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Vaccines represent one of the greatest achievements in the history of medicine [1-6]. From the historic
eradication of smallpox [1] to the near-elimination of poliomyelitis in many regions, and the substantial
control of numerous diseases, including measles, diphtheria, tetanus, pertussis, invasive pneumococcal
disease, meningococcal disease, and Hemophilus influenzae type b infections, and hepatitis B, human
papillomavirus-associated cancers [7], their impact is undeniable. Beyond direct protection, vaccines
generate herd immunity, reduce antimicrobial use and antimicrobial resistance, and protect vulnerable
populations who cannot be vaccinated.

Despite these extraordinary successes, experience suggests that vaccines alone may not always provide
the optimal or most timely solution for rapidly evolving outbreaks. The principal challenge is temporal:
even when developed at unprecedented speed, vaccines require months for clinical evaluation,
manufacturing, and deployment, leaving a critical vulnerability during the early phases of an outbreak.
Emerging biological technologies now offer opportunities to complement vaccination strategies and
strengthen global preparedness.

Specific infectious diseases illustrate that some pathogens are not readily amenable to vaccine-based
prevention alone, highlighting the importance of complementary biological interventions.

e HIV: More than four decades after the identification of the virus, an effective preventive HIV vaccine
remains unavailable [8]. In contrast, antiretroviral therapies have transformed HIV infection from a
fatal disease into a manageable chronic condition, dramatically reducing mortality worldwide [9].

e Seasonal Influenza: Despite widespread vaccination programs, influenza continues to impose a
substantial global burden. Influenza vaccine effectiveness varies considerably from year to year and
frequently falls below 45% [10]. This is driven by persistent antigenic drift, strain mismatch,
manufacturing-induced egg adaptations, waning immunity, and complex immunological barriers—
such as regulatory T-cell activation and suboptimal memory B-cell responses in older adults following
repeated serial vaccination [10,11]. Recent analyses have highlighted the need for complementary
approaches, including improved vaccine platforms, antiviral therapeutics, and passive immunization
strategies [10,12].

e Respiratory syncytial virus (RSV): RSV demonstrates that biological countermeasures other than
vaccines can provide highly effective protection and may, in certain populations, offer practical
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advantages over active immunization. After decades of unsuccessful vaccine development efforts,
effective maternal vaccines and long-acting monoclonal antibodies have become available [13—-17].
Notably, nirsevimab has demonstrated substantial effectiveness in preventing severe RSV disease in
infants, illustrating how passive immunization can provide immediate protection during periods of
highest vulnerability [14—-17].

The lessons from pandemic responses may be even more compelling. During the 2009 HIN1 influenza
pandemic, vaccines became available only after substantial transmission had already occurred [18]. During
the COVID-19 pandemic, vaccine development proceeded at unprecedented speed, yet widespread
deployment still required approximately one year from the identification of the pathogen [19].
Demonstrating the safety and efficacy of the newly developed vaccines in the event of a pandemic requires
thousands of individuals and several months.

In contrast, therapeutic monoclonal antibodies offer distinct clinical and regulatory advantages over
vaccines, particularly in risk—benefit assessment [10]. Unlike vaccines, which are administered broadly to
healthy individuals for prophylaxis, monoclonal antibodies are typically given to patients who are already
infected or at high risk of severe disease. Monoclonal antibody therapy also provides immediate passive
immunity, delivering protection or treatment without the lag period required for an adaptive immune
response to develop after vaccination. This is especially advantageous in immunocompromised or elderly
individuals who may have a suboptimal response to vaccination. Moreover, monoclonal antibodies can be
rapidly tailored against emerging variants. Advances in antibody engineering, including half-life extension
technologies and multispecific antibody formats, further enhance their potential utility for both prophylaxis
and treatment. Together, these attributes position therapeutic monoclonal antibodies as a complementary
and, in certain contexts, superior intervention to vaccination, particularly for vulnerable or acutely infected
populations where rapid, targeted, and risk-justified immune protection is required.

Advances in recombinant technology, the development of Antibody Phage Display technology, and
the delivery of monoclonal antibodies via mRNA have now made it possible to reduce the cost and time
required to generate monoclonal antibodies [10,20-26]. mRNA-encoded antibodies are an emerging
therapeutic platform that enables rapid in situ production of potent neutralizing antibodies within the body
[27,28]. The potential of modern antibody platforms is illustrated by advances in human monoclonal
antibody discovery [12,29] and uncovered key sites of vulnerability across an array of high-consequence
pathogens, including:

e Influenza: Discovering cross-reactive, neutralizing monoclonal antibodies capable of treating severe
influenza and guiding universal vaccine design.

e Hantaviruses: Neutralizing highly lethal strains like the Sin Nombre virus.

e Emerging Threats: Rapidly deploying functional countermeasures for outbreaks such as Marburg virus,

Ebola, and measles.

These experiences suggest that future pandemic preparedness and response to outbreaks caused by
high-consequence pathogens such as the Ebola virus, hantaviruses, Marburg virus, and other emerging
infectious threats should adopt an Integrated Multi-Layered Biological Countermeasure Strategy. Rapid
pathogen identification, genomic surveillance, and scalable diagnostics should serve as the first line of
defense. Simultaneously, investments should support the accelerated development of antiviral drugs and
monoclonal antibodies that provide immediate protection or treatment while vaccines are being developed,
evaluated, manufactured, and distributed. Vaccines remain essential for long-term population-level
protection, but therapeutics can fill the critical gap during the early phases of an outbreak.

Therefore, to achieve effective pandemic preparedness and better control of disease outbreaks and
seasonal epidemics, we must transition to an integrated, multi-layered defense strategy, as shown in Figure 1:
1. Early Detection, Preventive Measures, and Surveillance: Rapid Diagnostics, Public health

interventions (including behavioral measures), and detecting outbreaks at the source before they scale.
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2. Immediate Therapeutic and Passive Protection: Prioritizing the rapid development of antivirals and
therapeutic monoclonal antibodies.

3. Long-Term Vaccine-Mediated Protection: Developing active vaccines in parallel, recognizing their
longer development timelines.

The future of infectious disease control should not be framed as a choice between vaccines and
therapeutics. Rather, the most effective strategy will likely involve the coordinated deployment of vaccines,
monoclonal antibodies, antiviral agents, hyperimmune immunoglobulins, diagnostics, and public health
interventions, including behavioral measures such as quarantining, mask-wearing, handwashing, and social
distancing or contact avoidance. Each modality addresses different stages of disease emergence and
transmission, contributing unique strengths to the overall response.
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Figure 1. An integrated, multi-layered defense strategy for effective pandemic preparedness and better control of disease
outbreaks and seasonal epidemics. Immediate response includes preventive behavioral measures, such as social distancing, mask-
wearing, hand washing, contact avoidance, and quarantine, as necessary; detecting outbreaks at the source before they scale;
genomic sequencing of the pathogen; development of rapid diagnostics; and use of antivirals. During the next 90 days,
monoclonal antibodies need to be developed for therapeutic and passive protection, in parallel with the development of vaccines
for long-term protection and herd immunity, recognizing their longer development timelines. Using this strategy, along with
system preparedness for manufacturing using flexible single-use bioreactors and obtaining accelerated regulatory review and
approval using platform technologies. There will be no delays in protection from the use of antivirals and monoclonal antibodies,
with long-term protection provided by vaccines. This target strategy uses the right tool at the right time and would be helpful for
global equity. (The figure was generated with the help of Google Gemini and ChatGPT).

The COVID-19 pandemic demonstrated that scientific innovation alone is insufficient without
corresponding advances in regulatory science and manufacturing preparedness. Future outbreak responses will
require regulatory frameworks capable of rapidly evaluating vaccines, monoclonal antibodies, hyperimmune
globulins, and antiviral agents while maintaining rigorous standards of safety, quality, and efficacy [30,31].
Using the Platform Technology Designation Program of the 2022 “Prepare for and Respond to Existing
Viruses, Emerging New Threats”, PREVENT Pandemics Act, Section 506K of the Federal Food, Drugs &
Cosmetics Act [30,31], products could be rapidly approved by the regulatory agencies. The successful use of
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emergency use authorizations, rolling submissions, adaptive clinical trial designs, platform technology
assessments, and international regulatory collaboration during COVID-19 provides a foundation for
accelerating access to critical countermeasures during future public health emergencies.

Equally important is the establishment of a flexible and scalable manufacturing infrastructure. Unlike
traditional vaccine production, which may require pathogen-specific process development and lengthy
scale-up, modern biologics platforms—including recombinant protein vaccines, mRNA vaccines,
monoclonal antibodies, and plasma-derived immunoglobulins—can potentially be adapted more rapidly to
emerging pathogens. Investment in modular manufacturing facilities, standardized platform technologies,
distributed production networks, and strategic stockpiles of critical raw materials could substantially reduce
the time between pathogen identification and product deployment.

Ultimately, a comprehensive preparedness strategy must extend beyond research and development to
include regulatory harmonization, manufacturing surge capacity, supply chain resilience, and global
technology transfer mechanisms. The ability to rapidly develop, evaluate, manufacture, and distribute
multiple classes of biological countermeasures may prove as important as the scientific discovery of the
countermeasures themselves. Future pandemic preparedness will depend not only on which products can
be developed but also on how quickly they can be authorized, produced at scale, and delivered to
populations in need. Vaccines remain indispensable for long-term population protection, but true global
health security depends on a fully integrated defense ecosystem.
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