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The novel coronavirus SARS-CoV-2 enters into the human body mainly through the ACE2 + TMPRSS2+ nasal epithelial cells. The
initial host response to this pathogen occurs in a peculiar immune microenvironment that, starting from the Nasopharynx-

Associated Lymphoid Tissue (NALT) system, is the product of a long evolutionary process that is aimed to first recognize exogenous
airborne agents. In the present work, we want to critically review the latest molecular and cellular findings on the mucosal response
to SARS-CoV-2 in the nasal cavity and in NALT, and to analyze its impact in the subsequent course of COVID-19. Finally, we want to
explore the possibility that the regulation of the systemic inflammatory network against the virus can be modulated starting from
the initial phases of the nasal and nasopharyngeal response and this may have several clinical and epidemiological implications

starting from a mucosal vaccine development.

Mucosal Immunology (2021) 14:305-316; https://doi.org/10.1038/s41385-020-00359-2

INTRODUCTION
The nose represents an important component of the mucosal
immunity in upper airways (UA), and it is involved both in host
protection and immune homeostasis between the commensal
microbiota and invading pathogens.! Phylogenetically, the nasal
cavity and the nasopharynx-associated lymphoid tissue (NALT)
constitute an ancient barrier system that can be found even in
early bony vertebrates."? While in rodents, this immune compart-
ment is found in the floor of the nasal cavity (hence the name
nasal-associated lymphoid tissue), in humans it is more properly
referred to as NALT since it is located in the most cranial
pharyngeal mucosa.” Strikingly, this tissue has coevolved along
with the olfactory system under the same evolutionary forces,
both in terrestrial and in aquatic animals.® In addition, being in
direct physical contact with the external environment, the nasal
mucosa routinely filters, moistens, and warms the inhaled air to
minimize the irritative effects on lower airways, to maintain the
mucociliary clearance, and to favor gaseous exchanges.**
Through both innate and acquired immunity, the nose and NALT
play a central role in the induction of mucosal immune responses,
including the generation of Th1- and Th2-polarized lymphocytes, and
IgA-committed B cells.® Together with other cellular elements, such
as dendritic cells (DCs), microfold (M) cells, and macrophages, nasal
epithelial ciliated and goblet cells form a unique gateway involved
in the induction of the local and systemic response to a wide range
of pathogens and allergens."® Accordingly, intranasal immunization
is able to activate an antigen-specific protective immunity in both
the mucosal and systemic immune compartments.”

The Severe Acute Respiratory Syndrome-CoronaVirus-2 (SARS-
CoV-2) is a novel RNA beta-coronavirus of probable zoonotic
origin that is currently causing an unprecedented pandemic.® The
disease originating from SARS-CoV-2 is known as COronaVlrus
Disease 19 (COVID-19) and it develops initially as a respiratory
infection but, in some individuals, it may progress to systemic
involvement. Like many other airborne viral diseases, penetration
into the UA is the first step of the infection, as a higher viral load
was found in nasal swabs when compared to throat swabs.® By
single-cell RNA sequencing, nasal epithelial cells were shown to
express the highest levels of angiotensin-converting enzyme 2
(ACE2) and of the cellular serine protease TMPRSS2, both working
as the main entry receptors for SARS-CoV-2 following interaction
with viral (S)pike protein.'®"'? Given that the nose is not only the
mere entry site but also the main target of SARS-CoV-2,
understanding the initial host-viral interaction in the nasal and
NALT microenvironments may be one of the keys to understand
and modulate the systemic inflammatory response.'" In this paper,
we want to critically review the currently available cellular,
experimental, and clinical data regarding the central role of the
nose and the NALT in the transmission, modulation, and
progression of COVID-19.

SARS-COV-2 TRANSMISSION AND ENTRY

SARS-CoV-2 emerged in Wuhan, China, in December 2019. Thanks
to the human-to-human airborne transmission, it rapidly became a
pandemic within few months and, as of 24 October, about 42
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Fig. 1

SARS-CoV-2 transmission and infection. SARS-CoV-2 can be transmitted by respiratory particles released from an infected subject.

Droplets are large particles that commonly deposit within a few meters away from the emitting subject and are responsible for the infection
of close individuals. Aerosol instead has a smaller diameter (<5 pm) and can infect subjects at higher distances. In addition to these routes,
also contaminated objects (fomites) can be a source of transmission, especially if not practicing regular hand hygiene. Once entered in the
airways, SARS-CoV-2 interacts with S protein to its receptor ACE2. The proteolytic cleavage of S, mediated by the cellular protease TMPRSS2,
facilitates SARS-CoV-2 infection, which is followed by the release of viral nucleic acid, protein synthesis, and assembly of new viral particles.

million cases and 1.1 million deaths have been reported world-
wide by the World Health Organization (WHO)."?

A general consensus exists on the possibility of SARS-CoV-2
diffusion by respiratory droplets, as it was already demonstrated
for other pathogens like SARS-CoV, Middle East respiratory
syndrome coronavirus (MERS), and influenza viruses.'"'*'> In
agreement, in COVID-19 symptomatic patients, Zou et al showed
that the viral load increases after symptoms onset, with higher
viral loads detected in the nose than in the oral cavity.” Notably,
viral shedding was confirmed also in asymptomatic patients that
can represent up to 60% of a fixed cohort.'® As a matter of fact,
viable viral particles were also found in the aerosol generated
under experimental conditions.'””'® By definition, an aerosol is
defined as fluid particles <5 um that can spread over distances >1
m, and the distinction between aerosols and droplets has also a
practical implication.'® For instance, a physical distance of 1-2m
may not protect enough given that a review of the literature has
found that “droplets” can deposit as far away as 6-8 m (Fig. 1).2%1n
the hospital environment, high infection rates were registered for
several “aerosol-generating procedures” (invasive and noninvasive
ventilation, intubation, tracheostomy, etc.); again, it has not yet
been proved that aerosols are the culprits for the increased
transmissibility but healthcare workers are advised to wear N95/
FFP2 or FFP3 in such a context.?'*?

The velocity of the airflow exhaled by a sneeze is much higher
than that of breathing or coughing, and the corresponding
turbulence is about 18 times larger than that of a cough.?**
However, it must be remembered that droplet ejection at high
speed may also generate an aerosol.?* These physical differences
have a crucial role in terms of site of deposition in the host: large
droplets can stop in UA where they are trapped in nasal secretions
and carried by the mucociliary clearance, to be expelled, inhaled,

SPRINGERNATURE iy SOCIETY FOR MUCOSAL IMMUNOLOGY

or swallowed; on the other hand, inhaled aerosolized particles can
penetrate more deeply into the lower airways.?> At variance, other
studies have suggested that the nose may be the dominant initial
site for SARS-CoV-2 infection also in presence of infected aerosol.
In fact, SARS-CoV-2 was detected in aerosol particles in the range
of aerodynamic sizes exhaled during normal tidal breathing, and it
can also deposit at the highest density into the nose according to
a mechanical delivery deposition model in naive subjects.®®%’
Actually, the dichotomy in large versus small particles is simplistic,
since the emission of pathogen-laden fluids is best described as a
multiphase turbulent gas cloud and large droplets themselves can
rapidly transform into an aerosol by evaporation.”® Several human
activities might be able to generate aerosols (coughing, talking,
sneezing, vomiting, and even toilet flushing) but no clear evidence
linking them to actual infection exists outside the laboratory
setting.'®

As a matter of fact, indirect transmission of SARS-CoV-2 may
take place after the droplets are dispersed upon several objects
and surfaces (fomites) where the virus can survive for several days
(Fig. 1)."%* However, subsequent papers have criticized these
findings because the concentration of the inoculum implemented
in the simulations was far higher than what is measured in real life
and the chance of transmission through fomites is believed to be
very small.?’ Whatever the estimated risks, at least in the hospital
setting, periodically disinfecting all the touchable surfaces remains
a key recommendation from the WHQ.?%>°

Once the airborne particles reach the airways, many biological
and physicochemical factors determine the capability to invade
the mucosal barrier, including the molecular tropism for a specific
receptor, the presence of activating proteases, tissue temperature,
pH, and the resident microbiota.’'*?> Commensal bacteria are
classically regarded as protective against other pathogens.33
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However, they can also favor some viral infections, as it was
demonstrated for the colonization by S. pneumoniae and H.
influenza, which increases the binding of the respiratory syncytial
virus to UA epithelium thanks to the upregulation of adhesion
receptors, such as intercellular adhesion molecule 1.3?

The two main entry factors for SARS-CoV-2, ACE2, and TMPRSS2,
have been identified in many human epithelial and non-epithelial
tissues. For example, the finding of high expression of ACE2 in the
oral cavity mucosa has raised the issue of oro-fecal transmission.>*
However, the co-expression of ACE2 and TMPRSS2 that is
necessary for efficient viral entry was demonstrated only in some
subtypes of respiratory, corneal, and intestinal cells (Fig. 1).° In
detail, subsequent research has shown that only type Il
pneumocytes, nasal secretory cells, and absorptive enterocytes
are the principal host targets and, by a quantitative analysis using
GFP chromophore, a remarkable gradient of infection was
demonstrated.''? The UA and the nasal ciliated cells, in
particular, are the main site of infection while the goblet secretory
ACE2 + TMPRSS2 4+ MUC5B+ cells were not infected in vitro or
in vivo, ultimately suggesting that other unknown variables
mediate tropism."" Furthermore, inter-individual variations of
ACE2 and TMPRSS2 expression may account for different
susceptibility to the infection. In this regard, three subpopulations
need to be separately considered. First, children (<9 years old, in
particular) have fewer and less severe symptoms compared with
adults and a significantly reduced nasal ACE2 expression was
demonstrated.®® Second, ACE2 is also less expressed in people
with allergic respiratory disease and especially those with a
clinical/laboratory profile of type 2 inflammation.*®*” Since the
ACE2 receptor is an INF-regulated gene whose expression is
reduced in allergic patients with T2 cytokine pattern, a possible
reduction of infection risk has been postulated.*® These molecular
findings represent some of the foundations for the potential
clinical protective role of asthma in COVID-19 infection.*® Finally,
nasal SARS-CoV-2 was identified also in patients who underwent a
total laryngectomy and whose UA are iatrogenically separated
from the lungs.3®“° Despite the lack of airflow induces progressive
squamous metaplasia and submucosal fibrosis, viral cell tropism is
maintained and the hematogenous route or inoculation by
contact with a fomite is the supposed route of transmission.>*°

Other possible human receptors for SARS-CoV-2 are the non-
tyrosine kinase neuropilin-1 (NRP1) and neuropilin-2 (NRP2).*'
There is preliminary evidence that the cleavage of S protein can
generate a polybasic Arg-Arg-Ala-Arg C-terminal sequence on the
S1 subunit that can efficiently bind to NRP1 and NRP2.*' These
single-pass transmembrane receptors are widely expressed in
several immune (macrophages, T lymphocytes, etc.) and non-
immune cells, with many documented physiological roles (e.g.,
cardiac and neural development, etc) and future studies are
anticipated in this regard.*?

The preeminent role of nasal mucosa in viral transmission has
also some important practical implications. The diagnostic gold
standard for COVID-19 is the reverse-transcriptase polymerase
chain reaction on secretions taken from nasopharyngeal or
oropharyngeal swabs.** However, less invasive and self-collected
swabs from the nasal fossa/middle turbinate were shown to have
comparable diagnostic accuracy and they would represent a more
cost-effective strategy for massive testing.** All procedures that
involve the nasal mucosa, on the other hand, must be possibly
regarded as aerosol-generating and therefore they should be
performed only using the appropriate protective measures.*>*¢

MUCOSAL AND SYSTEMIC IMMUNE RESPONSE TO SARS-COV-2
Nasal defense mechanisms and the primary phase of COVID-19

There are two major types of nasal mucosal defenses.*’*® A
physicochemical barrier is formed by the tightly bound ciliated,
goblet, and basal epithelial cells, by the double mucus layer, and
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by the basement membrane.* In addition, several extracellular
molecules such as the beta-defensins and galectins show
proinflammatory and antimicrobial properties.>

Airway mucus is the first double-layer (gel and periciliary/sol)
barrier that pathogens encounter and it is mainly composed of
water (95%) and different other molecules produced by the goblet
cells and submucosal nasal glands.*’' Mucins are the most
represented glycoproteins in the gel layer and they contribute to
innate immunity through the interaction with other components,
such as IgA, collectins, or defensins.>’ Among the 11 genes so far
described in human airways, MUC5AC and MUC5B are the
predominant gel-forming mucins in the nasal mucosa.”’' Most
importantly, many cytokines (IL-1, IL-4, IL-6, IL-9, IL-13, IFNs) were
shown to upregulate the expression of mucins genes and, for
influenza virus, there is experimental evidence that the production
of MUC1 limits the binding of the virion to other sialic acid-
expressing glycoproteins in the mucus layer, thereby limiting viral
entry and the inflammatory damage.*’** Pathogens can disrupt
the mucus barrier by the production of several degradative
enzymes, by exploiting the uptake by M cells or, when present, by
the aid of a flagellum.>' Regarding SARS-CoV-2, a Chinese study
has shown that COVID-19 patients present higher concentrations
of MUC5AC and MUCT in respiratory secretions compared to
healthy controls but its clinical relevance is unclear.”® With about
200-300 cilia in every single respiratory epithelial cell, the
constant microtubule-based clearance process is another funda-
mental first-line defense against microbes.>* Again, despite the
shedding of these structures was demonstrated in both SARS-CoV
and SARS-CoV-2, its significance in the pathogenesis of corona-
virus infection remains elusive.>>>°

The second nasal immunological barrier is made of a network of
cells and molecules of the innate and adaptive immune system,
such as resident microfold M cells, macrophages, innate lymphoid
cells, dendritic cells, and B and T lymphocytes.>”8

Furthermore, the UA is characterized by MALT of the Waldeyer's
ring including NALT, tubal, palatine, and lingual tonsils.>*%?
Notably, NALT is underrepresented in germ-free mice compared
with wild-type mice, suggesting that its development comes from
the interaction with the microbiota after birth."*° In addition, its
formation depends on several unique factors such as ID2 (inhibitor
of DNA binding 2) at variance with other secondary lymphoid
tissues such as Peyer’s patches.' NALT is constantly challenged by
potentially pathogenic agents that merge with a complex resident
microbiota.'”

In this scenario, NALT represents the first lymphoepithelial
barrier exerting a “gate control” on airborne antigens including
respiratory viruses such as SARS-CoV-2.5%%* At the mucosal level,
SARS-CoV-2 is a cytopathic virus able to induce death and injury to
infected tissues by eliciting a highly inflammatory form of
programmed cell death termed pyroptosis.® This process involves
an increased secretion of several cytokines and chemokines (IL-6,
IFN-gamma, MCP1, and IP-10), which are released into the blood.®®
During pyroptosis, the release of damage-associated molecular
patterns rapidly activates the cells of innate immunity. Moreover,
innate immune cell activation is based on a complex system of
pattern recognition receptors (PRRs), that are able to recognize a
large number of pathogen-associated molecular patterns, shared
by an entire class of pathogens but not expressed on host cells.*’
At least two families of PRRs are involved in the recognition of viral
structures: Toll-like receptors (TLRs) and retinoic-acid-inducible
gene | (RIG-I)-like receptors (RLRs). Among TLRs, TLR3, TLR7, TLRS,
and TLR9 are involved in the recognition of viral structures, and
they are all predominantly located in endosomes.®® RLRs instead
are ubiquitously expressed in the cytoplasm.®® Collectively, these
receptors can recognize the different types of viral nucleic acids
(dsDNA, dsRNA, ssRNA) and converge toward the activation of
transcription factors such as interferon-regulatory factor 3 (IRF3),
IRF7, and NF-kB, which ultimately lead to the expression of type 1
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Fig.2 SARS-CoV-2 recognition by nucleic acid sensors and activation of pro-inflammatory and antiviral responses. Following SARS-CoV-2
infection, viral particles are contained within endosomal compartments. Here, viral ssRNA is released and can be recognized by TLR7 and
TLR8, which activate downstream signaling pathways converging to the activation of NF-kB, IRF3, and IRF7. NF-kB promotes the transcription
of pro-inflammatory cytokines such as pro-IL-1p and the inflammasome component NLRP3. The inflammasome promotes the maturation of
pro-IL-1p in mature IL-1f, which can be secreted. NF-kB cooperates also with IRF3 and IRF7 for the expression of type | IFNs. When the viral
ssRNA is released in the cytoplasm, it is replicated by an RNA-dependent RNA polymerase which forms dsRNA intermediates. dsRNA can be
recognized by cytoplasmic sensors such as RIG-l and MDA5, which converge to the activation of IRF3 and IRF7. Type | IFNs can act in an
autocrine manner, activating STAT1 and STAT2 and thus promoting the expression of interferon-stimulated genes involved in anti-viral

defense.

INF, such as IFN-B, and pro-inflammatory cytokines as IL-1f3, thus
starting the pro-inflammatory antiviral response mechanisms
(Fig. 2).56

Components of innate immunity involved in patrolling the
mucosal surfaces also include many humoral factors: a role for
soluble PRR has been proposed in SARS-CoV-2 infection.t”%®
Mannose-binding lectin (MBL) is a member of the collectin family
and it is composed of multiple carbohydrate recognition domains
that bind to repetitive mannose molecules, highly expressed on
both bacteria and viruses. Following the attachment to the
pathogen’s surface, MBL can activate either the complement
cascade or act as an opsonin. The concentration of MBL varies
significantly among individuals and depends on polymorphisms
of the gene.®® The deficiency of MBL has been associated with
increased susceptibility to various infectious diseases, including
the original SARS-CoV infection.”®”? In agreement, it has been
demonstrated that MBL can selectively bind to SARS-S protein,
leading to a reduced viral infectious capacity.”®> This latter
phenomenon does not occur by interfering with the interaction
between S and its target ACE2, but presumably via the inhibition
of post-binding structural S rearrangements that are crucial for
optimal infection.”> MBL expression progressively declines with
age, suggesting that the elderly may be more susceptible to the
development of severe COVID-19 because of a lack of efficacious
innate response.”* In addition to soluble PRRs, natural antibodies
(nAbs) have also an important antimicrobial role.® nAbs are
predominantly of IgM and IgA classes and are produced by B cells
in absence of any antigenic stimulation.”> nAbs bind to both
exogenous and autologous epitopes, providing the first line of
defense when pathogen-specific T cell-dependent antibodies
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have not been produced yet.”> A subset of nAbs can recognize
the antigens of the ABO blood group, which results from the post-
translational glycosylation of the H antigen expressed on red
blood cells (RBCs). A-group individuals can enzymatically add N-
acetylgalactosamine to the H antigen, while in B-group subjects is
added galactose. These two enzymatic activities are both present
in AB individuals, while they are both absent in 0 individuals. In
addition to RBC, ABO antigens are also present in many epithelial
cell types, including in the lungs.”® Given that enveloped viruses
(including coronaviruses) are highly glycosylated, it has been
proposed that SARS-CoV and SARS-CoV-2 virions generating from
lung alveolar epithelial cells of individuals of A or B blood group
may harbor these antigens on their envelope. For this reason,
natural anti-A or anti-B antibodies may confer protection, as it was
demonstrated for other viruses.”” In agreement, it has been shown
that anti-A antibodies can prevent the interaction between S
protein and ACE2 when Spike is produced in a cell type expressing
the A antigen.”® Further confirming this hypothesis, individuals
with 0 blood group displayed a reduced risk of infection
compared to non-0 individuals during the 2003 SARS-CoV
outbreak in Hong Kong.”® Given the similarity between SARS-
CoV and SARS-CoV-2, a protective role for nAbs is expected also in
the current pandemic and it has already been shown that A blood
group patients seem to have an increased risk to develop severe
disease, while individuals with 0 group are relatively
protected 2%

In addition to alterations in soluble components, it has been
proposed that also a dysregulated cellular innate response occurs
in SARS-CoV-2 infection. Most of the data produced so far has
been obtained from peripheral blood of COVID-19 patients, given
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the difficulty to obtain lung samples. Monocytes are large
mononuclear cells with a key role in inflammation and pathogen
eradication. Three subsets of monocytes can be distinguished,
based on their activation status and the combinatorial expression
of CD14 and CD16. Immature classical (c) monocytes are CD14 +
+ CD16—, while more differentiated and inflammatory monocytes
are defined as transitional (t) CD14 + CD16+ and, non-classical
(nc) CD14-CD16++. The proportions of these three subsets in the
circulation of healthy individuals are well defined, although an
expansion of inflammatory monocytes has been described in
autoimmunity and chronic inflammation.®? Accumulating data
have shown that proportions of monocyte subsets are altered in
COVID-19,88* together with a significant downregulation of
monocyte HLA-DR expression.5*%>%® |n addition to monocytes,
DCs are another innate cell population with a crucial role in nasal
immunity.®” Two subsets of DCs have been described: plasmacy-
toid DCs (pDCs), which rapidly respond to viral infections secreting
high amounts of type | and Il IFNs, and myeloid DC (mDC), which
act as sentinels ready to stimulate T cells. Myeloid DCs can be
further divided into two subsets, cDC1 and ¢DC2, depending on
the expression of CD141 and CD1c, respectively. A significant
decrease of peripheral pDCs and mDCs in COVID-19 patients has
been demonstrated.®*~%¢ Moreover, Sanchez-Cerrillo et al. demon-
strated that dense secretions obtained from bronchoscopies of
COVID-19 patients are enriched of t- and nc-monocytes, as well as
cDC2, suggesting that these subsets are selectively recruited from
the circulation.®*

As already stated, type | and Ill IFNs have an important role in
early phases of viral infections, but it has been shown that they
are both secreted at lower levels in SARS-CoV-2 infection,
compared to other respiratory viruses.2® Moreover, at least 10%
of patients with life-threatening pneumonia have serum neu-
tralizing autoantibodies targeting type | IFNs. These individuals
are generally old persons, notably males. Neutralizing anti-type |
IFN are clinically silent before SARS-CoV-2 infection, but then
predispose patients to severe COVID-19.2° Further supporting this
concept, loss of function mutations at TLR3 and IRF7, both
involved in type | IFN immunity, were identified in patients with
severe COVID-19.%°

Finally, increased proportions of circulating neutrophils have
been demonstrated in COVID-19, with increased expression of the
activation marker CD66b.8%%%°" In agreement, increased percen-
tages of granulocytes were observed in pulmonary secretions of
COVID-19 individuals,®* and neutrophils extracellular traps were
identified in postmortem lung specimens from subjects died of
COVID-19.”

In addition to providing the first line of defense, innate
immunity allows the development of both cell-mediated and
humoral adaptive response. In particular, it has been shown that
anti-SARS-CoV-2 IgG seroconversion occurs within 19 days from
symptoms onset, with a median of 13 days.”> Regarding T cell
response, accumulating studies in the literature show that SARS-
CoV-2 specific CD4+ and CD8+ cells can be found in nearly all
convalescent patients.g“'102 Of note, it was observed that the
frequency of virus-specific CD4 + T cells correlates with specific
antibody titers.>*'%? This is of great importance, suggesting that
memory T cells efficiently develop in convalescent patients, thus
providing the rationale for vaccine research. Moreover, it was
shown that in some exposed individuals, SARS-CoV-2 specific T
cell responses can be observed even without detectable specific
antibodies.”® In most cases, immune activation is able to resolve
the infection and to confine it into the UAS>® It has been
demonstrated in mice that robust activation of the immune
response in the UA to a murine coronavirus infection can prepare
and modulate the activation status of immune cells in lower
airways, preventing a dysregulated and self-destructing response
in the lungs, but this remains still unclear for SARS-CoV-2 in
humans (Fig. 2)."°® So far, it has been shown that the transcription
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of proteins belonging to the nuclear factor kB (NF-kB) and tumor
necrosis factor a (TNF-a) pathways (e.g., IL-18, NFKB2, NFKBIA,
TNFA, etc) is significantly higher in nasal versus bronchial
epithelium, thus confirming a distinctive immune response
between the upper and lower airways and future studies are
needed to explore this difference.'®

A comparison with other coronaviruses: mucosal immunity against
SARS-CoV and MERS-CoV

The 2002 bat-derived SARS and the 2012 dromedary camels-
derived MERS constitute the two best-studied immunopathologi-
cal and clinical models of coronavirus infection in humans.'%>~'%°
SARS-CoV enters the human cells thanks to the ST domain of the
trimeric S glycoprotein which efficiently binds the ACE2 recep-
tor.""® MERS, on the other hand, exploits the CD26 (also known as
dipeptidyl peptidase 4, DPP4) receptor.'"" Interestingly, dromed-
aries mainly develop UA symptoms because DPP4 is highly
expressed in the camel nasal turbinates and larynx.'® In humans,
DPP4 is primarily expressed in type | and Il pneumocytes and,
thus, lower respiratory tract infection is more common. However,
non-ciliated bronchial epithelial cells, endothelial cells, and
epithelial cells of many other organs (kidney, intestine, liver,
thymus and bone marrow) are also susceptible to MERS-CoV.'%

Once in the low-pH environment of the endosome, the cysteine
protease cathepsin L is the principal responsible for the cleavage
of S protein of SARS-CoV, a required event to activate the
membrane fusion domain.''? Other proteases expressed in the
respiratory tract, capable of processing SARS-CoV S, include the
human airway trypsin-like protease (HAT or TMPRSS11d),
TMPRSS11a, and TMPRSS2."'*''* Regarding MERS-CoV, furin
protease is the major activator in the Golgi apparatus but
TMPRSS2 can also play a role.'"®'" In 2019, an elegant work
has revealed the complexity of the CoV-membrane-fusion
activation, using human neutralizing anti-S antibodies derived
from SARS and MERS survivors: many trimers cooperate to form
the fusion pore while the S1 subunit should be viewed as a
molecular chaperone. Moreover, at least for SARS-CoV, host
antibodies can even trigger S fusogenic conformational changes
in a marvelous example of functional mimicry.'"®

The mucosal response against SARS-CoV begins in nasal and
bronchial ciliated respiratory cells which express ACE-2.>> Notably,
binding to ACE2 downregulates the expression of the host
receptor which is a key element in the protection against acute
lung injury.'®®"'? Analogously to SARS-CoV-2, an early type | IFN-
driven inflammatory response (IFNa, IFNy, CXCL10, CCL2, and
other related proteins), an in vitro direct cytopathic effect, and the
induction of apoptosis via a caspase-dependent pathway were
demonstrated.'®®'"? There are different mechanisms through
which SARS-CoV counteracts the immune response: for example,
at least eight viral proteins were shown to block the signaling
cascades downstream of PRRs (e.g., M protein blocks E3 ubiquitin
kinase, nonstructural proteins nsp3b and nsp6 blocks the IFN-
regulatory factor 3 IRF3, etc.)."'? Furthermore, a membrane protein
can inhibit the formation of a molecular complex that contains
IKKe and, ultimately, it represses the induction of type | IFN
genes."

There is much less data available on MERS-CoV immunopatho-
genesis because of the few cases registered worldwide (<2500, as
of 31, December 2019) and of the fact that autopsies were almost
never performed for healthcare workers protection and cultural
reasons.'® The virus can be isolated from nasal secretions and it is
capable of inducing robust virus-specific CD8 T-cell responses that
were detected in most patients with severe or moderate
disease.'®""” MERS-CoV ORF4a has an analogous type | IFN-
repressing function thanks to the inhibition of melanoma
differentiation-associated protein 5; again, viral ORF4a, ORF4b,
ORF5 are able to inhibit the nuclear trafficking of IRF3 and
activation of the IFNB promoter.''?
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Fig. 3 A hypothetical role for the early mucosal response in the upper airways in SARS-CoV-2 infection progression. Following SARS-CoV-
2 entrance in the nasal or oral cavity, epithelial cells of the upper airways are the primary target site of infection. Innate immunity components
in the upper airway mucosa are responsible for the first line of defense. Humoral components such as natural antibodies (nAb) and lectins
(including mannose-binding lectin, MBL) can recognize glycoside structures of the virus, while epithelial infected cells and plasmacytoid DC
release high amounts of type | IFNs, that are crucial in the initial antiviral response. Cells of innate immunity are activated by viral PAMPS and
by the release of DAMPS from infected cells. An efficacious early mucosal innate response allows the development of adaptive immunity, with
the expansion of CD4 + helper and CD8 + cytotoxic T cells and the differentiation of Ig-secreting plasma cells. Coordinated innate and
adaptive responses contribute to the final elimination of the pathogen (upper part). However, factors such as age, smoke, pollutants,
temperature, humidity, and genetics can affect the early response, leading to an inefficacious control of viral replication (lower part). Reduced
levels of nAb and/or MBL, the presence of autoantibodies neutralizing type | IFN activity, and of impaired development of antigen-specific
CD8 + T cells are some of the factors that can predispose to uncontrolled viral propagation and infection of lower airways. Viral escape is
accompanied by a huge release of pro-inflammatory cytokines, with the recruitment and expansion of several subsets of innate and adaptive
immunity. Neutrophils accumulate in the lungs and are massively activated, leading to NETs formation. All together, these mechanisms
amplify the inflammatory response, leading to uncontrolled systemic inflammation.

Systemic diffusion and immune escape of SARS-CoV-2

SARS-CoV-2 infection results in no apparent symptoms in about
80% of patients (Fig. 3).""®""® These subjects were shown to have
a weaker immune response and a longer viral shedding from the
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UA compared to symptomatic cases.”® Asymptomatic individuals
display a reduced frequency of circulating SARS-CoV-2 specific
T cells and lower antibody titers than symptomatic ones.”>'% In
agreement with this observation, the frequency of SARS-CoV-2
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specific CD4 + T cells is higher in patients with severe COVID-19
compared to those with moderate disease, although with reduced
proportions of IFN-y secreting cells.'®® Increased frequencies of
SARS-CoV-2 specific CD8 4+ T cells were observed in mild cases,
suggesting that impaired cytotoxic T cell response may predispose
to severe COVID-19.”° On the contrary, in almost 10% of cases, an
inefficient response in the UA leads to an uncontrolled viral
replication and an exaggerated systemic response (Fig. 3).'*' The
subsequent elevation of serum cytokine levels (i.e., the so-called
“cytokine storm”) constitutes a potential source of damage for
many organs, eventually leading to multiorgan failure.®> In
agreement, infected patients show elevated serum levels of
IL1B, IFNy, IP10, and MCP1, while GCSF, IP10, MCP1, MIP1A, IL-6,
and TNFa levels were significantly higher in severe than in non-
severe cases.'? IL-6 levels continue to increase in non-survivors
compared to survivor patients,'?*'?* and a recent meta-analysis of
mean IL-6 concentrations reported 2.9-fold higher levels in
patients with complicated COVID-19 infection when compared
with patients without complications.'®> Cytokine storm is also
responsible for a general inhibition of immune cell functions
because T and NK lymphocytes from COVID-19 patients display
impaired effector functions.”’ The neutralization of IL-6 via the
drug Tocilizumab or the generalized desensitization of cytokine
network via the use of the JAK1-2 inhibitor Ruxolitinib allow
restoration of immune cell functionality.”'?*'%” Moreover, post-
mortem examination of thoracic lymph nodes and spleens from
COVID-19 deceased because of the cytokine storm shows how
TNF-a may severely affect T follicular helper cells and germinal
centers development, thus leading to impaired humoral immu-
nity."?® This observation is in agreement with data showing that
humoral immunity to SARS-CoV-2 is often short-lived.”

Among the risk factors that can predict the development of
severe disease (ACE2 expression, smoking history, comorbidities),
age is one of the most prominent.'*® It is well known that the
functionality of the immune system progressively declines with
age, leading to a higher susceptibility to infections. This condition
is known as “immune-senescence” and is characterized by a
progressive dg/sregulation of innate and adaptive cell functions in
the elderly.* Indeed, aged innate immune cells display reduced
antimicrobial functions, with a parallel, sustained secretion of pro-
inflammatory cytokines. The latter phenomenon is responsible for
the occurrence of chronic, low-grade inflammation known as
“inflamm-aging” that significantly affects adaptive immune
cells.'® It can be hypothesized that low-grade inflammation,
together with the accumulation of dysfunctional immune cells in
older individuals, may predispose to the development of
uncontrolled hyper-inflammation following SARS-CoV-2 infection.
Older people also display reduced proportions of naive T cells,
with an accumulation of terminally differentiated cells. This
phenomenon depends on a reorganization of the bone marrow
that is skewed to myeloid cells generation in the elderly, and to
the involution of the thymus that occurs with age."*® Supporting
this hypothesis, it has been demonstrated that the low frequency
of naive CD8 + T cells in the elderly is a risk factor for severe
COVID-19."" Moreover, it has been suggested that age-related
alterations may occur earlier in the mucosal than in the system
immune cells.'* This phenomenon has been demonstrated to
occur initially in the gut'®® and then in the nasal mucosa.'*
Altogether, these observations suggest that the impairment of the
nasal and NALT immune response that commonly occurs with
aging may predispose to uncontrolled SARS-CoV-2 infection, thus
resulting in systemic involvement.

Summing up, the central role of the immune response in
patients with severe COVID-19 infection is highlighted by the
immunological characteristics of the patients who have died.
Given that SARS-CoV-2 is a new virus for the human species, upon
infection, there are no components of adaptive immunity ready to
fight it and an efficacious early innate response in the nasal
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mucosa might contribute to controlling viral replication and
spreading, allowing the development of adaptive immune
responses (Fig. 2).5

COVID-19 ASSOCIATED OLFACTORY DYSFUNCTION AND
CLINICAL IMPLICATIONS

The importance of the interaction between the virus and the UA is
also suggested by the discovery that loss of smell represents one
of the early symptoms of COVID-19 infection: it is frequently
reported at the onset, sometimes as the only symptom in the
nonhospitalized population.'®> Although the loss of smell can
arise from several other sinonasal conditions, such as head
trauma, chronic rhinosinusitis, exposure to toxic agents, and many
neurological disorders, viral infections are the principal cause of
both acute and chronic olfactory dysfunction.'*® For these viruses,
both a direct injury of the olfactory neuroepithelium and indirect
mechanisms (swelling of the mucosa in the olfactory cleft,
alteration in mucus production and composition, and changes in
olfactory signaling by local cytokines) were demonstrated.'*’

An observational study that involved over two million subjects
showed that isolated anosmia (i.e., without rhinorrhea or nasal
congestion) is more predictive than all other COVID-19 symptom:s,
including fever or cough.'*® Although it depends on the way
anosmia is measured, it seems that this symptom clinically
resolves in a significant proportion of cases: in a recent study,
48.7% of patients reported complete resolution of chemosensory
impairment, 40.7% reported at least an improvement in the
severity, and only 10.6% reported no modification.'*’

The pathophysiological foundations for olfactory dysfunction
are yet unclear: while early studies had suggested, analogously to
other coronaviruses, a direct invasion of olfactory neurons
(ONs),'* this mechanism was not confirmed in post-mortem
studies.'*’ The olfactory epithelium shows a complex cytological
architecture where ONs are supported by multiple non-neural cell
types (sustentacular, Bowman'’s gland, and microvillar cells) plus
the basal globose and horizontal cells which are a reservoir of ONs
stem cells.'®” Using single-cell RNA sequencing, it was shown that
only supporting cells and horizontal stem cells in the olfactory
cleft plus vascular pericytes in the olfactory bulb coexpress ACE2
and TMPRSS2."371*2 Brann et al. have therefore proposed that
local infection of these cells may cause an “inflammatory” block of
odor conduction where the global disruption of the mucosal
architecture can hamper the processing and signal transmission to
the brain.'*? In the subset of patients showing an extensive
involvement of stem cells, epithelial regeneration cannot occur
and this would explain the small proportion of patients that do
not recover.'? Regarding the prognosis, most of COVID-19
patients with olfactory dysfunction reported an improvement
within a few weeks, and intranasal glucocorticosteroids along with
olfactory rehabilitation can be useful for those who do not fully
recover,' #3144

As previously stated, NRP1 and NRP2 are two other possible
receptors for viral entry: an international group has recently
shown that, in mice, SARS-CoV-2 infection may occur in neuronal
cells of the olfactory bulb. Remarkably, also in five out of six
COVID-19 patients, infection in the nasal olfactory neuroepithe-
lium was demonstrated at autopsy, thus suggesting the existence
of an NRP-dependent intranasal brain entry pathway that will be
the focus of future inquiry.'*

TOWARDS A COVID-19 INTRANASAL VACCINE?

A global race is underway to identify an effective vaccine against
COVID-19 and, thanks to previous research on SARS-CoV and
MERS-CoV,'*®'7 the timeline from the first discovery of the novel
pathogen and the first phase | trial of a potential vaccine has been
shortened from the usual 3-9 years to just 6 months."*®'%? The S
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Fig. 4 Comparison of parenteral and intranasal vaccination strategies. Following parenteral immunization, dendritic cells (DC) rapidly
uptake the vaccine’s antigens and migrate to draining lymph nodes. Here, DC prime antigen-specific CD4 4+ and CD8 + T cells. Contemporary,
antigen-specific B cells activate and differentiate in memory B cells and Ig-secreting plasma cells. CD4 + T cells, CD8 + T cells, B cells, and
plasma cells egress the lymph node into the bloodstream. CD4 + T cells, CD8 + T cells, and B cells enter the pool of recirculating lymphocytes,
while plasma cells will home to bone marrow niches, where they will continue to secrete antigen-specific IgG. In case of a secondary response
(SARS-CoV-2 encounter), in addition to the presence of specific IgG, CD4 + and CD8 + T cells will be recruited to the airways. The infection is
limited to upper airways, with no involvement of lower airways and no systemic inflammation. In the case of intranasal vaccination, in addition
to the response occurring in draining lymph nodes, a mucosal response occurs in the NALT. B cells differentiate in plasma cells secreting IgA,
while CD4 + and CD8 + T cells migrating in the airway mucosa develop a tissue-resident phenotype, thus do not recirculate but reside in
tissues. In the case of SARS-CoV-2 encounter, specific T cells and IgA are immediately available in the upper airways to fight the virus and are
subsequently assisted by IgG and the recruitment of T cells from the bloodstream. Thus, a faster immune response occurs, with rapid
elimination of the virus and no infection of upper airways.

protein with its receptor-binding domain (RBD) represents an ideal
candidate to elicit both cellular and humoral responses and this is
supported by the preliminary clinical experience.'*¢'#71%° For
vaccine development purposes, mouse ACE2 does not bind viral
RBD but researchers have shown that mice transduced with
adenoviruses encoding human ACE2 are efficiently infected and
develop SARS-CoV-2 pneumonia.’®' In detail, the specific epitopes
of RBD and their structural interaction with neutralizing antibodies
have been described, thus providing a framework for the rational
development of an effective vaccine.'?

Besides the many technical aspects regarding SARS-CoV-2
vaccine development (reviewed in'>3), the observation that
SARS-CoV-2 receptors are highly expressed by ciliated nasal cells
and the central role of NALT in generating an immune response to
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inhaled environmental agents supports the central role of the
nasal route in this regard. From experimental evidence, NALT
appears to be both a target and a key factor in the regulation of
the in vivo local immune response, with effects on distant sites
including the lungs.'®">* Since the nose is exposed to different
concentrations of environmental agents,* it is likely that variable
nasal infectivity might influence host immune response and, in
turn, the variability of the clinical syndrome of COVID-19.

The pathogenetic role of the nose and the relationship between
upper and lower airways in SARS-CoV-2 infection is also supported
by clinical observations that suggest an early infection in the UA
followed by subsequent aspiration and infection of the lungs."
The role of the nasal cavity in the “viral seeding” of the lower
airways is also supported by studies of the influenza virus in the
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ferret model where it was recently shown that the nasal cavity is
the main site for viral replication and shedding.'®> Together, a
cross-talk between upper and lower respiratory tract seems to be
the key factor in the transmission of infection from the early site of
virus replication to the lungs and this transmission seems to be
regulated by the activation of innate immunity by NALT, with a
modulation of the systemic immune response.”*® Such a
modulation of infectivity, replication, and activation of the
immune response at the mucosal level might be able to drive
the evolution/progression of the disease. However, the precise
mechanisms by which UA infection or inflammation modulates
the lung environment remain poorly understood. For example, the
low expression of ACE2 receptors in alveolar cells as well as its
lower infectivity in vitro might support this hypothesis although
no definitive evidence exists.'®'! In contrast, given the contam-
ination of the lower airways because of the aspiration of infected
nasal secretions, we could hypothesize that the inflammatory lung
damage may be a function of the quantity of inhaled virions."'

The host-viral initial interactions in the nasal cavity and in the
UA are crucial to modulate the subsequent systemic immune
response to SARS-CoV-2 as well as many other airborne
pathogens. In this view, the nasal administration of a future
vaccine may be helpful. Intranasal vaccines, when compared to
the conventional parenteral administration, are able to induce
efficient protective immunity in both the mucosal (by secretory
IgA) and systemic immune systems (Fig. 4)."7'*” In the last years,
some specific mechanisms showing how this immunity is induced
and maintained have been revealed. In mice intranasally exposed
to pneumococcal surface protein A, epithelium-derived thymic
stromal lymphopoietin (TSLP) was shown to be a key factor in the
differentiation of CD11b™ DCs, which, in turn, favor mucosal
defenses by producing IgA-inducible cytokines such as APRIL,
BAFF, IL-6, and TGF-b. Interestingly, TSLP-mediated stimulation of
IgA production was heavily dependent on the IL-6 levels in the
mucosal microenvironment.'>’

Regarding coronaviruses, we already knew that following
intranasal vaccination to SARS-CoV, virus-specific Trm cells
develop in the lungs, while if the vaccine is administered
subcutaneously virus-specific cells accumulate in the spleen.'”®
Of note, mice are completely protected from lethal SARS-CoV
infection only after intranasal, not subcutaneous, immunization.'>®
Indeed, the nasal immunization route may promote the develop-
ment and accumulation of SARS-CoV-2 specific CD4 and CD8
T cells with a tissue-resident memory phenotype (Trm) in the UA.
Trm cells are memory lymphocytes that, following the resolution
of the infection, do not recirculate in the blood and secondary
lymphoid organs but reside in the originally infected tissue,
providing a fast response in case of secondary infection by the
same pathogen.'* Supporting this hypothesis, it has been shown
that Trm cells in the UA could prevent the transmission of
influenza to the lower airways and the development of severe
lung inflammation.'®® Moreover, intranasal vaccination with live
attenuated influenza virus could guarantee the development of
CD4 and CD8 memory T cells in the UA and lungs.'®" Interestingly,
O'Hara et al. showed that parenteral administration of killed
pneumococci is able to generate IL-17ATCD4" Tgy in the nasal
mucosa of mice, and this prevents subsequent colonization with
living pneumococci.'®

An intramuscular chimpanzee adenovirus-vectored vaccine
against SAR-CoV-2 (ChAdOx1 nCoV-19) is currently tested on
humans after encouraging phase 1/2 trials results.">® However, in
rhesus macaques models, ChAdOx1 nCoV-19 reduced the incidence
of pneumonia but it did not generate a UA mucosal response and it
did not prevent viral shedding and, ultimately, transmission.'®® The
authors themselves observe, in their conclusions, that a change in
terms of the route of vaccination by exposing respiratory surfaces
may induce a more potent mucosal immunity, which is a key to
stop nasal shedding and transmission.'®®

Mucosal Immunology (2021) 14:305-316

The central role of the nasal microenvironment in the transmission,...
O Gallo et al.

Another group of researchers has thus exploited the intranasal
administration of a chimpanzee Ad (simian Ad-36)-based SARS-
CoV-2 vaccine (ChAd-SARS-CoV-2-S) in the aforementioned mouse
model."”" Strikingly, intranasal ChAd-SARS-CoV-2-S induced muco-
sal immunity, provided superior protection compared to the
parenteral route, and it could even promote “sterilizing” immunity
that can block interhuman transmission.'®*

CONCLUDING REMARKS

In conclusion, promoting the accumulation of SARS-CoV-2 specific
T cells in the UA thanks to a nasal vaccination may guarantee a
fast cellular adaptive response in case of exposure, thereby
allowing to control viral spreading in the UA and preventing its
dissemination to the lungs and other organs. Understanding the
complex network of the many cellular and molecular elements
involved is a necessary step to develop efficient therapeutic
agents and to induce a successful long-lasting mucosal vaccina-
tion. If the nose is indeed the initial site of infection, therapeutic
strategies that can modulate the mucosal immune response in the
UA may prove very useful against COVID-19.
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