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Opportunities and challenges to
implementing mRNA-based
vaccines and medicines: lessons
from COVID-19
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Andrea Carfit and Francesca Ceddia*

!Moderna, Inc., Cambridge, MA, United States, 2London School of Hygiene and Tropical Medicine,
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The messenger RNA (mRNA) platform emerged at the forefront of vaccine
development during the COVID-19 pandemic, with two mRNA COVID-19 vaccines
being among the first authorized globally. These vaccines were developed rapidly.
Informed by decades of laboratory research, and proved to be safe and efficacious
tools for mitigating the global impact of the COVID-19 pandemic. The mRNA
platform holds promise for a broader medical application beyond COVID-19.
Herein, we provide an overview of this platform and describe lessons learned
from the COVID-19 pandemic to help formulate strategies toward enhancing
uptake of future mRNA-based interventions. We identify several strategies as vital
for acceptance of an expanding array of mRNA-based vaccines and therapeutics,
including education, accurate and transparent information sharing, targeted
engagement campaigns, continued investment in vaccine safety surveillance,
inclusion of diverse participant pools in clinical trials, and addressing deep-rooted
inequalities in access to healthcare. We present findings from the Global Listening
Project (GLP) initiative, which draws on quantitative and qualitative approaches
to capture perceptions and experiences during the COVID-19 pandemic to help
design concrete action plans for improving societal preparedness for future
emergencies. The GLP survey (>70,000 respondents in 70 countries) revealed
tremendous disparities across countries and sociodemographic groups regarding
willingness to accept novel mRNA vaccines and medicines. The comfort in
innovations in MRNA medicines was generally low (35%) and was marginally lower
among women (33%). The GLP survey and lessons learnt from the COVID-19
pandemic provide actionable insights into designing effective strategies to
enhance uptake of future mRNA-based medicines.

KEYWORDS

mMRNA vaccines and therapeutics, COVID-19, mRNA vaccine development, public
trust, vaccine hesitancy, vaccine confidence

1 Introduction

Tailored healthcare campaigns that engage the public and provide resources to address
specific health needs are integral to enhancing health and preventing disease (1). The
success of vaccination campaigns is predicated on a multitude of factors, including public
trust in health authorities and political leadership, access to vaccines, and perceptions of
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vaccination (2, 3). These factors vary across countries (2, 4-8) and
intersect with more dynamic influences (e.g., rapidly evolving
policy recommendations, media coverage) (2, 3, 8, 9). During the
COVID-19 pandemic, the relationship between vaccine hesitancy,
sociodemographic characteristics, and political leaning became
notable (10-12). Social inequalities were associated with disparate
access to care and differential health burden (11, 13), influencing
vaccine perceptions and potentially shaping future vaccine
behavior. Quantitative measures and benchmarking can provide
actionable insights on societal preparedness to mitigate the long-
term impact of healthcare crises, e.g., by addressing the gaps
between public perceptions and evidence-based information, and
targeting trust-building interventions to appropriate demographic
groups (14).

Messenger RNA-based vaccines (hereafter mRNA vaccines)
were among the primary authorized vaccines against SARS-CoV-2
during the COVID-19 pandemic (15). Although mRNA research has
been ongoing for several decades (16), the use of the mRNA platform
for vaccines came into the limelight only during the COVID-19
pandemic (15, 17). The novelty of this mode of producing vaccines
generated concerns in the public regarding perceived lack of
adequate testing of side-effects of mRNA vaccines (2). Herein,
we provide an overview of how the mRNA platform works and
discuss how lessons learned from the pandemic can inform strategies
to enhance trust and facilitate uptake of mRNA-based vaccines and
therapeutics beyond COVID-19. We present novel data from a
Global Listening Project (GLP) survey (18) showcasing nationwide
diversity in the pandemic-era experiences of mRNA-based vaccines
and medicines. These data reveal a multifactorial basis underlying
acceptance of mRNA-based medicines, highlighting the need for
improved communication on this topic and equitable access to care
in the time of crisis.

2 The mRNA vaccine platform

Messenger RNA is an essential molecule involved in relaying
genetic information encoded in DNA to the production of proteins
(19-21). Vaccines based on mRNA can be designed to selectively
produce key proteins from pathogens that stimulate a specific immune
response, thereby protecting from illness (16, 22, 23). mRNA contains
a transcript that directs the production of highly immunogenic
proteins by the cells that take up the vaccine and stimulate the immune
system the same way as a natural infection (16, 24-26). The protein
encoded by mRNA represents one component of the pathogen, and
therefore is unable to cause disease (20).

The constituents of mRNA vaccines are synthetic, non-replicating
mRNA molecules that approximate the size and composition of
naturally occurring mRNA (15, 26), encapsulated by lipid
nanoparticles (LNPs) that serve to protect the mRNA from
degradation and enable targeted cellular delivery (19, 24, 27, 28).
Following administration, the mRNA is rapidly degraded by normal
physiological processes (20, 29-31), while the naturally occurring
lipids in the LNP vehicles are assumed to be biologically degraded
similar to their endogenous analogs (27, 31). The synthetic amino
lipid constituent of LNP is rapidly cleared from blood in rodent
models (27, 31). Notably, mRNAs do not enter the cell nucleus and
therefore cannot integrate into the cellular genome (16).
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The key advantages of mRNA over other vaccine platforms
(Table 1) are the precision in protein design, the flexibility to
reconfigure protein formulations toward enhancing immunogenicity
or developing combination vaccines to target multiple pathogens, and
the speed at which vaccines can be manufactured and updated (e.g.,
allowing expeditious updates to target evolving or emerging strains)
(24, 28). The manufacturing of mRNA involves standardized chemical
processes with reagents that can be rapidly repurposed independently
of the encoded protein (28) without the need for adjuvants (26). The
specificity and flexibility of the platform allow for iterative
improvements in protein design and make the mRNA approach
intrinsically faster and scalable up to hundreds of millions of doses
(28, 32).

Since the discovery of mRNA in 1961, its medical application
has been hampered by various factors, including short half-life and
inflammatory properties (28, 33, 34). A breakthrough discovery in
2005 showing that replacing uridine with pseudouridine decreased
the degree of mRNA-driven inflammation (28, 34, 35), and
additional technological advancements in encapsulating mRNA in
LNPs were the key milestones underlying the development of mRNA
vaccines (16, 31). With the declaration of the COVID-19 pandemic,
two mRNA COVID-19 vaccines, mRNA-1273 (Spikevax, Moderna,
Inc., Cambridge, MA, United States) and BNT162b2 (Comirnaty;
Pfizer, Inc. New York, NY, United States) were among the first
vaccines against SARS-CoV-2 authorized for emergency use
worldwide (15). These approvals were based on the data from pivotal
Phase 3 randomized clinical trials involving >30,000 participants,
which demonstrated high efficacy (>90%) and a favorable risk-
benefit profile (36, 37). The mRNA platform was applied to the
development of variant-adapted vaccines to target SARS-CoV-2
variants as they emerged (38, 39). Extensive post-licensure real-
world data attest to the safety and effectiveness of mRNA vaccines
in curbing COVID-19-associated morbidity and mortality (40, 41).
These data were valuable for expanding the landscape of mRNA
vaccines and therapeutics beyond COVID-19; numerous mRNA
vaccines have entered clinical development for respiratory syncytial
virus, Zika virus, HIV, influenza, cytomegalovirus, varicella-zoster,
and rabies virus (42).

3 Implementation of the mRNA
platform: lessons from COVID-19

Several lessons from the COVID-19 pandemic can be leveraged
to improve on implementation of mRNA vaccines and medicines.

3.1 Promoting transparent and accurate
information-sharing to enhance uptake of
novel treatments

Early in the course of pandemic, only 50-60% of the surveyed
global population reported willingness to receive a COVID-19
vaccine (43). Concerns about long-term effects, low confidence in
efficacy, unprecedented speed of development, and lack of
communication from trusted providers were identified as barriers
to COVID-19 vaccine uptake (43). Vaccine hesitancy was more
prevalent in certain demographic groups, including younger age,
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TABLE 1 Summary of key differences between the mRNA platform and other vaccine technologies.

Vaccine type
Live-attenuated

A weakened or non-infectious

pathogen (82, 83)

Advantages

o Mimics natural infection (83)
« Simple design (82)
« Robust immunogenicity (82)

» Long lasting (82)

10.3389/fpubh.2024.1429265

Disadvantages

Stringent biocontainment (82)

Cold transport requirements (82)
Strong adverse immune reactions in
vulnerable populations (82)

Prone to reverse mutations to an infectious

Purified or recombinant protein/
peptide of the target pathogen
(82-84)

« Favorable safety profile (83)
« Flexible, enabling combination
vaccines (83)

« Stable and scalable (83)

/{ strain (82)
Inactivated Y o Broader immune response (82) « Potential epitope alteration (83)
A fully killed pathogen « Safer than live-attenuated (83) « Typically requires booster doses (82)
(82, 83) ‘ « Stable and scalable (83)
7 X
Subunit « Contain no live components (83) « Low immunogenicity, often requiring an

adjuvant or a conjugate (83)
Frequent boosting required (83)
Labor-and time-intensive to

manufacture (83)

mRNA

Nucleic acid vaccine (83, 84)

o Precise protein design (28)

« Modifiable to target new pathogens (28)
« No risk of insertional mutagenesis (80)
« Low risk of toxicity (28, 80)

« Rapid inexpensive production (28, 80)

o Well-tolerated and effective (28)

Low temperature required for storage and

transportation (83)

Recombinant protein of the target
pathogen in the carrier virus

vector (84)

« Rapid manufacturing and scale-up (28)

« Potent and stable, supporting single-shot
administration (28)

o Cost-effective (82)

« Thermostability at refrigerated

temperatures (82)

DNA « Adaptable to target new pathogens (83, 85) | o Complexity of delivery and increased cost
DNA sequence (82) « Thermostability at refrigerated and due to a requirement for a device to enhance
ambient temperatures (85) cellular uptake (85)
« Lower antibody responses compared to
mRNA and adenoviral vaccines (85)
« Risk of genomic integration (82)
Viral vectored o Flexible; can target multiple pathogens (28) | « Response dampened by pre-existing

immunity against vector (83)

Risk of genomic integration (83)

Rare adverse events of thrombosis and
thrombocytopenia associated with

COVID-19 vaccines (86)

Toxoid
Inactivated toxin of a disease-

causing agent (82, 83)

o Non-virulent (83)

« Stable; long-lasting storage (83)

Local injection-site reactions (83)
Immune responses may not be robust

enough, necessitating booster doses (83)

Black race, Hispanic ethnicity, and lower educational attainment
(4, 43-45). The degree of vaccine hesitancy among healthcare
workers was concerning in some countries, as this population is
regarded as a trusted source of information regarding COVID-19
(3, 43). Public
interventions (e.g., masking) and frequent revisions to vaccine

uncertainty around non-pharmaceutical

policy recommendations further fueled mistrust in COVID-19

vaccination (46). For example, at the beginning of vaccination
campaigns, the advice was that only one or two doses (depending
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upon the vaccine brand) would be needed, and no booster (47).
Subsequent recognition of the reduced vaccine effectiveness in the
context of emerging variants led to the recommendation of booster
shots (48). In addition, mixing of vaccine brands, initially
discouraged, was ultimately encouraged after finding this improved
the immune response (49, 50).

The concerns about the short- and long-term side effects of the
COVID-19 vaccine were echoed in parents of children aged 5-11 years
following the authorization of COVID-19 vaccines for pediatric
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populations (3, 46). Despite the established benefit-risk profile of
mRNA COVID-19 vaccines (51), acceptable safety profiles (52, 53),
and the rarity of post-vaccination myocarditis in the general
population (51, 54), there were parental concerns about reactions to
the vaccine, fertility issues, and myocarditis, while confusion around
vaccine booster recommendations fueled vaccine hesitancy (46).
Motivators among parents that drove vaccine uptake for children
included protection from COVID-19 and multifaceted impact of
disruptions to schooling (e.g., children missing school or falling
behind) (46).

These findings underscore the importance of disseminating
transparent, consistent, and evidence-based messaging, to ensure
confidence in and enhanced uptake of novel treatments.

3.2 Supporting sectors that emerged as
trusted sources of information during the
COVID-19 pandemic

3.2.1 Employers

The Edelman Trust Barometer, a globally deployed online
survey of the general population that included responses from
~33,000 individuals in 28 countries, revealed key shifts in public
trust as the COVID-19 pandemic evolved (55-57). In May 2020,
government was the institution most trusted by the public,
compared with the media, non-government organizations
(NGOs), and businesses, with increases in public trust of 5-24%
since January 2020 in 10 of 11 countries surveyed, as determined
by the Trust Barometer (55). By January 2021, trust in government
had declined by an average of 8% globally; businesses emerged as
the only institution trusted as both competent and ethical, with
employers (76%) replacing other institutions (NGOs, 57%;
government, 53%) as trusted sources of information (55). In 2022,
trust in government and the media declined further, with a greater
proportion of individuals perceiving these institutions as divisive
(48 and 46%, respectively) rather than unifying force in society
(36 and 35%); by contrast, businesses and NGOs were more
frequently perceived as unifying (45 and 50%, respectively) than
divisive (31 and 29%) (56).

A measurable impact of the role of employers during the
COVID-19 pandemic was evidenced in a cross-sectional study of
nursing and social-care employees in Austria, where employer
recommendation affected the decision to vaccinate against
COVID-19 in 19% of the 625 participants (58). These findings
were echoed in a survey of 400 US-based companies, reporting
that employer vaccine-adoption strategies centered on increasing
conviction (e.g., sharing scientifically accurate resources),
convenience (e.g., setting up onsite vaccination clinics), and
reducing the cost (e.g., covering direct costs associated with
vaccination) would encourage vaccination in the majority of
employees (59). A viable strategy to enhance uptake is therefore
to encourage vaccination through employers by disseminating
evidence-based information and providing practical support.
Notably, while employers appeared hesitant to mandate
vaccination as a condition of employment (60), mandated
vaccination seemed to have little impact on decision to vaccinate
in unvaccinated employees, with 74.3% of participants responding
they would rather lose their job than get vaccinated (58).
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3.2.2 Healthcare providers

The global response to the COVID-19 pandemic was primarily
led by government, who took on the role of recommending and
implementing control measures (61). The government response was
prone to politicization and divisiveness (56, 62, 63), and, due to the
speed of the pandemic, HCPs were not necessarily involved in the
traditional way during COVID-19 vaccination campaigns. Trust in
HCPs was, however, reported to be greater than in government
agencies (63, 64), and was positively associated with COVID-19
vaccine behaviors in multiple studies (46, 63). A qualitative study from
the United States found that HCPs were the most trusted sources of
information on COVID-19 vaccinations among parents (46).
Furthermore, trust in physicians was associated with COVID-19
vaccine uptake among adults in the USA; it was estimated that
increasing this trust could induce at least 10% increase in vaccine and
booster uptake (63). The HCPs, therefore, seem to be uniquely
positioned to educate communities and support uptake of
novel vaccines.

3.3 Equitable healthcare requires expansion
of health campaigns and clinical trials to
be more inclusive

Enhancing inclusion of minority groups in healthcare and
representation of historically marginalized communities in clinical
trials is vital to ensure trust in the development of new vaccines and
therapeutics, and ultimately, equitable healthcare.

Barriers to access COVID-19 vaccines were highlighted by the
disproportionate burden of COVID-19 disease on certain ethnic and
racial minority groups, arising from deep-rooted structural, social,
and healthcare inequalities (65-68). Vaccine hesitancy in the
United States was more prevalent in minority groups that were
disproportionately affected by the pandemic, including African
Americans (41.6%) and Hispanic individuals (30.2%), as compared
with the general US population (26.3%) (10, 66). Medical mistrust,
lack of information on COVID-19 vaccines, and social disadvantage
were among factors associated with increased vaccine hesitancy
among these groups (10).

In 2021, 62% of the global population agreed with the statement that
the pandemic was amplifying existing inequities worldwide (55). The
well-documented disparity between high-and low-income populations
on the Edelman Trust Barometer was especially notable in 2022 (62 vs.
47%) (56). Concerted efforts have been made to address some causes of
inequity such as racial and ethnic disparities through targeted enrollments
in clinical trials, including community outreach initiatives and careful
monitoring of enrollment demographics to ensure rapid revision of
recruitment strategies (67). Best practices which were built from past
experience, with the participation of community and patient advocates in
HIV research, were instrumental in driving positive change in the
conduct of HIV trials in relation to participant recruitment, study design,
and dissemination of findings (69). This highlights the importance of
engaging community members in clinical research to raise the profile of
novel therapies in the general public.

Targeted campaigns to increase healthcare availability for minority
groups and improving diversity in clinical trials are viable strategies
for building trust and ensuring equitable access to benefits of novel
healthcare interventions, including mRNA vaccines and therapeutics.
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4 GLP

The GLP is an initiative dedicated to generating insights into the
key dimensions of societal preparedness as a way of building societal
cohesion to better prepare society in times of crisis (18). The initiative
draws upon quantitative and qualitative research to describe public
perceptions and experiences of the COVID-19 pandemic in an effort
to establish a foundational metric of public preparedness, a Societal
Preparedness Index, for future emergencies (18).

The GLP survey (July 2023-September 2023) involved conducting
interviews online, face-to-face, or via computer-assisted telephone in
nationally representative samples in 70 countries. To be eligible for
inclusion in the survey, respondents were required to be over the age
of 18years and a resident of the country where the survey was
administered. To obtain a representative population, probability
sampling was used for the face-to-face and computer-assisted
telephone interviews. For online interviews, respondents from online
panels were invited to participate, with quotas for age, gender, and
region set to reflect the demographics of the national population.

The survey revealed stark geographic and demographic disparities
in the experience of the COVID-19 pandemic and perceptions of
mRNA vaccines and medicines. Among 70,781 participants who were
interviewed on the mRNA vaccine acceptance, 66% affirmed that they
would accept a newly approved mRNA vaccine to protect themselves;
however, wide disparities were observed both by country and gender
(Figure 1). In the United States and United Kingdom, the percentage
of participants who were willing to accept the new mRNA vaccine was
higher than average (73 and 68%, respectively). Countries where less
than half of the interviewed population expressed willingness to
accept the new mRNA vaccine were South Africa (37%) and central/
northeastern European states (41-49%), whereas the highest level of
acceptance was observed in Sierra Leone (87%). Globally, more men
(70%) than women (63%) were willing to accept the new mRNA
vaccine, whereas no stark age disparities were observed (18-34 years,
67%; 35-54years: 63%; >55years: 69%). Among participants who
have heard of vaccines or medicines that use mRNA (n=4,808), the
majority agreed that mRNA vaccines were important (73%), effective

10.3389/fpubh.2024.1429265

(72%), and safe (68%); however, agreement was more prevalent among
men (72-76%) than women (63-69%). Further, among those who
reported being aware of mRNA, more than half (60%) reported that
they had little knowledge about mRNA, whereas less than one-third
(29%) reported they knew a lot, highlighting a discrepancy between
the low prevalence of knowledge on mRNA vaccines/medicines and
high prevalence of favorable perceptions on safety and efficacy of
mRNA vaccines.

Challenges with acceptance of novel therapeutics are not unique
to mRNA-vaccines and have been observed globally in non-emergency
situations including with stem cell and gene therapy. Since its
nascency, public perception of the benefits and risks of stem cell
therapy has varied (70); studies have reported varying levels of trust
and acceptance between countries (71) and higher levels of trust
among older adults (50 years of age or above) regardless of gender
(72). Similarly, attitudes toward gene therapy and gene editing also
have been met with varying and complex levels of public acceptance
with concerns for this therapy found to be linked to a lack of trust,
education, and knowledge of risks and benefits (73-75) suggesting
that continuous engagement with the public is needed to address
concerns with the adoption of new medicines. The Edelman Trust
Barometer Global Report for 2024 indicated sex-based differences in
the acceptance of gene-based medicine, with 31% of men and 26% of
women supporting gene-based medicine (76); these observations are
similar to those observed with the GLP survey regarding mRNA-
based vaccines. Notably, vaccine hesitancy was a challenge prior to the
COVID-19 pandemic with individuals, including HCPs, choosing to
delay or refuse various vaccines, possibly influenced by concerns over
vaccine safety, and a lack of knowledge and motivation to get
vaccinated (77, 78). Existing attitudes of vaccine hesitancy potentially
influenced attitudes to COVID-19 vaccines since individuals are more
likely to favor information that aligns with their existing beliefs (79).
The data patterns emerging from the GLP global survey provide
actionable insights to tailor strategies to increase awareness of mRNA-
based vaccines and therapeutics for target populations. Among
participants who were asked to report comfort with innovations in
healthcare (n=9,651), fewer women (33%) than men (38%) reported

@ @
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FIGURE 1

Prevalence in mRNA vaccine acceptance as assessed in the GLP survey (July 2023-September 2023) by geographic region. The inset shows
prevalence by gender. The GLP survey involved more than 70,000 completed interviews in nationally representative samples from 70 countries.
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being comfortable with mRNA-based innovations. The attributes
deemed most important for accepting a new vaccine/medicine among
interviewed participants (n=11,214) were proven safety (83%) and
efficacy (82%), suggesting that campaigns designed to build
confidence in those attributes could contribute to improving uptake.
In addition, the GLP survey and related interviews revealed that the
term “technology” in descriptions of mRNA-based medicines
prompted negative perceptions. Public discourse and educational
campaigns would therefore benefit from describing mRNA not in
terms of a “technology” but as a new science-based approach to
developing vaccines and therapeutics.

5 mRNA as a new class of medicine:
application to therapeutic areas
beyond infectious diseases

In addition to their application to infectious disease prevention,
mRNA therapeutic approaches are being developed in oncology to
induce immune-targeting responses by encoding proteins that attack
and control tumors (42). Numerous mRNA therapeutic candidates
against cancer are currently under investigation in clinical trials as
monotherapies or combination therapies for a range of disease states,
however, no mRNA-based cancer therapeutic has been approved to
date (42, 80).

The capacity of mRNA to induce therapeutically relevant
expression of proteins that is suitable for substituting malfunctioning
or absent proteins has applications in both rare and chronic disease
(33, 81). Several mRNA-based protein replacement therapies have
entered phase 1 and 2 clinical trials, including LNP-encapsulated
mRNA for the treatment of dysmetabolic disorders (Moderna) and
cystic fibrosis (Translate Bio), and naked mRNAs for the treatment of
ulcers in type 2 diabetes and heart failure (Moderna/AstraZeneca)
(81). Application of mRNA vaccines in autoimmune disease is
currently at the preclinical stage; however, the experimental data
accrued thus far suggest that the mRNA platform is suitable for the
delivery of proteins to modulate misguided immune responses in a
range of autoimmune and allergic conditions (42).

Taken together, the attributes of mRNA-based products differ
from other known approaches in medicine as they utilize innate
biology to manufacture a broad range of preventive or therapeutic
interventions, with the potential for rapid iteration. There is an
urgency to apply the learnings on mRNA uptake from the pandemic
and promote a broader level of confidence in this platform.

6 Conclusion

The cardinal feature of mRNA-based medicines is that they use
intrinsic cellular mechanisms to generate proteins with therapeutic or
prophylactic properties. Many decades of laboratory research in
mRNA paved the way for the accelerated development of mRNA
vaccines in response to the COVID-19 pandemic. However, despite
favorable safety and efficacy profiles of approved mRNA COVID-19
vaccines, vaccine hesitancy was notable in the public, especially
among minority and socially disadvantaged groups. As a trusted
source of information, HCPs are well placed to take a greater role in
building trust and discouraging the spread of misinformation.
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Employers are also uniquely positioned to support uptake of novel
interventions during healthcare crises through transparent
communication and provision of practical support to their workforce.
Data from the GLP survey presented herein revealed tremendous
disparities in willingness to accept new mRNA vaccines and medicines
across countries, identifying women as a demographic group that
should be prioritized for confidence-building strategies around
mRNA vaccines and therapeutics. Concrete plans to enhance public
trust and confidence in novel medicines, including the rapidly
advancing field of mRNA-based therapeutics, are critical to improve
clinical outcomes, reduce disease burden, and enhance the societal
capacity to manage future healthcare crises.
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