a vital blueprint for
Hantavirus mitigation. We advocate for a rapid, multi-faceted approach, mirroring COVID-19's
urgency. This includes implementing personal protective measures (e.g., masks, gloves) proven
effective in reducing viral transmission. Crucially, we propose leveraging the significant
advancements in Artificial Intelligence (AI), Machine Learning (ML), and Deep Learning (DL)
that matured during the pandemic. These technologies can revolutionize Hantavirus drug
discovery by accelerating drug repurposing from existing libraries, executing rapid virtual
screening and molecular docking of vast chemical databases to identify inhibitors, and informing
de novo drug design. This accelerated process demands a "Human-in-the-Loop" (HITL)
paradigm. While AI/ML/DL offer unparalleled speed in hypothesis generation, human expertise
from virologists, clinicians, and public health officials remains indispensable for validating
models, interpreting complex biological data, guiding experimental design, and translating
insights into effective interventions. By synergizing advanced computational power with
invaluable human intuition, we can proactively develop robust therapeutic and preventive
strategies for Hantavirus, shifting from reactive crisis management to a data-driven defense
against future viral threats.
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1. Introduction

The dawn of the 21ST century has been repeatedly punctuated by the emergence of novel infectious diseases, from
SARS and MERS' to Zika? and Ebola,® each underscoring humanity's precarious relationship with the microbial world.
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However, no event in recent memory has so profoundly reshaped global health paradigms and accelerated scientific
innovation as the COVID-19 pandemic.*> The rapid spread of SARS-CoV-2 exposed critical vulnerabilities in global health
infrastructure, yet simultaneously catalyzed unprecedented advancements in vaccine development,® therapeutic discovery,’
and digital health technologies.® The lessons learned from this global ordeal are not merely historical footnotes; they
represent a crucial blueprint for confronting future pandemics and managing persistent, yet often overlooked, viral threats.
While the immediate crisis of COVID-19 may be receding, a dangerous complacency could allow other high-fatality,
medium-transmissibility pathogens, such as Hantavirus, to continue deadly toll.’ This paper posits that leveraging the
strategic insights and advanced technological toolkit honed during the COVID-19 pandemic, particularly the synergistic
application of Artificial Intelligence (AI),'° Machine Learning (ML),!' Deep Learning (DL),'? and the indispensable
“Human-in-the-Loop” (HITL) approach,'® is paramount for proactive Hantavirus mitigation, drug discovery, and
prevention.

The COVID-19 pandemic served as a crucible for rapid scientific response, demonstrating an extraordinary compression
of the drug'*'® and vaccine!” development timelines. Traditional drug discovery, a notoriously lengthy and expensive
endeavor, typically spans over a decade. Yet, within a year,'?! multiple highly effective mRNA and viral vector
vaccines?*?® against SARS-CoV-2 were developed, approved, and deployed globally. This unparalleled pace was largely
attributable to aggressive funding, global collaboration, and, significantly, the strategic deployment of advanced
computational tools.?*?> Drug repurposing, the identification of new uses for existing drugs, became a cornerstone of early
therapeutic efforts.26%7

Al and ML algorithms rapidly screened vast libraries of approved compounds, identifying candidates like remdesivir,?
which, though not always highly effective, offered immediate options. Simultaneously, de novo drug design witnessed a
resurgence, with computational models predicting optimal molecular structures to inhibit viral proteins.?> Furthermore,
sophisticated molecular docking simulations, powered by high-performance computing, rapidly assessed the binding
affinities of millions of small molecules against SARS-CoV-2 targets, drastically narrowing experimental search spaces.*
These computational triumphs, coupled with expedited clinical trials’!3? and manufacturing scale-up,**33 showcased a
paradigm shift in pandemic preparedness.

Hantaviruses, a genus within the Hantaviridae family, represent a distinct and persistent public health concern.3

Transmitted primarily through aerosolized rodent excreta, these viruses cause two severe, often fatal, diseases in humans:
Hantavirus Pulmonary Syndrome (HPS)*” and Hemorrhagic Fever with Renal Syndrome (HFRS).*® With fatality rates
ranging up to 40% depending on the strain and syndrome, and a complete absence of specific antiviral treatments or
approved vaccines, Hantavirus poses a significant threat.> The localized nature of outbreaks, coupled with the difficulty in
controlling rodent populations and preventing human exposure, often leads to delayed diagnosis and reactive, rather than
proactive, interventions. The urgency and innovation applied to COVID-19 must now be consciously redirected and adapted
to address such "silent" pathogens, ensuring that scientific momentum is not lost.

Al, ML, and DL, having undergone an accelerated evolution after the COVID-19 pandemic, are now poised to revolutionize
various facets of Hantavirus control.*’ These technologies can extract critical lessons from the COVID-19 experience in
several ways. For instance, Al-driven epidemiological models, refined during COVID-19 to predict outbreak patterns and
resource needs, can be adapted to forecast Hantavirus hotspots based on environmental factors and human activity, enabling
targeted public health interventions.*! Furthermore, the rapid diagnostic capabilities developed for COVID-19, often
involving Al-assisted analysis of clinical data or imaging, can be repurposed to improve early and accurate Hantavirus
detection, a crucial step given its non-specific initial symptoms.

Drawing from COVID-19's success, advanced Al, ML, and DL tools offer immense potential for Hantavirus drug
discovery and prevention. These technologies can rapidly repurpose existing drugs, perform virtual screening and molecular
docking to find novel inhibitors against Hantavirus targets, and enable de novo drug design for optimized compounds.
Beyond antivirals, Al can identify immunomodulatory agents (e.g., vitamins) to strengthen host response. ML accelerates
vaccine development by optimizing antigen and mRNA design. Furthermore, Al can guide the design of nanoparticles*? for
enhanced drug/vaccine delivery, significantly expediting comprehensive Hantavirus solutions. The power of AI/ML/DL is
maximized when integrated within a "Human-in-the-Loop" (HITL) framework (Table 1). The sheer volume and complexity
of data processed by Al require expert human oversight for critical validation, interpretation, and refinement. Clinicians
provide invaluable insights into disease progression and patient outcomes; virologists and molecular biologists interpret
computational predictions in the context of biological feasibility; epidemiologists guide the development of predictive
models; and public health officials ensure the ethical, equitable, and practical implementation of interventions. This
synergistic approach, where Al amplifies human intellect and human expertise guides Al's application, is not just an
efficiency gain but a necessity for ensuring that technological solutions are robust, safe, and truly effective. By embracing
this comprehensive, Al-enhanced, and human-guided strategy, we can transform our approach to Hantavirus from reactive
crisis management to a proactive, data-driven defense, safeguarding global health against both known and emerging viral
threats.
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Table 1. Synergistic application of Al, machine learning, and deep learning in Hantavirus mitigation and drug discovery.

Feature/Aspect COVID-19 (SARS-CoV-2) Hantavirus Implication for Preparedness

Transmissibility High (respiratory droplets, Medium-Low (aerosolized rodent Hantavirus: Lower direct human-to-
aerosols) excreta), except ANDV human risk, but persistent zoonotic

challenge.

Fatality Rate Variable (e.g., ~1-3% global High (up to 40% for HPS, ~5-15%  Hantavirus: High individual mortality,
average, higher in severe cases) for HFRS) urgent need for specific interventions.

Specific Antiviral Several approved/repurposed (e.g., None universally approved Hantavirus: Reliance on supportive

Treatments Remdesivir, Paxlovid) care, emphasizes drug discovery gap.

Approved Vaccines Multiple highly effective  None broadly Hantavirus: Significant vaccination
mRNA/viral vector vaccines available/internationally approved gap, potential for ML/DL in vaccine
design.
Research Funding & Unprecedented global funding &  Historically limited, often  Hantavirus: Need to leverage COVID-
Mobilization collaboration overlooked 19 lessons for resource allocation and
focus.
AI/ML/DL Integration Extensive, from diagnostics to Emerging, largely untapped  Hantavirus: Opportunity to apply
in Response vaccine design potential advanced tech for proactive mitigation.

2. Hantavirus: A Persistent and Underestimated Threat

Hantaviruses, belonging to the Hantaviridae family within the order Bunyavirales, constitute a group of zoonotic RNA
viruses that pose a significant, yet often underestimated, global public health threat. Unlike many other emerging viral
pathogens, Hantaviruses are not novel; they have co-evolved with their rodent hosts for millennia, establishing complex
ecological niches that facilitate their persistence and sporadic transmission to humans.** The COVID-19 pandemic, with its
acute and widespread impact, inadvertently eclipsed the ongoing burden of these less transmissible but highly pathogenic
viruses, creating a dangerous blind spot in global health preparedness. This section aims to delineate the epidemiology and
global burden of Hantavirus infections, highlighting their diverse geographical distribution, varied clinical manifestations,
and the inherent challenges in their control.**

2.1 Epidemiology and Global Burden

Hantaviruses are characterized by their strict host specificity, with each viral species typically maintained by a single
rodent (or occasionally insectivore) reservoir host, in which they cause asymptomatic, persistent infection. Humans become
accidental hosts primarily through inhalation of aerosolized virus from the urine, feces, or saliva of infected rodents.** Less
common routes include direct contact with infected animals or their nests, and rarely, through bites. Human-to-human
transmission is generally considered negligible, with the notable exception of Andes virus (ANDV) in South America,
which can cause person-to-person spread, particularly within close contacts during outbreaks. This unique epidemiological
feature of ANDV adds another layer of complexity and concern*® Globally, Hantavirus infections manifest predominantly

as two severe clinical syndromes: Hantavirus Pulmonary Syndrome (HPS) and Hemorrhagic Fever with Renal Syndrome
(HFRS). These syndromes are caused by distinct groups of Hantavirus species associated with different geographical
regions and rodent hosts.*’ Especially, in May 2026, some cases have been reported in a hantavirus-associated cluster of
illness on a cruise ship, including three deaths.*®

2.2 Pathogenesis and Clinical Manifestations

The clinical outcome of Hantavirus infection is largely determined by the specific viral species involved and the host's
immune response, leading to either Hantavirus Pulmonary Syndrome (HPS) in the Americas or Hemorrhagic Fever with
Renal Syndrome (HFRS) predominantly in Eurasia.*’ Despite distinct clinical presentations, both syndromes share a
common underlying pathogenic mechanism: a dysfunctional host immune response leading to endothelial dysfunction and
increased vascular permeability. Unlike many other viruses that cause direct cytopathic effects, Hantaviruses are generally
considered non-cytolytic in endothelial cells, meaning they do not directly kill the cells they infect. Instead, the damage is
primarily mediated by the host's own immune system.>

2.2.1. Pathogenesis of Hantavirus Infections

Upon inhalation of aerosolized virus, Hantaviruses establish initial infection in the respiratory tract. They then spread
systemically, with endothelial cells lining blood vessels in various organs being the primary targets. The viral nucleocapsid
protein (N protein) plays a crucial role in suppressing the host's innate immune response, particularly the interferon (IFN)
pathway, allowing the virus to replicate efficiently within endothelial cells without triggering apoptosis.>' The hallmark of
Hantavirus pathogenesis is increased vascular permeability, leading to fluid leakage from capillaries. This is not due to
direct viral destruction of endothelial cells but rather a complex interplay between the virus and the host immune response:

Immune Dysregulation, Cytokine Storm, Endothelial Cell Dysfunction, and platelet Dysfunction.3>33
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2.2.2. Clinical Manifestations

The clinical course of Hantavirus infections typically progresses through several phases, though their severity and
specific organ involvement differ significantly between HPS and HFRS, Hantavirus Pulmonary Syndrome, HPS, Prodromal
Phase (3-7 days), Cardiopulmonary Phase (4-10 days after prodrome onset), Rapid onset of respiratory distress, tachypnea
(rapid breathing), dyspnea (shortness of breath), and cough, often productive of frothy sputum. This phase is marked by
widespread pulmonary edema, hypoxemia, and myocardial depression, leading to cardiogenic shock. Hemoconcentration
(increased blood viscosity) and thrombocytopenia are common laboratory findings.**% Diuretic/Convalescent Phase:
Survivors enter a diuretic phase where pulmonary edema resolves, and renal function (if affected) begins to normalize.*

2.3. Current Challenges in Management and Control

Despite the significant mortality rates associated with Hantavirus infections, managing and controlling these diseases
continue to face formidable challenges, creating a landscape where proactive mitigation remains elusive. The current
situation for Hantavirus starkly contrasts with the rapid and coordinated response observed during the COVID-19 pandemic,
highlighting critical gaps that demand urgent attention.>’

2.3.1. Absence of Specific Treatments and Broadly Available Vaccines

A primary challenge is the complete lack of specific antiviral drugs universally approved for Hantavirus infections.
Patient management is almost entirely supportive, focusing on intensive care, which can be resource-intensive and often
insufficient to prevent fatal outcomes. Furthermore, there are no broadly available or internationally approved vaccines.
While some vaccines exist in specific endemic countries, their efficacy is variable, and they are not globally accessible.
This leaves large populations at risk without effective prophylactic measures.*

2.3.2.  Delayed and Difficult Diagnosis

Early and accurate diagnosis is critical but challenging. Initial Hantavirus symptoms are non-specific and mimic common
viral illnesses, leading to significant delays. This issue is compounded by a low index of suspicion among clinicians in non-
endemic areas and limited access to specialized diagnostic tests, especially in remote regions. Such delays can profoundly
impact patient outcomes.>

2.3.3.  Complexities of Rodent Control and Environmental Management

As Hantaviruses are zoonotic, effective control requires managing rodent populations. However, this is immensely
challenging due to fluctuating rodent numbers influenced by environmental factors. Implementing widespread, sustainable
rodent control across large geographical areas is often impractical, costly, and can have unintended ecological
consequences. Human encroachment into natural habitats further complicates prevention efforts.®

2.3.4.  Inadequate Surveillance and Underreporting

The true global burden of Hantavirus is likely underestimated due to weak surveillance systems and pervasive
underreporting. Clinical misdiagnosis, low public and professional awareness, and limited reporting infrastructure
contribute to this issue. The sporadic and isolated nature of Hantavirus cases also makes them difficult to track through
passive surveillance alone.®' These cumulative challenges emphasize the urgent need for innovative, interdisciplinary
approaches to Hantavirus management. The technological advancements spurred by the COVID-19 pandemic offer a unique
opportunity to re-evaluate and enhance our strategies against this persistent viral threat.5?

3. Lessons Learned from the COVID-19 Pandemic: A Blueprint for Future Threats

The COVID-19 pandemic, while a global catastrophe, concurrently served as an unprecedented catalyst for scientific
innovation and collaboration. The sheer scale and urgency of the crisis compelled researchers, industries, and regulatory
bodies worldwide to compress decades of traditional development timelines into mere months. This accelerated progress,
particularly in the realm of therapeutics and vaccines, provides a critical blueprint for confronting other existing and future
viral threats, including Hantavirus. The strategic deployment of advanced technologies, streamlined regulatory processes,
and global data sharing demonstrated what is achievable when collective scientific will is mobilized.5>64

3.1. Accelerated Drug and Vaccine Development
The COVID-19 pandemic revolutionized the pace of drug and vaccine development, demonstrating that rapid and

effective countermeasures are possible against emerging pathogens. This acceleration was driven by several convergent
strategies, many of which were significantly amplified by computational tools.%
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High-Throughput Screening (HTS): This technique, adapted for SARS-CoV-2, enabled the rapid testing of vast libraries

of existing chemical compounds and small molecules against viral targets (e.g., SARS-CoV-2 proteases or replication

machinery). HTS quickly identified molecules with potential antiviral activity, providing a foundation for further
investigation and optimization.5¢¢7

Drug Repurposing: A cornerstone of the early pandemic response, drug repurposing involved screening already approved
drugs (used for other conditions) for their efficacy against COVID-19. This strategy significantly reduced development
timelines and safety assessment costs, as these drugs already had established safety profiles. Al and Machine Learning
algorithms played a crucial role here, rapidly sifting through millions of data points to predict which existing drugs might
interfere with SARS-CoV-2. Examples include the use of dexamethasone, which proved effective in reducing mortality in
severe cases.%%

De Novo Drug Design: For specific viral targets, computational methods were employed to design entirely new
molecular entities from scratch. Advanced algorithms and predictive modeling allowed researchers to virtually construct
and optimize novel chemical structures specifically tailored to inhibit key viral proteins, bypassing the need to screen
existing compounds. This approach promises highly targeted and potent therapeutics.”®”!

Rapid Vaccine Platforms, including mRNA Vaccines: The pandemic showcased the power of novel vaccine

technologies, particularly messenger RNA (mRNA) vaccines. These platforms allowed for exceptionally rapid development
and manufacturing simply by providing the genetic code for a viral protein, rather than needing to grow the virus itself. This
approach dramatically shortened the time from viral gene sequencing to clinical trial-ready vaccine candidates, setting a
new standard for vaccine response to emerging pathogens. Other rapid platforms, such as viral vector vaccines, also played
a pivotal role in delivering effective immunity in record time.”?
These advancements represent a paradigm shift, demonstrating that with focused effort and technological leverage, the
traditional multi-year timelines for drug and vaccine development can be dramatically compressed. This collective
experience offers invaluable lessons for tackling other viral threats like Hantavirus, where specific medical interventions
are currently lacking.

3.2. Rapid Diagnostics and Genomic Surveillance

The COVID-19 pandemic significantly accelerated the development and deployment of rapid diagnostic tools. The
ability to quickly and accurately detect SARS-CoV-2 infection, through various testing modalities, became central to
controlling its spread. This included the widespread availability of PCR tests for highly accurate detection, antigen tests for
faster on-site screening, and serological tests to identify past infections. Parallel to this, advancements in genomic
surveillance allowed for the rapid sequencing of viral genomes. This capability was crucial for tracking the evolution of the
virus, identifying new variants, understanding their transmissibility and virulence, and informing vaccine adjustments. The
speed and scale at which these diagnostic and genomic tools were developed and utilized during the pandemic provide
invaluable models for monitoring and responding to other viral threats.”*

3.3. Enhanced Epidemiological Modeling and Public Health Interventions

COVID-19 underscored the critical importance of robust epidemiological modeling for understanding disease dynamics
and guiding public health responses. Complex computational models were developed and refined to predict infection rates,
hospitalizations, and mortality, as well as to assess the impact of various interventions. These models became essential tools
for policymakers in making informed decisions regarding lockdowns, resource allocation, and vaccine distribution.
Furthermore, the pandemic highlighted the effectiveness of non-pharmaceutical interventions (NPIs), such as mask-
wearing, social distancing, and improved hygiene practices. The global adoption and scientific evaluation of these measures
provided clear evidence of their role in reducing transmission, offering a practical playbook for immediate public health
responses to any future respiratory pathogen. The rapid assessment and communication of these NPIs were also central to
managing the pandemic.”>’¢

3.4. The Role of Advanced Technologies in COVID-19 Response

The COVID-19 pandemic unequivocally demonstrated the transformative power of advanced technologies, particularly
Artificial Intelligence (AI), Machine Learning (ML), and Deep Learning (DL), in orchestrating a rapid and data-driven
global response. These computational tools moved from academic interest to frontline applications across virtually every
aspect of pandemic management, providing a compelling case study for their future utility against other infectious
diseases.”’”

In the realm of drug and vaccine development, AI/ML/DL significantly accelerated processes from initial discovery to
clinical trials. They were instrumental in identifying potential drug candidates through rapid screening of vast chemical
databases, predicting molecular interactions for de novo drug design, and optimizing vaccine antigen selection. Beyond
therapeutics, these technologies played a pivotal role in diagnostics, assisting in the rapid analysis of medical images (like
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CT scans for lung damage) and enhancing the accuracy of various testing methods.?*8! Furthermore, Al-powered systems
were crucial for epidemiological surveillance and forecasting. By analyzing diverse datasets ranging from traditional public
health records to non-traditional sources like social media trends and mobility data Al models provided real-time insights
into disease spread, predicted outbreak hotspots, and helped allocate healthcare resources more efficiently.®? These insights
informed public health policies and interventions. Even in public communication and misinformation detection, Al
algorithms were deployed to identify and counter the spread of false information, ensuring that critical health messages
reached the public effectively. The unprecedented scale and speed at which AI/ML/DL were adopted and integrated into
the COVID-19 response established a powerful precedent, proving their capability to enhance preparedness and response
strategies for future global health challenges.?*%*

4. AIl, ML, and DL in Hantavirus Mitigation: A Multi-Pronged Approach

The profound impact of Al, Machine Learning (ML), and Deep Learning (DL) in accelerating the COVID-19 response has
established a powerful precedent (Fig. 1). These advanced computational tools are now poised to revolutionize the
mitigation strategies for Hantavirus, transforming the traditionally slow and costly processes of drug discovery and
prevention. By leveraging the enhanced capabilities of AI/ML/DL, we can move towards a more proactive and efficient
approach to combating this persistent threat.33-36

" Data Mining Machine Learning
~ R ) 1. Initial massive data Initial screening.
* * I collection Deep Learning
2. Data Cleaning Handling complex
Drug Data Banks 3. Preliminary pattern structural data (like
. i A recognition proteins)
Target Data Banks
Human -in-the-loop '
Molecular Docking
AT Management:
. Automation Machine Learning
‘Il ‘u . Parameter Filtering Docking Results
Optimization Deep Learning
. Decision-Making Improving Scoring Functions
True Drug

Fig. 1. The role of Al, ML, DL, and Data Mining in the discovery.
4.1. Expediting Drug Discovery through Advanced Computational Models

A primary application of Al, ML, and DL in Hantavirus mitigation lies in dramatically accelerating the drug discovery
pipeline. These technologies offer unprecedented speed and efficiency in identifying, designing, and optimizing potential
antiviral compounds, a critical need given the current lack of specific treatments.%”-88

4.1.1. AI-Driven Drug Repurposing and Virtual Screening

One of the fastest routes to new therapies is drug repurposing, where existing drugs approved for other conditions are
screened for activity against Hantavirus. ML algorithms excel here by rapidly analyzing vast chemical libraries and
biological datasets to predict potential interactions between existing compounds and Hantavirus proteins (e.g., RNA-
dependent RNA polymerase, nucleocapsid protein). Through data mining techniques, Al can uncover hidden relationships
and patterns within large repositories of drug properties, clinical data, and viral characteristics. Classification and regression
algorithms are employed to predict whether a compound is likely to exhibit antiviral activity or to estimate its efficacy,
significantly narrowing down the number of candidates requiring costly and time-consuming experimental validation. This
virtual screening process allows for the rapid identification of promising leads that could potentially interfere with
Hantavirus replication cycles or host-pathogen interactions 3%

4.1.2. De Novo Drug Design with Generative Al

Beyond repurposing, Al and particularly generative Deep Learning models enable the design of entirely new molecular
entities from scratch a process known as de novo drug design. Models such as Generative Adversarial Networks (GANs)
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and Variational Autoencoders (VAEs) can learn the chemical features of known antiviral compounds and then
autonomously generate novel molecular structures with desired characteristics, specifically tailored to Hantavirus targets.’!
These models can be guided to create molecules that possess optimal binding affinities, favorable pharmacokinetics (how
the drug moves through the body), and reduced toxicity, thereby improving the chances of success in subsequent
experimental stages. This capability represents a significant leap from traditional trial-and-error methods, offering a
pathway to highly specific and potent Hantavirus inhibitors.”?

4.1.3. Molecular Docking and Dynamics Simulations

Once potential drug candidates are identified through repurposing or de novo design, molecular docking simulations use
computational methods to predict the preferred orientation of a small molecule (ligand) when bound to a protein target (e.g.,
a Hantavirus protein).”> ML models play a crucial role in enhancing the accuracy and speed of these docking predictions,
refining scoring functions to more reliably estimate binding strength. Furthermore, molecular dynamics (MD) simulations,
often enhanced by DL techniques, provide insights into the atomic-level interactions and conformational changes that occur
when a drug binds to its target over time. These simulations are vital for understanding the stability of the drug-target
complex, identifying potential resistance mechanisms, and further optimizing the drug's structure for improved efficacy and
specificity against Hantavirus.**

4.2. Enhancing Host Immunity and Immunomodulation via Data-Driven Insights

Data-driven insights from the application of Data Mining and Machine Learning (ML) are revolutionizing our
understanding of host immunity, particularly in the context of Hantavirus infections.”>® By analyzing complex omics data,
including genomics, proteomics, and metabolomics, these computational approaches can identify intricate patterns and
pathways that are crucial for immune response modulation. Specifically, ML algorithms, such as Neural Networks, excel at
deciphering the biological complexity inherent in these datasets, paving the way for the discovery of novel
immunomodulatory targets.”” This data-driven approach is instrumental in identifying potential therapeutic compounds or
dietary supplements capable of fine-tuning the host’s immune defenses against viral threats like Hantavirus, offering a more
personalized and effective strategy for disease management.

4.3. Advanced Vaccine Development Strategies with Machine Learning

Machine Learning (ML) is rapidly transforming advanced vaccine development by enabling sophisticated prediction and
optimization capabilities. ML models can accurately forecast the immunogenicity of peptide antigens, guiding the rational
design of vaccine candidates.”® Furthermore, ML, particularly Deep Learning, is being leveraged to optimize mRNA
sequences for next-generation vaccines, enhancing their stability, translation efficiency, and immunogenicity by designing
optimal RNA structures. The predictive power of ML also extends to anticipating potential cross-reactivities and adverse
effects, allowing for the proactive mitigation of safety concerns and the development of more robust and targeted
vaccines.>1%0

4.4. Optimizing Novel Delivery Systems and Nanotechnology through Al

Artificial Intelligence (AI) and Machine Learning (ML) are indispensable tools for optimizing the design and
performance of novel delivery systems, especially in the realm of nanotechnology.!?"!92 Al-driven simulations can
accurately model the behavior of nanoparticles, such as silver nanoparticles,'®> within complex biological systems. This
enables the optimization of critical parameters like size, shape, and surface coatings to achieve targeted delivery of drugs
or vaccines. By predicting the efficacy and potential toxicity of these nanocarriers, Al facilitates the development of safer
and more effective therapeutic strategies, reducing the need for extensive empirical testing and accelerating the translation
of nanomedicine from research to clinical application.'**

4.5. Al for Epidemiological Forecasting and Early Warning Systems

Al, particularly Deep Learning (DL) models like Recurrent Neural Networks (RNNs), offers powerful capabilities for
epidemiological forecasting and the establishment of robust early warning systems. By analyzing diverse datasets (Figure
2), including traditional epidemiological and environmental data, alongside non-traditional sources such as social media
streams, Al can identify subtle trends and predict the outbreak dynamics of infectious diseases like Hantavirus.!%!% This
allows for the timely identification of high-risk areas and populations, enabling public health officials to implement
preemptive measures and allocate resources more effectively, thereby mitigating the impact of epidemics and pandemics.'?”
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Fig. 2. Al-based Epidemiological Forecasting and Early Warning Systems.
4.6. Al-Assisted Diagnostics and Image Analysis

Deep Learning (DL), with a strong emphasis on Convolutional Neural Networks (CNNs), is revolutionizing Al-assisted
diagnostics and medical image analysis.!””"1% CNNs demonstrate exceptional proficiency in analyzing complex medical
imaging data, such as CT scans of the lungs in cases of Hantavirus Pulmonary Syndrome (HPS), facilitating earlier and
more accurate disease detection.'” Beyond imaging, DL algorithms can significantly aid in the rapid and precise
interpretation of laboratory test results, streamlining the diagnostic workflow.!'? This Al-driven approach not only enhances
diagnostic accuracy but also accelerates the time to diagnosis, ultimately improving patient outcomes and management
strategies.

5. The Indispensable Role of Human-in-the-Loop (HITL) in AI-Driven Solutions

While artificial intelligence has significantly accelerated progress in biomedical research, drug discovery,
epidemiological forecasting, and diagnostic innovation, its effectiveness remains inherently dependent on informed human
oversight. The complexity of biological systems, the variability of clinical data, and the ethical implications of healthcare
decision-making necessitate a collaborative framework in which computational intelligence and human expertise operate
synergistically.!! Human-in-the-Loop (HITL) paradigms provide this essential integration, ensuring that Al-driven outputs
are biologically sound, clinically meaningful, and ethically responsible. In the context of Hantavirus research and response,
HITL not only enhances methodological rigor and translational reliability, but also safeguards public trust and
accountability in the deployment of advanced computational technologies.'!?

5.1. Defining HITL in Biomedical Research

Human-in-the-Loop (HITL) represents a structured paradigm in which human expertise is systematically embedded
within the lifecycle of artificial intelligence systems, encompassing model design, data curation, training, validation,
interpretation, and post-deployment monitoring.''® In biomedical research, where data are often heterogeneous, incomplete,
and context-dependent, the exclusive reliance on automated systems may lead to biologically implausible inferences or
clinically irrelevant outputs. HITL mitigates such risks by integrating domain knowledge, mechanistic reasoning, and
contextual awareness into computational workflows.'"* Importantly, biomedical phenomena—particularly in infectious
diseases—are shaped by multilayered interactions among host, pathogen, and environment that may not be fully captured
by statistical correlations alone. Human oversight therefore ensures that algorithmic outputs are critically evaluated against
established biological principles and emerging empirical evidence. In this regard, HITL functions not merely as supervisory
oversight, but as a co-adaptive intelligence framework that enhances robustness, interpretability, and translational
reliability.!!3

5.2. HITL in Drug Discovery and Development for Hantavirus

Within Hantavirus drug discovery and development pipelines, HITL constitutes a critical interface between
computational prediction and experimental validation. Advanced Al platforms can efficiently perform virtual screening,'!®
predict ligand—target binding affinities,'!"” model protein structures,'!® and prioritize candidate compounds.''® However,
these predictions require rigorous evaluation by medicinal chemists, structural biologists, virologists, and pharmacologists
to determine chemical feasibility, biological plausibility, and translational potential. Experts assess whether predicted
interactions align with known viral replication mechanisms, host—virus dynamics, and pharmacokinetic constraints.
Furthermore, human-guided interpretation is essential for identifying artifacts arising from biased datasets, overfitting, or
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model extrapolation beyond validated chemical space.'?*'?! Through iterative feedback loops, researchers refine model
parameters, curate higher-quality datasets, and guide hypothesis-driven experimentation. This bidirectional interaction
substantially increases the probability that in silico discoveries will progress into experimentally validated therapeutics and,
ultimately, clinically viable antiviral interventions.'??

5.3. HITL in Epidemiological Modeling and Public Health Initiatives

In epidemiological modeling and public health strategy, HITL ensures that predictive analytics are grounded in
contextual realism and operational feasibility. Machine learning and deep learning models including temporal architectures
such as recurrent neural networks can detect subtle nonlinear trends across epidemiological and behavioral datasets.'?*12*
Nonetheless, the translation of predictive outputs into actionable public health interventions requires expert appraisal.
Epidemiologists and public health officials evaluate model assumptions, scrutinize uncertainty intervals, and account for
confounding factors such as underreporting, diagnostic variability, and socio-behavioral dynamics. Human interpretation is
particularly crucial when models incorporate non-traditional data sources (e.g., mobility data or digital surveillance signals),
where signal validity and representativeness must be critically assessed.!?> By embedding expert judgment within predictive
workflows, HITL enhances decision-making transparency, prevents misallocation of resources, and supports ethically
sound and context-sensitive outbreak response strategies for Hantavirus surveillance and control.

5.4. Ethical Considerations and Bias Mitigation in AI/ML/DL

The integration of HITL is fundamentally tied to ethical governance and bias mitigation in AI/ML/DL-driven biomedical
systems. Algorithmic bias may arise from imbalanced datasets, demographic underrepresentation, measurement
inconsistencies, or structural inequities embedded within healthcare systems. Without human oversight, such biases risk
perpetuating disparities in diagnosis, risk stratification, and therapeutic prioritization. HITL introduces structured evaluation
mechanisms through which experts assess fairness metrics, examine model generalizability across populations, and identify
unintended discriminatory patterns.'?%!?” Moreover, human supervision is indispensable for safeguarding data privacy,
ensuring compliance with regulatory standards, and maintaining accountability in high-stakes clinical or public health
decisions. In infectious disease contexts such as Hantavirus management, where rapid decisions may influence mortality
and community-level outcomes, ethical vigilance is paramount. Consequently, HITL should be regarded not as an auxiliary
component but as an essential pillar of responsible Al deployment-ensuring that technological advancement proceeds in
alignment with scientific integrity, social equity, and public trust.!?®

6. Proactive Prevention and Preparedness for Hantavirus

Effective management of Hantavirus outbreaks requires a proactive, multidisciplinary approach that integrates advanced
technological tools, public health infrastructure, and evidence-based policy frameworks.!?® Given the zoonotic nature of
Hantavirus transmission and its strong ecological determinants, prevention strategies must extend beyond reactive clinical
response toward anticipatory surveillance, risk communication, and coordinated global action. The integration of artificial
intelligence, environmental monitoring, community education, and international collaboration represents a comprehensive
preparedness model aimed at minimizing transmission risk and mitigating outbreak impact.

6.1. AI-Enhanced Surveillance and Early Warning Systems

Artificial intelligence—enhanced surveillance systems offer transformative potential for the early detection and
prevention of Hantavirus outbreaks. By integrating epidemiological records, climatic variables, vegetation indices, rodent
population dynamics, and land-use data, machine learning models can identify spatial and temporal patterns associated with
increased transmission risk.!* Predictive analytics enable the identification of high-risk geographic zones, facilitating
targeted rodent monitoring programs and environmental risk assessments. Remote sensing technologies combined with Al-
based modeling further enhance the capacity to detect ecological changes such as shifts in rainfall patterns or food
availability that may influence rodent population surges. These data-driven early warning systems allow public health
authorities to allocate resources strategically, implement preventive interventions in vulnerable communities, and reduce
the likelihood of large-scale outbreaks.'?!

6.2. Public Health Education and Personal Protective Measures

Public health education remains a cornerstone of Hantavirus prevention, particularly given that transmission typically
occurs through inhalation of aerosolized viral particles from rodent excreta rather than direct human-to-human contact in
most strains. Clear and evidence-based communication is essential to dispel misconceptions and emphasize practical
protective measures. Public awareness campaigns should promote safe cleaning practices in rodent-infested areas, including
adequate ventilation, the use of disinfectants, and the avoidance of dry sweeping that may aerosolize contaminated dust.
The consistent use of personal protective equipment (PPE), such as masks and gloves, is strongly recommended for
individuals at occupational or environmental risk.'3> Additionally, emphasizing hand hygiene and environmental sanitation
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reduces exposure probability. Educational initiatives must be culturally tailored, accessible, and sustained over time to
ensure behavioral adoption and community resilience.'33

6.3. Policy Implications and Global Collaboration

The prevention and control of Hantavirus infections necessitate evidence-based policymaking supported by
interdisciplinary research and international cooperation. Policymakers must integrate epidemiological data, ecological
insights, and Al-generated risk assessments into national preparedness frameworks. Investments in surveillance
infrastructure, laboratory capacity, and outbreak response mechanisms are essential for timely detection and containment.
Given the transboundary nature of zoonotic diseases and the influence of global environmental change, international
collaboration plays a critical role in data sharing, coordinated research efforts, and harmonized response strategies.'>* Cross-
border partnerships facilitate standardized reporting systems, joint surveillance programs, and collaborative vaccine and
therapeutic development initiatives. A globally coordinated and scientifically grounded policy approach strengthens
resilience against Hantavirus and contributes to broader pandemic preparedness objectives.'?

7. Challenges and Future Directions

Despite the significant advancements in applying Al and computational methods to Hantavirus research, several
challenges impede the full realization of these technologies’ potential. Addressing these limitations through focused
research and strategic development is crucial for future progress in understanding, preventing, and treating Hantavirus
infections (Table 2).

Table 2. Key Challenges and Future Directions for AI/ML/DL Implementation in Hantavirus Research.

Challenge Impact on AI/ML/DL Application Proposed Future Direction/Solution Relevant
Section
Data Availability & Quality Limits model accuracy and generalizability, Data standardization, collaborative data- 7.1
especially for rare events like Hantavirus sharing initiatives, curated biobanks and
outbreaks. registries.
Integration of Multi-Omics Prevents holistic understanding of pathogenesis,  Sophisticated computational frameworks for 7.2
Data host response, and transmission. harmonizing and interpreting integrated
datasets.
Bridging AI Predictions to "Black-box" nature, lack of validation, poor Explainable AI (XAI), clear validation 7.3
Clinical Impl. integration into workflows. protocols, user-friendly interfaces,
interdisciplinary collaboration.
Ethical & Regulatory Risks algorithmic bias, privacy breaches, and Robust ethical guidelines, regulatory 7.4
Frameworks lack of accountability. standards for Al validation, fairness metrics,

data privacy safeguards.

7.1. Data Availability and Quality

A primary constraint in developing robust AI models for Hantavirus is the limited availability and variable quality of
relevant data. Comprehensive epidemiological data, particularly from diverse geographic regions and outbreak events, are
often scarce, fragmented, or inconsistently collected.!*® Similarly, high-quality genomic, proteomic, metabolomic, and
immunological datasets specific to Hantavirus infection across different hosts and human populations are not always readily
accessible or standardized. Addressing this requires concerted efforts in data standardization, collaborative data-sharing
initiatives, and the establishment of well-curated longitudinal biobanks and epidemiological registries to support more
accurate and generalizable Al-driven insights.!?’

7.2. Integration of Multi-Omics Data

To achieve a holistic understanding of Hantavirus pathogenesis, host immune responses, and transmission dynamics,
integrating diverse biological data streams is essential. Challenges persist in effectively merging and analyzing multi-omics
data (genomics, transcriptomics, proteomics, metabolomics, viromics) due to differences in data scale, dimensionality, and
experimental biases.'*® Developing sophisticated computational frameworks capable of harmonizing and interpreting these
integrated datasets is a critical future direction. Such integration promises to reveal complex molecular networks, identify
novel biomarkers for disease progression or severity, and uncover subtle interactions between the virus and its host that are
not apparent when analyzing single data types in isolation.!*

7.3. Bridging the Gap Between Al Predictions and Clinical Implementation

Translating sophisticated Al predictions and research findings into practical clinical applications and public health
interventions remains a significant hurdle. This “valley of death” is exacerbated by issues such as the black-box nature of
some Al models, difficulties in validating computational results through rigorous experimental designs, and a lack of
seamless integration into existing clinical workflows.'*" Future efforts must focus on developing explainable Al (XAI)



S. A. Siadati and M. A. Ebrahimzadeh / Current Chemistry Letters 15 (2026) 951
techniques, establishing clear validation protocols for Al-generated hypotheses, and creating user-friendly interfaces and
decision-support tools that effectively communicate Al insights to clinicians and public health practitioners.'*! Furthermore,
fostering interdisciplinary collaboration between Al researchers, bench scientists, and clinical stakeholders is vital for
ensuring translational success (Fig. 3).
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Fig. 3. Bridging the Gap between Al Predictions and Clinical Implementation.

7.4. Ethical and Regulatory Frameworks for Al in Health

The increasing application of Al in health necessitates the development of robust ethical guidelines and regulatory
frameworks. Ensuring data privacy, algorithmic fairness, transparency, and accountability are paramount concerns,
especially when Al models inform critical diagnostic or therapeutic decisions.!#? Existing regulatory pathways may not be
fully equipped to address the dynamic and evolving nature of Al algorithms. Future directions should involve proactive
engagement with regulatory bodies to establish clear standards for Al validation, performance monitoring, and oversight in
biomedical research and clinical practice.'* Developing ethical principles that specifically address the unique challenges
posed by Al in health such as potential biases and the impact on patient autonomy is essential for building trust and ensuring
equitable deployment of these powerful technologies.

8. Integrative Discussion

The preceding sections have meticulously detailed the persistent threat posed by Hantavirus, underscored the
transformative lessons learned from the COVID-19 pandemic, and elucidated the profound potential of AI, ML, DL, and
Human-in-the-Loop (HITL) methodologies in addressing this overlooked pathogen. This integrative discussion aims to
synthesize these diverse threads, highlighting the critical interdependencies between technological innovation, human
expertise, and public health strategy, ultimately articulating a coherent vision for proactive Hantavirus mitigation (Table
3).

Table 3. Comparative Analysis of Hantavirus and COVID-19: Implications for Global Health Preparedness.

Application Area Key AI/ML/DL Technique(s) Specific Role/Benefit for Hantavirus Relevant
Section
Drug Repurposing ML algorithms (Classification, Regression), Data  Rapidly screening existing drugs for antiviral 4.1.1
Mining activity against Hantavirus proteins, predicting
efficacy.
De Novo Drug Design Generative DL models (GANs, VAEs) Designing novel molecular structures with 4.1.2
optimal binding affinity, pharmacokinetics, and
reduced toxicity for Hantavirus targets.
Molecular Docking ML models for scoring functions, DL for MD  Improving accuracy of binding predictions, 4.1.3
Enhancement simulations understanding drug-target complex stability.
Vaccine Development ML for immunogenicity prediction, DL for mRNA  Optimizing antigen design, enhancing mRNA 4.3
optimization stability/translation, predicting cross-reactivities.
Epidemiological DL models (RNNs), ML for pattern identification ~ Predicting outbreak dynamics, identifying high- 4.5
Forecasting risk areas based on diverse datasets.
Al-Assisted Diagnostics DL (CNNs) Analyzing medical images (CT scans) for early 4.6

HPS detection, interpreting lab results.
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A central theme emerging from this review is the stark contrast between the global response to COVID-19 and the
historical neglect of Hantavirus. While COVID-19 galvanized an unprecedented scientific and industrial mobilization,
Hantavirus continues to inflict high mortality with minimal specific interventions. This disparity is not merely a reflection
of transmissibility differences but points to a systemic failure in proactive global health preparedness. The COVID-19
experience, particularly the rapid acceleration of drug and vaccine development (Section 3.1) and the sophistication of
epidemiological modeling (Section 3.3), serves not just as a benchmark, but as a practical blueprint. It demonstrates that the
technological and organizational capabilities exist to compress development timelines and implement data-driven public
health strategies, even for pathogens like Hantavirus that lack the global immediacy of a pandemic.

The intricate pathogenesis of Hantavirus, characterized by immune dysregulation and endothelial dysfunction rather than
direct cytolysis (Section 2.2), presents unique challenges for therapeutic development. This complexity underscores why
traditional drug discovery has struggled to yield specific antivirals. Here, the multi-pronged approach enabled by Al, ML,
and DL (Section 4) becomes indispensable. Technologies like Al-driven drug repurposing and de novo design offer
pathways to identify compounds that can specifically disrupt Hantavirus replication or modulate the dysfunctional host
immune response, moving beyond generic supportive care. The ability of generative Al to design novel molecules tailored
to Hantavirus targets, or ML to optimize vaccine immunogenicity, represents a paradigm shift from reactive to predictive
intervention. Moreover, the potential of Al to identify immunomodulatory agents (Section 4.2) and optimize novel delivery
systems (Section 4.4) further broadens the therapeutic landscape, offering avenues to both directly combat the virus and
bolster host resilience.

However, the power of these advanced computational tools is not absolute. As highlighted in Section 5, the "Human-in-
the-Loop" (HITL) framework is not merely an auxiliary component but the very bedrock upon which intelligent and
responsible Al deployment rests. The black-box nature of some DL models, the inherent biases in training data, and the
nuanced interpretation of complex biological phenomena necessitate continuous human oversight. Virologists, clinicians,
epidemiologists, and computational scientists must collaboratively validate Al-generated hypotheses, refine models, and
translate predictions into actionable strategies. This iterative process is crucial for ensuring that Al-driven drug candidates
are chemically feasible and biologically plausible, that epidemiological forecasts are contextually relevant, and that
diagnostic tools are clinically accurate. Without HITL, the risk of propagating algorithmic errors, exacerbating health
inequities, or misallocating resources becomes unacceptably high, as discussed in the ethical considerations (Section 5.4).

Ultimately, the successful mitigation of Hantavirus, transforming it from an underestimated threat to a manageable disease,
hinges on a holistic and integrated strategy. This strategy must seamlessly connect Al-enhanced surveillance and early
warning systems (Section 4.5, 6.1) with robust public health education (Section 6.2) and evidence-based policy frameworks
(Section 6.3). The COVID-19 pandemic taught us the immense value of rapid diagnostics (Section 3.2), genomic
surveillance (Section 3.2), and the power of non-pharmaceutical interventions (Section 3.3). Adapting these lessons,
combined with the predictive capabilities of Al for identifying Hantavirus hotspots and optimizing prevention campaigns,
can enable a shift from reactive containment to proactive preparedness. This comprehensive approach, however, faces
significant challenges, particularly regarding data availability and quality, the integration of multi-omics data, and the
translation of Al predictions into clinical practice (Section 7). Overcoming these hurdles requires sustained investment,
interdisciplinary collaboration, and the establishment of clear ethical and regulatory guidelines.

In conclusion, the fight against Hantavirus is a compelling case for applying the strategic and technological
advancements forged in the crucible of COVID-19. By embracing a synergy of cutting-edge AI/ML/DL and indispensable
human expertise within a HITL framework, we can develop targeted therapeutics and robust preventive measures. This
proactive, data-driven approach promises not only to mitigate the specific threat of Hantavirus but also to fortify global
health systems against the broader spectrum of emerging infectious diseases, ensuring a more resilient future.

9. Conclusion

In summary, Hantavirus represents a continuing zoonotic threat with substantial implications for global public health,
particularly in contexts where ecological change and human exposure converge. The lessons learned from the COVID-19
pandemic, especially the value of rapid surveillance, timely public communication, scalable diagnostics, and accelerated
evidence generation, provided a clear roadmap for strengthening Hantavirus control and preparedness. Specifically,
priorities include improving outbreak detection and response capacity, investing in targeted prevention strategies, and
advancing therapeutic development and vaccine candidacy through streamlined and coordinated research pipelines. A

central message of this work is that accelerating Hantavirus research and translation requires more than isolated scientific
progress; it depends on an end-to-end, integrated approach that connects discovery to implementation. In this regard,
Human-in-the-Loop (HITL) methodologies and robust validation frameworks are essential to ensure that AI/ML/DL-
derived insights are not only statistically reliable but also clinically meaningful and operationally usable. By leveraging Al-
enabled data integration, pattern discovery, and predictive modeling, it becomes possible to shorten the time from biological
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signal identification to actionable risk assessment, candidate prioritization, and intervention planning. At the same time,
HITL systems help address limitations such as model uncertainty, data heterogeneity, and the need for expert interpretability.

Looking forward, the strategic application of AI-ML-DL, combined with transparent governance, high-quality data
infrastructure, multi-omics integration, and internationally coordinated public health action, could meaningfully enhance
both speed and quality across the Hantavirus lifecycle: from early warning and prevention, to clinical decision support, and
ultimately to vaccine and drug development. Building resilient systems now, while incorporating the hard-earned experience
from COVID-19, will be critical to ensure that future Hantavirus threats are met with preparedness rather than reaction.
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