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The world is in need of next-generation COVID-19 vaccines.
Although first-generation injectable COVID-19 vaccines continue
to be critical tools in controlling the current global health crisis,
continuous emergence of SARS-CoV-2 variants of concern has
eroded the efficacy of these vaccines, leading to staggering
breakthrough infections and posing threats to poor vaccine
responders. This is partly because the humoral and T-cell
responses generated following intramuscular injection of spike-
centric monovalent vaccines are mostly confined to the
periphery, failing to either access or be maintained at the portal
of infection, the respiratory mucosa (RM). In contrast, respiratory
mucosal-delivered vaccine can induce immunity encompassing
humoral, cellular, and trained innate immunity positioned at the
respiratory mucosa that may act quickly to prevent the
establishment of an infection. Viral vectors, especially
adenoviruses, represent the most promising platform for RM
delivery that can be designed to express both structural and
nonstructural antigens of SARS-CoV-2. Boosting RM immunity
via the respiratory route using multivalent adenoviral-vectored
vaccines would be a viable next-generation vaccine strategy.
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Introduction

Despite the continued rollout of vaccines even with up-
dated formulations, SARS-CoV-2 remains a global health
concern. To-date, 11 first-generation COVID-19 vaccines
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have received Emergency Use Listing by the World
Health Organization, with approximately 70% of the
global population receiving at least a single dose of any
COVID-19 vaccine [1]. Following their initial rollout in
2020, first-generation mRNA COVID-19 vaccines were
designed to induce neutralizing antibodies against the
spike protein of ancestral SARS-CoV-2, which showed
remarkable protection against infection, conferring greater
than 90% effectiveness [2,3]. However, waning immunity
and the emergence of variants of concern (VOC) har-
boring numerous mutations in the spike protein have
eroded the efficacy of these vaccines. As such, break-
through infections are commonplace, especially since the
emergence of the Delta and Omicron VOC [4].

Nonetheless, vaccine-induced T-cell immunity con-
tinues to provide protection against severe disease,
hospitalization, and mortality [5¢¢,6]. Although it is
known that T-cell immunity lasts longer than humoral
immunity, the real longevity of COVID-19 vaccine-in-
duced protective T-cell immunity remains to be seen.
As the COVID-19 pandemic transitions to a state of
endemicity owing to an accumulation of population-
wide immunity from natural infection and vaccination, it
is anticipated that there remains a need to maintain the
optimal immunity via boost vaccination in general po-
pulations. This is particularly relevant to individuals
with immune deficiencies, transplant recipients, and the
elderly who responded poorly to the first-generation
vaccines. The lessons learned from first-generation vac-
cines indicate that chasing after the evolving SARS-
CoV-2 by updating the spike antigen in the vaccines is
an unsustainable strategy; rather, next-generation vac-
cine strategies that aim to boost multilayered immunity,
encompassing trained innate, humoral, and cellular
T-cell immunity (tripartite) at the respiratory mucosa
may provide hope for fortifying the immune system
against future emerging variants.

The robust humoral and T-cell responses induced fol-
lowing intramuscular injection are constrained to the
periphery, failing to either access or be maintained at the
portal of infection, the respiratory mucosa [7-9¢¢]. The
significance of positioning immunity at the mucosa for
effective protection against pathogens that enter the
host via mucosal sites has been well acknowledged.
Presently, strategies to develop next-generation SARS-
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Differential geographical localization and types of immune responses following first- and next-generation COVID-19 vaccines. Current first-generation
injectable COVID-19 vaccines generate robust systemic humoral and T-cell responses but suboptimal magnitude of antibody responses and no T-cell
responses at the respiratory mucosa compared with natural infection. Importantly, while structural and nonstructural SARS-CoV-2 protein-specific
immune responses are induced by natural infection, injectable vaccines are designed to generate only spike-specific immune responses. This is
reflected by relatively less efficiency in protecting against infection by first-generation COVID-19 vaccines compared with prior natural infection. In
contrast, AdV multivalent COVID-19 vaccines, which are safe and amenable for respiratory mucosal delivery, can induce long-lived tripartite immunity
at the respiratory mucosa capable of not only protecting against SARS-CoV-2 VOC but also reducing viral transmission and mitigating the

development of PACS/long COVID.

CoV-2 vaccines amenable for respiratory mucosal (RM)
delivery are garnering collective interest (Figure 1)
[10-13]. In this article, we provide the framework for the
development of next-generation COVID-19 vaccination
strategies, with specific consideration given to re-
spiratory mucosal-delivered adenoviral-vectored (AdV)
vaccines that can induce tripartite respiratory mucosal
immunity capable of not only protecting against SARS-
CoV-2 VOC but also reducing viral transmission and
mitigating the development of post-acute COVID-19
sequalae (PACS/long COVID).

Limited induction of respiratory mucosal
immunity by first-generation injectable
COVID-19 vaccination

First-generation injectable COVID-19 vaccines continue
to be critical tools in combatting the current global
health crisis. Indeed, first-generation COVID-19 vac-
cines induce robust serological IgM, IgG, and IgA anti-
bodies and long-lasting memory B- and T-cell responses
(Figure 1) [14]. Given the robust efficacy of these

vaccines in the early stages of the pandemic, studies
began to define and establish vaccine-induced humoral
immunity as the protective correlates [15,16]. This lar-
gely steered the field to adopt the notion that ser-
ological-neutralizing antibody titers were central in
defining vaccine efficacy against SARS-CoV-2. However,
realizing that vaccines developed to target SARS-CoV-2
should aim at inducing immunity at geographical loca-
tions that match immunity induced by natural infection
[17], studies have eventually assessed the ability of first-
generation vaccines to induce mucosal immunity. Sali-
vary anti-RBD and anti-spike [gG responses, most likely
derived from the circulation, were detected and corre-
lated with serological IgG levels after mRNA vaccination
[18]. However, secretory salivary IgA (SIgA) responses,
which were shown to have potent neutralizing activity
against SARS-CoV-2, were detected only in a minority of
vaccinees and at much lower levels compared with SIgA
levels in convalescent saliva [19ee]|. Indeed, durable
vaccine-induced IgA responses have been correlated
with reduced incidence of breakthrough infection [19].
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Nevertheless, whether the presence of salivary antibody
responses would predict induction of anti-SARS-CoV-2
immunity at the portal of infection, the respiratory mu-
cosa, remains unknown. A limited number of studies
have assessed the injectable (mRNA) vaccine-induced
humoral and cellular responses in the nasal mucosa.
However, whether injectable COVID-19 vaccines can
induce meaningful neutralizing antibody and tissue-re-
sident 'T" and B cells in the nasal tissue is still debatable
because of contradicting observations [20,21]. Inherent
factors such as variable baseline nasal immunoglobulins
and limited sampling by nasal swabs and nasal washes
and sample processing make assessment of immune re-
sponses at the nasal mucosa difficult.

Currently, little is known about the magnitude, quality,
and kinetics of RM immunity induced by first-genera-
tion injectable COVID-19 vaccines in humans. To-date,
only one clinical study has examined mRNA COVID-19
vaccine-induced humoral and cellular responses at the
respiratory mucosa through analyzing bronchoalveolar
lavage fluid [9]. Compared with COVID-19 convalescent
individuals, vaccinated individuals had significantly
lower levels of neutralizing antibodies in the airways
against SARS-CoV-2 VOC, including Omicron (BA1.1).
Importantly, in contrast to natural infection, mRNA
vaccination failed to induce notable lung-resident spike-
specific memory B- and T-cell responses. This may ex-
plain why mRNA vaccine-induced immunity is rela-
tively less efficient in protecting against infection
compared with prior infection-induced immunity as seen
during the SARS-CoV-2 Delta wave [22]. The inability
of injectable COVID-19 vaccines in inducing RM im-
munity resonates with the findings from the clinical trials
of novel tuberculosis (T'B) vaccines wherein parenteral
injection with a viral-vectored vaccine failed to induce
airway tissue-resident memory (Tgry) T cells despite
robust peripheral blood T-cell immunity [23,24ee¢].

Recruitment of immune cells to the lung is highly
regulated to avoid unnecessary inflammation and pre-
serve the vital function of the lung, gas exchange [25].
As such, local respiratory mucosal immune responses are
mounted only in the event of local insults. This notion
signifies that respiratory mucosal booster vaccination
rather than repeated intramuscular injections can induce
local mucosal immunity against SARS-CoV-2. In fact,
RM booster vaccination with viral-vectored vaccines in
mRNA-primed animals showed promising outcomes
against SARS-CoV-2 VOC [26ee]. Furthermore, real-
world evidence that current vaccines are highly effective
in preventing severe disease and hospitalization against
VOC indicates a critical role for other immune cells,
including circulating memory T cells induced by vacci-
nation. Even though VOC can evade mucosal-neu-
tralizing antibodies to cause infection, -circulating
memory T cells recruited to the lung enable protection
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by restraining viral replication and spread, resulting in
milder disease outcomes [27]. Notably, current first-
generation COVID-19 vaccines may also induce changes
in circulating monocytes suggestive of ‘trained innate
immunity’ (TTI) [28,29e¢]. Recruitment of these cells to
the lung may also contribute to antiviral immunity.
Thus, evidence so far suggests that positioning anti-
SARS-CoV-2 immunity at the respiratory mucosa that is
ready-to-go can quickly act upon and prevent estab-
lishment of an infection, supporting boosting RM im-
munity via the respiratory route to be a viable next-
generation vaccine strategy (Figure 1).

Respiratory mucosal vaccination and anti-
COVID-19 immunity

Conceptually, inducing adaptive immunity at the re-
spiratory mucosa, involving secretory antibody responses
and tissue-resident B and T cells (‘T'ryg), and TII has the
capacity to prevent SARS-CoV-2 from establishing in-
fection (Figure 1) [11,12,30]. Indeed, following natural
infection, SARS-CoV-2-specific memory B- and T-cell
responses were found in many tissue sites with lung and
lung-associated lymph nodes (LN) being the most pre-
valent sites [17]. Furthermore, SARS-CoV-2-specific
germinal centers and follicular helper T cells were also
found in the lung and lung-associated LLNs. Such local
tissue-associated immune mechanisms against non-
Omicron SARS-CoV-2 appeared linked with reduced
risk (50% reduction) for Omicron infection [31]. Inter-
estingly, protection reached 94% in the presence of prior
infection and vaccination (hybrid immunity). These
observations highlight the importance of focusing next-
generation vaccines to boost RM tripartite immunity
that can protect against future emerging VOC without a
need for regularly updating the vaccines. A multitude of
factors must be taken into consideration to ensure the
safety, amenability, and efficacy of RM-delivered vac-
cines. These considerations span vector selection, anti-
genic design, and formulation.

Vector and antigen selection

Viral-vectored vaccines, in particular AdV vaccines, re-
present the most promising platform for RM delivery
owing to their excellent safety profile, amenability, and
robust intrinsic immunogenicity [32]. To-date, multiple
human and nonhuman primate adenoviruses have been
utilized for vaccine development. Numerous preclinical
studies support the potential of RM-delivered AdV
vaccines to stimulate robust and long-lasting antibody,
cell-mediated, and TII immune responses in the lung.
Their potential for RM delivery has been recently
shown in clinical trials [24,33,34]. To circumvent the
effect of anti-Ad backbone antibodies, different ser-
otypes or origins of AdV platforms could be used for
repeated heterologous booster immunization if needed.

www.sciencedirect.com

Current Opinion in Virology 2023, 61:101334



4 Mucosal Immunology

To meet the challenges arising from emerging VOC
compounded with the limited durability of first-genera-
tion vaccine-induced immunity, there is an intensifying
interest to develop multivalent vaccines that express
additional SARS-CoV-2 internal antigens that show high
levels of sequence conservation among coronaviruses.
These conserved antigens include nucleocapsid (N),
RNA-dependent RNA polymerase (RARp/NSP12), and
other structural/nonstructural proteins, and are selected
to broaden T-cell immunity. Adenoviral vectors are
highly plastic, capable of accommodating large trans-
genes, thereby making them ideal multivalent vaccine
platforms [32]. Indeed, robust T-cell responses to N are
found in COVID-19, SARS, and uninfected individuals
[35]. Furthermore, NSP12-specific T cells can recognize
and kill target cells expressing NSP12 and have been
associated with abortive seronegative SARS-CoV-2 in a
cohort of healthcare workers [36°¢ 37¢¢]|. We have re-
cently provided preclinical evidence that a monovalent
spike-expressing AdV vaccine failed to protect against
B.1.351, whereas a multivalent AdV expressing N and
NSP12 together with spike protein provided complete
protection [38ee].

RM vaccination and humoral immunity

Foundational studies utilizing human adenoviruses ex-
pressing spike from ancestral SARS-CoV-2 laid the
groundwork in vaccine-induced respiratory mucosal im-
munity against COVID-19. RM but not intramuscular
immunization with AdV COVID-19 vaccines induced
robust IgG and IgA responses within the airways, which
was associated with enhanced protection and reduced
transmission of infection [39-41]|. Murine studies uti-
lizing spike-expressing chimpanzee adenoviruses have
further expanded the immunological superiority of RM-
delivered AdV against SARS-CoV-2 [38,42]. In addition
to inducing airway nAb responses against VOC, RM but
not intramuscular vaccination induces systemic antibody
responses with enhanced Fc effector function against
immune-evasive (beta) VOC [42,43]. In line with these
observations, induction of lung vaccine-specific memory
B cells and bone-marrow long-lived plasma cells has
been observed following RM but not intramuscular
vaccination (Figure 1) [38,42].

The above evidence supports the relevance of inducing
humoral anti-spike-neutralizing antibody responses at
the respiratory mucosa. However, since continued viral
evolution will progressively erode nAb efficacy, addi-
tional respiratory mucosal humoral correlates for pro-
tection against VOC need to be investigated with next-
generation vaccines. Indeed, non-neutralizing antibodies
have been clinically correlated with immunity against
VOC through Fc-mediated effector functions even
considering reducing neutralizing activity [44]. Pre-
clinical studies have recently shown that first-generation

mRNA vaccines induce antibodies that protect against
Omicron BA.5 through Fc-mediated effector functions,
further highlighting the protective capacity of vaccine-
induced humoral immunity against antigenically di-
vergent VOC even considering reduced neutralizing
potentials [45]. Additionally, recent work has shown that
improved outcomes by convalescent serum therapy
were associated with non-neutralizing antibodies against
the N of SARS-CoV-2 [46,47], which supports the in-
clusion of additional structural SARS-CoV-2 antigens
into next-generation vaccines.

RM vaccination and T-cell immunity

Mounting human clinical data suggest a critical role for T-
cell immunity in the observed protection [27,48], in-
cluding protection against Alpha-to-Omicron VOC [49].
To this end, differential T-cell responses have been de-
tected between vaccine-naive individuals who have had
mild and severe disease outcomes. While robust antibody
responses with almost undetectable circulating SARS-
CoV-2-specific T cells were found in individuals with
prolonged severe COVID-19, rapid expansion of struc-
tural and nonstructural SARS-CoV-2 protein-specific T-
cell responses was detected in individuals who rapidly
controlled SARS-CoV-2 replication [50,51]. Importantly,
memory T-cell responses against NSP12 and N have
been associated with abortive SARS-CoV-2 infection
without seroconversion [37,52]. Furthermore, depleting
CDS8 T cells in convalescent or vaccinated macaques re-
sulted in partial abrogation of protective efficacy of nat-
ural and vaccine-induced immunity [53,54].

Despite clinical data supporting the significance of T-
cell immunity against SARS-CoV-2, important questions
remain regarding the location, longevity, quantity, and
quality of T cells needed for optimal protection. This is
partly because most of those observations are confined to
the circulatory compartment, and as such, clear under-
standing of T-cell responses in the upper and lower re-
spiratory tract is still lacking following natural infection
and vaccination [9,55]. In fact, in contrast to con-
valescent individuals, infection-naive individuals who
have received injectable first-generation COVID-19
vaccines lacked vaccine-specific lung Try T-cell im-
munity [9], which is localized to nonlymphoid tissues
and plays critical roles in tissue-localized immunity to
infections [11-13]. Preclinical studies with AdV COVID-
19 vaccines have shown that RM vaccination induces
long-lasting Tryp cells within the lung tissue and air-
ways that played a critical role in protection through
elimination of virally infected cells [26,38,42,43]. On the
other hand, although parenteral AdV COVID-19 vaccine
(ChAdOx1) prevented pneumonia in macaques, it failed
to prevent viral replication in the upper respiratory tract
(UR'T) [56]. Indeed, oral or intranasal delivery of an AdV
vaccine not only protected hamsters against infection
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but also prevented transmission to unvaccinated naive
hamsters. Recent studies have shown that AdV vaccines
against TB and COVID-19 are safe and well-tolerated in
humans when delivered via inhaled aerosol [24,57,58].
Inhaled AdV COVID-19 booster vaccination in pre-
viously inactivated CoronaVac-primed individuals re-
sulted in induction of 18-24-times higher circulating
cross-neutralizing antibodies compared with homologous
boost with CoronaVac [33]. However, the detail of local
respiratory mucosal immune responses following AdV
COVID-19 vaccination remains unknown. Alternatively,
an aerosol AdV TB vaccine clinical trial found long-
lasting T'ryp cells to be induced in the lung [24]. Such
mucosal T'-cell immunity is possibly maintained via self-
renewal of T cells in an antigen-dependent manner [59].
"T'his trial offers the proof of concept for the capability of
RM-delivered AdV COVID-19 vaccine to elicit long-
lasting immunity in hosts with complex immunological
history and genetic backgrounds.

RM vaccination and trained innate immunity

Beside the mucosal-adaptive immune pathways, the in-
nate immune system, which functions as the first line of
defense against incoming pathogens including SARS-
CoV-2, plays a critical role in orchestrating mucosal im-
munity. Importantly, given that “T'Il’, a state of innate
hyperresponsiveness induced by prior local immunologic
exposure at the respiratory mucosa, has the potential to
fight against heterologous infections, next-generation
vaccine strategies can exploit this third arm of the im-
mune system [12,60,61]. A growing body of evidence
now indicates that immunization with some vaccines can
induce TII in circulating monocytes and alveolar mac-
rophages [29,62-65]. For instance, BCG-induced T1I has
been associated with reduced all-cause mortality in low-
birth-weight infants and reduced the incidence of re-
spiratory tract infections in the elderly [66,67]. In fact, a
recent study carried out in Greece demonstrated that
BCG vaccination reduced the occurrence of new infec-
tions and reduced the risk of COVID-19 [68]. However,
preclinical studies have been at odds with clinical stu-
dies in that BCG vaccination does not provide protection
against SARS-CoV-2 [69]. Although recent studies have
shed much-needed light on induction of TII following
mRNA or ChAdOx1 COVID-19 vaccination, these re-
sponses are likely restricted to the systemic compart-
ments and their contribution to respiratory mucosal
immunity remains unknown [28,29]. In contrast, TII
induced in alveolar macrophages following RM vacci-
nation with AdV vaccines renders protection against re-
spiratory infections, including SARS-CoV-2 [38,62,63].
In humans, RM immunization with AdV vaccine in-
duced persisting transcriptional changes in alveolar
macrophages [24]. These observations provide the ra-
tionale to harness TII in the design of next-generation
COVID-19 vaccines.

Next-generation mucosal COVID-19 vaccines Afkhamietal. 5

Clinical landscape of current respiratory
mucosal COVID-19 vaccine strategies

The most explored respiratory vaccine strategy against
COVID-19 is the intranasal route of delivery. Currently,
several COVID-19 mucosal vaccines are under devel-
opment and 14 are in clinical trials, of which three — in
India, Iran, and Russia have received emergency ap-
proval and are being administered as a nasal spray
(‘Table 1). Although efficacy data for many of these trials
have not yet been published, the trial results for the
intranasally delivered AstraZeneca ChAdOx1-S vaccine
have recently been released. Unfortunately, the findings
indicated poor immunogenicity in previously mRNA-
vaccinated participants [34]. This is in stark contrast to
the excellent results obtained for this vaccine in pre-
clinical animal models [70]. Such discrepancy may be
owed to anatomical differences in the URT between
humans and animals and the delivery methods. For in-
stance, it is known that volumes between 25 and 50 pLL
of an agent delivered intranasally to mice also have the
potential to reach the lower respiratory tract, hence in-
ducing immunity not only in the nasal passage but also
deep in the lung [71]. Optimally formulating vaccines for
intranasal delivery is challenging and critical to over-
coming the natural nasal defense barriers.

Inhaled aerosol delivery has been recently developed
and assessed as an alternative respiratory mucosal vac-
cination strategy. Aerosol vaccination has been utilized
to deliver measles, and numerous AdV vaccines against
TB and COVID-19 [23,24,58,72]. Importantly, com-
pared with intranasal delivery, the deepened and wi-
dened biodistribution in the lung following endotracheal
delivery (akin inhalation) is associated with much im-
proved vaccine-mediated immunogenicity and protec-
tion against the target pathogen in mice [71]. Inhaled
acrosol vaccination of viral-vectored TB vaccines de-
posited 2-5-pm vaccine droplets in major airways [24],
inducing robust and sustainable antigen-specific cellular
immunity in the respiratory tract as measured by the
responses in bronchoalveolar lavage fluid [23,24]. Fur-
thermore, persisting alterations in the transcriptional
profile of alveolar macrophages poised for defense re-
sponses in aerosol-vaccinated participants indicate the
potential of aerosol vaccines to induce TII. The avail-
ability of well-characterized inhaled acrosol technology
(used in TB vaccine trials) and its superiority to induce
immunity in the URT offers a foundation for developing
inhaled next-generation COVID-19 vaccine strategies.
Indeed, Chinese regulators have recently approved the
world’s first inhaled aerosol first-generation AdV
COVID-19 vaccine (Convidecia Air). In clinical trials,
this vaccine was well-tolerated and induced robust
neutralizing antibodies and T-cell immunity in the cir-
culation, and importantly, qualitatively enhanced neu-
tralizing antibody responses against the Delta SARS-
CoV-2 VOC, compared with homologous intramuscular
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boost [39,58]. However, to what extent Convidecia Air
can induce mucosal immunity remains to be in-
vestigated. To this end, a phase-I trial currently under-
going in Canada to evaluate the safety and
immunogenicity of aerosolized viral-vectored trivalent
vaccines, Ad5-triCoV/Mac and ChAd-triCoV/Mac, will
carry out a comprehensive analysis of immune responses
within the airways (NCT05094609). Although clinical
respiratory mucosal vaccine trials will conduct efficacy
studies comparing the vaccinated against placebo, the
waning immunity in previously vaccinated and infected
individuals will make assessing next-generation vaccines
more difficult than investigating first-generation vaccines
carried out in an infection-naive population [73].
Nonetheless, these studies may provide the foundation
to establish correlates of protection following inhaled
immunization. Apart from the benefit of being able to
induce mucosal immunity, inhaled immunization holds
many other advantages. Since the vaccine is directly
delivered to the lung, a much smaller dose than that
used for injection can generate an effective immune
response [24]. The potential to develop a thermostable
spray-dried form of viral-vectored vaccines for inhalation
will allow transport and storage less challenging and
could be a solution for vaccine inequity [74]. Notably,
dry powder vaccine formulation of mRNA encoding
spike-loaded exosome when administered via jet neb-
ulization to nonhuman primates elicited stronger IgG
and SIgA responses compared with their synthetic
counterparts [75].

Outstanding questions and future
perspectives

The COVID-19 pandemic continues to expedite our
understanding of innovative and novel vaccination stra-
tegies. Decades of research have firmly established the
intricate link between vaccination route and immune
geography, with experimental and clinical evidence
showing the unique capacity of RM-delivered AdV
vaccines in establishing humoral, cellular, and TII at the
respiratory mucosa. Of relevance, preclinical COVID-19
vaccine studies have shown the superiority of RM de-
livery in inducing local, long-lasting immunological
memory capable of providing broad protection against
both ancestral and variants of SARS-CoV-2. As the
clinical landscape of RM-delivered AdV vaccines con-
tinues to expand through and beyond SARS-CoV-2 to
other respiratory pathogens, numerous outstanding
questions remain to be addressed before their wide ap-
plication in humans.

Extremely rare incidences of vaccine-induced immune
thrombotic thrombocytopenia (VITT) have been char-
acterized following initial intramuscular (IM) vaccination
with AdV COVID-19 vaccines (case rate of 3-15 per
million vaccinations) [76-78]. Clinically, VITT is

Next-generation mucosal COVID-19 vaccines Afkhami et al. 7

associated with multiple diagnostic criteria, including
seropositivity for antiplatelet factor 4 (PF4) IgG auto-
antibodies, elevated D-dimer levels, and disseminated
signs of thrombosis, with unique presentation of cerebral
venous sinus thrombosis and cerebral venous thrombosis
[79]. Although the mechanisms remain to be fully un-
derstood, the unintentional administration of AdV vac-
cines via the intravenous route, or the ensuing
microvascular injury and leakage of the adenovirus into
the bloodstream due to vaccine constituents, has been
empirically demonstrated to potentially contribute to the
development of VITT [80-82]. Since anti-PF4 antibody-
mediated platelet activation is one of the major me-
chanisms for VI'T'T, leaked adenoviral particles are be-
lieved to directly interact with platelets and/or PF4,
which may result in B-cell engagement and subsequent
production and maturation anti-PF4 IgG antibodies
[82,83]. While the potential for VITT following RM
administration of AdV vaccines remains to be in-
vestigated, it is our belief that RM delivery of AdV
vaccines will not lead to VITT via circumventing viral
vector leakage into the circulation.

Moreover, our knowledge of RM vaccines in populations
with pulmonary comorbidities remains limited. As re-
search interest continues to grow, clinical trials should be
designed to assess the immunogenicity and safety of RM
vaccines both in the elderly and in individuals with
pulmonary comorbidities. These studies will be crucial
in determining the necessary adjustments to vaccine
formulations, doses, and delivery methods, as well as in
developing a comprehensive framework to ensure that
the best strategies are available for providing sufficient
coverage in terms of both vaccine immunogenicity and
safety following RM delivery in a population-wide
setting.
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