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Abstract

Coronavirus disease-19 (COVID-19) is a complex disorder caused by the pandemic dif-
fusion of a novel coronavirus named SARS-CoV-2. Clinical manifestations vary from si-
lent infection to severe pneumonia, disseminated thrombosis, multi-organ failure, and
death. COVID-19 pathogenesis is still not fully elucidated, while increasing evidence
suggests that disease phenotypes are strongly related to the virus-induced immune
system's dysregulation. Indeed, when the virus-host cross talk is out of control, the
occurrence of an aberrant systemic inflammatory reaction, named “cytokine storm,”
leads to a detrimental impairment of the adaptive immune response. Dendritic cells
(DCs) are the most potent antigen-presenting cells able to support innate immune and
promote adaptive responses. Besides, DCs play a key role in the anti-viral defense.
The aim of this review is to focus on DC involvement in SARS-CoV-2 infection to bet-
ter understand pathogenesis and clinical behavior of COVID-19 and explore potential

implications for immune-based therapy strategies.
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1 | INTRODUCTION

At the end of 2019, several human cases of infection by a novel coro-
navirus named SARS-CoV-2 were related to the Huanan Seafood
Wholesale Market, Wuhan, China. Since then, the wide dissemina-
tion of the infection and of its related disease, called COVID-19, to
every continent is forcing us to live with this virus for a probably very
long time. COVID-19 is a complex disorder, with the lung being the
most frequently affected site. Manifestations of COVID-19 range
from mild upper respiratory illness to severe bilateral pneumonia,
acute respiratory distress syndrome (ARDS), disseminated thrombo-
sis, multi-organ failure, and death.’® However, not all infected in-

dividuals develop a clinically significant disease. Early identification

COVID-19, dendritic cells, immune-therapies, SARS-CoV-2, vaccines

of healthy virus carriers has been the cornerstone of campaigns to
prevent infection spread since Germany's first report which demon-
strated their potential contagiousness.4

SARS-CoV-2 is a lipid-enveloped positive-sense RNA virus that
uses a heavily glycosylated spike (S) protein to attach to the cell
membrane and penetrate the host cell.’” The S protein consists of
two functional subunits: S1 contains the receptor-binding domain
that allows the engagement of the angiotensin-converting enzyme
(ACE)-2 on the target cell surface, while S2 is involved in the virus-
cell fusion process.7’8 As ACE-2 is highly expressed in trachea and
bronchial epithelia,? in type Il alveolar cells,'® and in nasal epithelial
cells,*! these locations have a key role in the initial viral infection

and spread. Nevertheless, ACE-2 expression in additional tissue/
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organ-specific cells makes them at potentially high risk for infec-
tion.!? Likewise, infection by SARS-CoV-2 can occur regardless of
ACE-2 expression,13 through alternative receptors including C-type
lectin receptors (CLR), toll-like receptors (TLR), neuropilin (NRP)-1,
dendritic cell-specific intercellular adhesion molecule-3-grabbing
non-integrin (DC-SIGN), homolog dendritic cell-specific intercellu-
lar adhesion molecule-3-grabbing non-integrin related (L-SIGN), and

macrophage galactose-type lectin (MGL).}>%*

Pathogenesis of COVID-19 is a puzzle not fully elucidated.?>1®
However, based on clinical and experimental data, there is growing
evidence that disease phenotypes are strongly related to the degree
of the immune system's dysregulation in response to the virus, as

depicted in detail in the review by Sokolowska et al'?

Briefly, innate
immune cells act as the first line of defense through the recognition
of pathogen-associated molecular patterns (PAMPs), which allow

the activation?%2?

of signaling pathways leading to the expression
of anti-viral molecules, including interferons (IFNs), interferon-
stimulated genes (ISGs), and inflammatory chemokines and cyto-
kines.?%2? However, when the virus-immune system cross talk is
out of control, a detrimental systemic inflammatory reaction, named
“cytokine storm,” can occur in infected individuals along with a si-
multaneous impairment of the adaptive immune response.ls'zo'23
Unfortunately, this scenario is not an infrequent occurrence in
the COVID-19 patient and is burdened by devastating effects be-
cause the host cannot efficiently counter the virus while harming
itself.?*2 In line with these considerations, a first Chinese report
showed that 99 subjects investigated in Wuhan had increased total
neutrophils (38%), reduced total lymphocytes (35%), increased
serum levels of interleukin (IL)-6 (52%), and increased c-reactive pro-
tein (CRP) (84%).2%%¢ Also, high amounts of IL-1B, interferon (IFN)-y,
IFN induced protein-10 (IP-10), and monocyte chemoattractant pro-
tein (MCP)-1 were observed in infected patients, resulting in acti-
vated T-helper (Th)-1 immune responses. Interestingly, higher levels
of IL-6, granulocyte-colony stimulating factor (G-CSF), IP-10, MCP-
1, macrophage inflammatory protein (MIP)-1a, and tumor necrosis
factor (TNF)-a were associated with disease severity.2>%® A retro-
spective study performed in 452 SARS-CoV-2-infected patients has
demonstrated that depletion of CD4" T cells was more prominent in
advanced disease. Conversely, there were no significant changes in
the number of CD8'T cells and B Iymphocytes.27 An additional re-
port on 140 COVID-19 patients further suggested low blood counts
of eosinophils and lymphocytes as potential markers for diagnosis
purposes.’”?® However, the pathophysiological mechanism of these
observations merits further study. In particular, when looking at
lymphopenia (i.e., apoptosis, virus-mediated cytopathic effect) it
seems that it occurs along with functional T-cell defects.'? There is
evidence that T-helper 17 cells actively participate to the cytokine
storm response,?’ while T regulatory cells are decreased.>® Also,
highly activated lymphocytes exhibit an exhausted phenotype with
high PD-1 expression, which decreases with virus clearance along
with cell function restoration.3! Finally, a further explanation of im-
pairment of T-cell functionality and anti-viral activities may rely on a
defective cell priming upon specific antigen (Ag) presentation. In this

issue, regulation of the immune response through the conversion of
type-1 to type-2, activation of M2 macrophages, and maturation of
dendritic cells (DCs) by mesenchymal stem cells has been proposed
as an alternative therapeutic strategy in COVID-19.%2

Notably, DCs and macrophages are the main components of the
mononuclear phagocytic system. In particular, DCs are the most
specialized and potent Ag-presenting cells (APCs) of the immune
system. They promote the activation of naive and memory T cells,
thus polarizing the immune response. Broadly studied in different
experimental and internal medicine areas, including transplantation,
allergy, autoimmunity, infectious diseases, and cancer,>373¢ DCs
also play a crucial role in the host defense against viruses and exert
tolerogenic activities.’

Given the multiple and pleiotropic properties of DCs and their
“bridge” position between innate and adaptive immunity, the pur-
pose of this review is to put together the available data concerning
the involvement of these cells in SARS-CoV-2 infection. This effort
aims to better understand the pathogenesis of COVID-19 and make
considerations on the potential use of DCs in immune-based treat-

ments to counter it.

2 | OVERVIEW ON DENDRITIC CELL
CLASSIFICATION AND FUNCTION

DCs encompass a heterogeneous family of bone marrow-derived
cells and are found in peripheral blood, lymphoid organs, and tis-
sues. According to the last DC classification, conventional DCs (cDCs)
and plasmacytoid DCs (pDCs) are the two main functional DC sub-
types.®®% Circulating DCs include CD11C* cDCs, that are cDC2
CD1C" and cDC1 CD141" cells, and CD11C™ pDCs, that are CD123"
and CD303" cells.’®% Conventional DCs play a fundamental role in
the Ag processing and presentation to lymphocytes. On the other,
pDCs display high anti-viral activities due to their ability to produce
type | interferon (IFN) and are thought to be involved in immune toler-
ance.*** Conventional DCs encompass a new subset with monocyte-
like characteristics, named monocyte-derived (mo)-DCs or DC3.*2This
DC subtype expresses CD11c, CD14, CD1c, CD163, receptor of the
Fc region of immunoglobulins E (FceR)-1, IFN regulatory factor (IRF)-
4, and Zbtb64. Mo-DCs express high levels of tumor necrosis factor
(TNF) and C-C motif chemokine ligand 2 (CCL2), prompt the activation
of tissue-resident memory cells, are engaged in the inflammatory site
and endowed with a strong potential to regulate tumor immunity.*3-4¢

In reality, human DC subsets are quite heterogeneous with still
little agreement on the identification and naming of new subtypes.
This makes their classification a dynamic process with the need for
continuous updating. About that, the finer characterization of at least
two subtypes of cDCs2 (A and B) seems to have gained consensus
more recently. Conventional DCs2-A express higher levels of CD11c,
CD1c, and major histocompatibility complex (MHC) class Il genes
along with CD32* and CD5. Previously named CD3, cDCs2-B are
CD14*/CD36/CD163" and express low levels of CD5 (CD5'%) and
high amounts of inflammatory cytokines.®”#*® High-dimensional



GALATI ET AL.

cytometry has permitted to redraw the blood cDC2 phenotype in
CD1c* BTLA" with low (cDC2-B) to high expression of CD5 (previ-
ously ¢cDC2-A), and DC3 phenotype in CD88 CD1c'CD163"* with
low to high expression of CD14, improving functional description of
DC3 as a lineage of inflammatory DCs holding a strong potential-
ity to regulate anti-tumor cytotoxic T-cell immune responses.*34>4¢
Additionally, single-cell RNAseq studies have identified a further
subtype of CD16*/CD1417/CD1c” DCs that cluster separately from
monocytes.42 The expression of a broad range of toll-like receptors
(TLR) and inflammatory cytokines upon lipopolysaccharide/IFN-y
stimulation makes these cells as ideal immune sentinels for detect-
ing invading pathogens.49 Finally, the existence in the human system
of non-canonical DC subtypes with merged characteristics of cDCs
and pDCs has also been proposed. This is the case of blood CD123*
cells expressing the distinctive markers AXL and SIGLEC6.%%°° While
their identity is still unclear, AXL'SIGLEC6" CD123"" CD11c"e"
DCs look closely related to cDCs2. By the other, AXL'SIGLEC6"
CcD123"8" CD11c°" DCs are phenotypically similar to pDCs but
functionally assimilable to cDCs2.424%50

With reference to tissue-resident DCs, they are subdivided into
lymphoid and non-lymphoid. Lymphoid-resident DCs are usually
found in the thymus, spleen, and lymph nodes and consist of phe-
notypically different subtypes able to process and present antigens
entering these sites.”® Specific tissue localization discriminates non-
lymphoid DCs, into distinct cell subsets such as Langerhans cells
(LC), dermal DCs in the skin, and interstitial DCs in various tissues.
Mucosal surface-associated DCs are present in the mucosa of the
oral cavity, intestinal and respiratory tracts. These cells develop
from blood precursors and continuously re-circulate from tissues to
lymph nodes where they present tissue-derived Ags to T cells.>%>2

Figure 1 summarizes the current classification of DCs.

Phenotypic profiles and functional pathways are different in
naive (immature) and mature DCs. Immature DCs display low levels
of MHC and co-stimulatory molecules. They are mainly located in
barrier tissues, such as the skin, the mucosal surfaces, and lymphoid
organs, where they act as sentinels committed to Ag uptake and pro-
cessing. Tissue damage, inflammatory processes, microorganisms,
and tumor-derived products may promote the maturation of DCs.
After that, DCs lose their endocytic activity and acquire the ability
to produce a wide array of immune-stimulating cytokines, such as
IL-12 and type | IFN, which in turn regulate the activity of effector
innate immune cells. Moreover, mature DCs possess an increased
migratory potential to lymph nodes and lymphoid organs and up-
regulate the expression of CD80-CD86 co-stimulatory molecules to
drive adaptive immune responses through an efficient Ag presenta-
tion to CD4 and CD8 T lymphocytes.”®>*

3 | DENDRITIC CELLS ARE TARGETS OF
SARS-CoV-2

A large number of studies have amply demonstrated the crucial role
that DCs play in infectious diseases. Accordingly, these cells are

highly likely to also contribute to the pathogenesis of SARS-CoV-2
infection.>®=>7 As previously mentioned, ACE-2 is an essential recep-
tor for SARS-CoV-2 entry into host cells through the interaction with
the spike protein. ACE-2 expression by interstitial lung DCs suggests
that these cells can be infected by SARS-CoV-2.8 Even though DCs
express intermediate ACE-2 levels, the infection could also occur
due to micropinocytosis or interaction with the dipeptidyl peptidase
(DPP) 4 receptor.®*® More recently, Wang et al have shown that
CD147, a transmembrane glycoprotein, can act as a new receptor
allowing SARS-CoV-2 entry in DCs.°® CD147 and ACE-2 expressions
are exclusively independent on the cell surface, suggesting that they
could mediate virus infection with complementary functions. In par-
ticular, loss of CD147 or blocking CD147 can inhibit SARS-CoV-2
replication, while CD147 over-expression promotes virus entry.’®
Dendritic cells also express DC-SIGN, which is specialized in the rec-
ognition of viral proteins with high mannose glycans.®® Cumulative
evidence has shown that both DC-SIGN and L-SIGN were involved
in the enhancement of SARS-CoV infection. However, similarly to
human immunodeficiency virus (HIV) infection,®® binding to DC-
SIGN promoted SARS-CoV transmission from DCs to susceptible
targets.“’l""4 In line with these findings, it has been recently reported
that SARS-CoV-2 upregulates the expression of DC-SIGN in mo-DCs
thus allowing the trans-infection of other cell types.®’

4 | CURRENT EVIDENCE OF DC
INVOLVEMENT IN SARS-CoV-2 INFECTION

The subtle interplay between sentinel DCs and SARS-CoV-2 remains
elusive, while some similarities are likely with the SARS-CoV infec-
tion model. DC maturation was impaired by SARS-CoV, hampering
an appropriate activation of anti-viral adaptive immunity through
a decreased expression of class | and Il MHC and co-stimulatory
molecules (CD40 and CD86).°® Also, SARS-CoV failed to trigger a
significant production of anti-viral cytokines such as IFN-«a, IFN-B,
or IFN-y by infected DCs, promoting a moderate increase of pro-
inflammatory cytokines including TNF-a and IL-6. Similarly, SARS-
CoV-infected DCs displayed a significant increment of inflammatory
chemokines such as MIP-1a, regulated on activation normal T cell
expressed and secreted (RANTES), IP-10, and MCP-1. Finally, DCs
were suggested to serve as a SARS-CoV reservoir, providing more
continuous exposure to the virus and contributing to the infection's
persistence and chronicity.$%%°

In line with these observations, viral proteins released during
SARS-CoV-2 infection are not able to induce the secretion of anti-
viral type | (IFN-o and IFN-), Il (IFN-y), or Il (IFN-A1) IFNs in mo-
DCs and macrophages.®® Likewise, SARS-CoV-2-infected lung DCs
and macrophages are leading sources of pro-inflammatory cytokines
that worsen the clinical manifestation of COVID-19.%° The attenua-
tion of IFN-related host responses is consistent with previous find-
ings in SARS-CoV-2-infected patients.67 An effective innate immune
response against viral infection consists of an efficient secretion of
type | IFN, preventing viral replication pushing toward an effective



GALATI ET AL.

FIGURE 1 Dendritic cell classification.
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adaptive immune response.®®®’ It has been estimated that about
the 15% of patients affected by life-threatening COVID-19 pneu-
monia displayed a defective type | IFN immunity. This defect is char-
acterized by inborn errors of TLR-3 and IFN regulatory factor (IRF)
7-dependent type | IFN production70 and preexisting neutralizing
autoantibodies to type | IFN.”* All nucleated cells can produce type
I IFN upon viral infection. However, pDCs are the only ones that
constitutively express high levels of IRF-7 and produce more type |
IFN than other cell types.”? A recent study has shown that pDCs are
resistant to SARS-CoV-2 infection while are efficiently activated by
the virus regardless of ACE-2 expression. In particular, SARS-CoV-2
particles promote pDCs diversification in three activated subsets
(P1, P2, and P3) that may contribute to type | IFN-dependent immu-
nity against SARS-CoV-2 infection.”®

Therefore, acute COVID-19 patients could display DC defects
acquired during the disease's progression that are not directly re-
lated to the virus itself. Proportions of conventional and plasmacyt-
oid DC subsets have been found lower in severe COVID-19 patients

7475 with restoration of DC impairment

than in healthy individuals,
during convalescence.”® Similarly, the recovery of pre-DC2 and
DC3 absolute numbers was reported in severe COVID-19 patients
following virus clearance and seroconversion.”® Single-cell RNA
sequencing analysis has furtherly shown that decreased propor-
tions of pDCs and cDCs were detectable in the peripheral blood
of eight patients with COVID-19. Notably, there was a significant
depletion of cDCs in samples from patients with adult respiratory
distress syndrome (ARDS).”” Accordingly, the proportions and ac-
tivation profiles of DC subtypes have also been evaluated in 64
COVID-19 patients stratified according to different clinical se-
verity levels. Data showed a cDC2 depletion in peripheral blood

related to specific recruitment to the lungs in patients with severe
COVID-19. On the contrary, blood circulating cDC1 and pDCs were
dramatically reduced in all COVID-19 patients regardless of their
clinical status and were undetectable in the lungs of cases devel-
oping severe ARDS.”® Frequencies of circulating pDCs were also
reduced in additional 50 SARS-CoV-2-infected patients regardless
of disease severity.”’ Interestingly, new findings of multi-process
defects affecting the pDCs displayed both increased pro-apoptotic
pathways and decreased viral innate sensing, through loss of TLR7
and DEAH-Box Helicase (DHX)36. Also, cDC2 effector functions
could be impaired through a decrease of MHC class lI-related genes
and of MHC class Il trans-activator activity, suggesting viral inhi-
bition of Ag presentation in severe COVID-19. These mechanisms
uncovered previously unknown defects related to both innate and
adaptive immunity in SARS-Cov-2 infection.®° In this regard, it has
been demonstrated that low frequencies of CD8" T lymphocytes
predict high mortality and clinical severity of COVID-19 pneumo-
nia.882 |n analogy with these findings, it may be hypothesized that
any progressive immune-associated injury and inadequacy could
have detrimental effects on acute COVID-19 outcomes. Based on
this assumption, a recent study performed in 41 COVID-19 pa-
tients, including 17 acute and 24 convalescent cases, revealed that
the frequency and functionality of blood circulating DC subsets
were significantly reduced in patients compared to healthy con-
trols. Also, patients with acute disease displayed proportions of
cDCs significantly lower than pDCs. Reduction of DCs was associ-
ated with functional impairment for maturation and CD8'T-cell ac-
tivation, resulting in an imbalance between the increase of specific
antibodies against SARS-CoV-2 and the loss of T-cell responses
during the acute phase of the infection.®® Similarly, early (first
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week) reduction of mature CD80*/CD86" cDCs and total pDCs
has been correlated with disease severity.8* Also, high-dimensional
flow cytometry revealed an affected developmental phenotype
in the cDC2 lineage and expansion of monocyte-myeloid derived
suppressor cells (mo-MDSC)-like which allowed the discrimination
of different patient clusters, with an IFN-imprint in cDCs1 in all
patients and a decreased CD200R expression in pre-DCs, cDCs2,
and DC3. Interestingly, changes in circulating monocyte and DC
lineages were mirrored in the lung tissue.”®

The abundant expression of ACE-2 in the lung and small intes-
tine epithelia makes these organs the gateway to the virus. However,
additional targets include the liver, heart, kidney, skin, muscle, ves-
sels, and central nervous system.gs'86 To the best of our knowledge,
data on tissue DCs in SARS-CoV-2 infection/COVID-19 are scare.
Activated mast cells and DCs along with neutrophils were increased
in the broncho-alveolar lavage of COVID-19 patients than in healthy
controls.®” Conversely, depletion of DC subsets and reduced ex-
pression of pro-inflammatory cytokines were found in the gastro-
intestinal (Gl) tract of good prognosis COVID-19 patients presenting
only GI symptoms.® Unlike natural killer cells and B lymphocytes,
CD11c* DCs and CD11b* macrophages specifically infiltrated the
lung and intestine and not the liver and kidney of three COVID-19
patients. Both cell types did not express the leukocyte activation
marker DR with the local milieu being characterized by increased
TNF-a and IL-10 expression.8¢

In conclusion, through a synoptic evaluation of the presented
data, it could be speculated that the reduced numbers of DCs and
the dysregulated IFN signaling may be involved in the impaired pro-
gression from innate to adaptive immunity as evasion strategies
adopted by SARS-CoV-2 with significant impact on disease out-
comes. It is possible to assume that this scenario may contribute
to the failure of the so-called trained immunity to keep viral infec-
tion under control and avoid hyper-inflammation, in analogy with
other models of infection of DCs.8%7° Interestingly, the weakness
of this process, which enables “memory” innate immune cells to
quickly respond to unrelated recalling stimuli through the epigen-
etic reprogramming of IFN and immune signaling, has been linked
to recognized risk factors for a worst COVID-19 prognosis, includ-
ing older age, comorbidities, and male gender‘91 With respect to
this last issue, epidemiological data have clearly shown sex-based
differences in COVID-19 outcome, with men accounting for about
70% of deaths.”? The sex-based difference in antibody response is
a deeply characterized immunological process that may account
for this observation as well. Interestingly, it has been hypothesized
that X-linked immune genes involved in pDC-mediated type | IFN
signaling occur more efficiently in females leading to the efficient
production of SARS-CoV-2 neutralizing antibodies.”* The ability of
estrogen to stimulate DCs is an additional protective factor that
may help explain why women are affected but less severe forms of
COVID-19 with reduced mortality.”®

An overview of the DC involvement in SARS-CoV-2 infection is

illustrated in Figure 2.

5 | DENDRITIC CELLS AND COVID-19 IN
AGED PATIENTS

The SARS-CoV-2-related pandemic has demonstrated a striking
demographic bias in the number of cases and deaths affecting the
elderly subjects and especially those with comorbidities with an in-
creased risk for worst prognosis and mortality. Older patients for
these characteristics also represent a sensitive target in the case of
vaccination against COVID-19 for the greater risk of anaphylactic
reactions, as recently reported by Bousquet et al>%*
Immune-senescence results from the imbalance between
inflammatory and anti-inflammatory mechanisms that lead to
chronic inflammation with a significant impact on aged individuals’
survival and fragility. Interestingly, immune-senescence is part of
the so-called "inflamm-aging," which is characterized by reduced
ability to tolerate an inflammatory milieu and increased production
of inflammatory cytokines, acute-phase proteins, and oxidative
stress.”?% It has been shown that immune-senescence can influ-
ence the function of cDCs upon stimulation with a TLR-7 ligand,
affecting the activation of naive CD8" T lymphocytes and the
generation of effector cytotoxic T cells.”’ Furthermore, DC dys-
function occurring in aged individuals promotes the expression of
pro-inflammatory cytokines and reduces that of anti-inflammatory
and immune-regulatory cytokines. In particular, impairment of
type | and Il IFNs secretion increases the aged subjects’ suscep-
tibility to viral and bacterial infections.” Given these findings, it
is likely that any functional alteration of DCs may be contribut-
ing to an increase in the susceptibility to severe COVID-19 clinical
phenotypes and poor outcomes in the elderly. Of course, these
aspects deserve further study for a better characterization of the

hypothetical phenomena.

6 | DENDRITIC CELLS AND COVID-19 IN
CHILDREN

To date, prevalence of SARS-CoV-2 infection is lower in children
than in adults. Most infected children are asymptomatic or have
mild symptoms not requiring hospitalization.%'99 Several hypoth-
eses have postulated children's lower risk of being infected by
SARS-CoV-2, including the different nature of the innate immune
response,'®® but a comprehensive explanation is still lacking. It is
likely that children have less inflammation driven by PAMP activa-
tion along with a type-2 skewed immunity. These features while de-
crease the host protection against the virus are, however, beneficial
as they guarantee an hypo-inflammatory milieu.'°*

Interestingly, some studies have reported small percentages
of children developing a clinical picture named multisystem-
inflammatory syndrome in children (MIS-C), emerging as a late man-
ifestation of SARS-CoV-2 infection.’®> MIS-C is characterized by
persistent fever and systemic hyper-inflammation, with clinical fea-

tures resembling the Kawasaki disease. Recent evidence suggests
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that decreased levels of innate immune cells including pDCs and low
expression levels of HLA-DR and CD86 on monocytes and DCs may
account for animpairment of Ag presentationin these patients.lol103
A comparison study between MIS-C and COVID-19 children has re-
vealed that circulating pDCs were more severely decreased in the
former than in the latter.®* Interestingly, COVID-19 children also
showed higher IFN-a plasma levels and increased expression of type
I IFNs inducible genes than MIS-C patients, clearly strengthening

the key role that pDCs have in anti-viral immunity.69

7 | DENDRITIC CELLS AND COVID-19
IN PATIENTS SUFFERING FROM ALLERGIC
DISEASES

Current evidence does not suggest a higher risk for severe COVID-19
in allergic subjects.'®> One explanation may rely on the finding that
asthma and allergic respiratory disorders have been associated
with a significant reduction of ACE-2 expression in nasal and bron-
chial cells, both in adults and children.1?106 However, dysfunction
of epithelial barriers in allergic diseases may predispose patients
to viral infections.}0%107198 Thjs pecause the allergic environment

itself can affect the innate immune system, including DCs. Data
show that pDCs from atopic subjects and asthmatics have an im-
paired IFN-a secretion upon ex vivo exposure to influenza viruses
or rhinoviruses.2°1° This defect is inversely related to IgE serum
levels which in turn are correlated with the strinking decrease of
TLR expression on pDCs in asthmatics, clearly explaining their in-
creased susceptibility to respiratory viral infections triggering ex-
acerbation events.'%7"%M1! Treatments targeting type-2 immune
responses, that is, omalizumab, by blocking free IgE allow to recover
the ability of pDCs to produce IFN-a thus improving anti-viral activ-
ity and reducing disease exacerbation rates.'**"*'* Taken together,
these observations suggest that asthmatics may have greater fragil-
ity in countering SARS-CoV-2 infection due to a predisposing DC
dysfunction. However, to the best of our knowledge, no focused
studies in this patient population are available. Certainly, additional
considerations are of interest with regard to the type-2 immune
response which characterizes these patients. Indeed, it is likely
that it may have beneficial effects on the cytokine storm in acute
COVID-19,%>2%23 through the antagonization of pro-inflammatory
cytokines, while contrasting the virus spreading through the inhibi-
tion of ACE-2 expression.!> As a consequence, inhibition of type-2
immune responses in severe and critical COVID-19 cases may cause
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an aggravation of the disease. In line with this feeling, there is in-
dication that all biological therapies should be discontinued in al-
lergic patients with COVID-19 until viral clearance is achieved.'0®
Conversely, there are no concerns about a decreased tolerability of
allergen immunotherapy in the COVID-19 setting.}*

8 | STRATEGIES FOR DC-BASED
THERAPIES AGAINST SARS-CoV-2
INFECTION

As of January 2021, 68 anti-COVID-19 vaccines have been tested
in clinical trials around the world. Four of them have already been
approved, while 20 and 24 are still in phase Ill and phase Il clinical
trials, respectively.117 Anti-COVID-19 vaccines are mainly using viral
vectors, nucleic acids (RNA), protein subunits, and inactivated or
killed viruses. Overall, vaccines based on these platforms require ad-
juvants to improve their ability to induce an immune response since
they are less immunogenic than live attenuated virus vaccines.!*®
DCs may represent an alternative vaccine candidate thanks to
their ability to process and present Ags to immune cells. This option
has proven effective in countering cancer and viral infections.'*” In
particular, several data have established the clinical safety and po-
tency of DC-based vaccines to activate natural killer (NK) cells, CD8*
and CD4" T lymphocytes.''? Additionally, the faculty of DCs to move
between lymphoid and non-lymphoid tissues and to modulate cyto-
kine and chemokine secretion, thus regulating lymphocyte homing
and inflammation, represents an intrinsic essential feature for ef-
fective immunotherapy.*?° Personalized vaccines employing ex vivo
generated DCs, mainly obtained from peripheral blood mononuclear
cells (PBMCs), mo-DCs, or CD34" hematopoietic stem cell progen-

itors loaded with different Ags, have been extensively investigated

in numerous preclinical and clinical studies.'*” Although several of
these efforts have clearly demonstrated the safety and immunoge-
nicity of these DC-based vaccines, the clinical benefit was, however,
poor.}?1122 Next-generation DC-based vaccines using naturally cir-
culating DCs have successfully overcame this limitation as blood-
derived specific DC subtypes are superior to their in vitro generated
counterparts for therapeutic vaccination purposes.123 More re-
cently, alternative approaches employing the direct in vivo Ag de-
livery to DCs by using chimeric proteins and adjuvants to boost the
immune response are under investigation in cancer therapy with
promising results.124-126

Some preclinical trials are actually testing DCs in the generation
of anti-COVID-19 vaccines. The first attempt has adopted the chi-
meric antigen receptor (CAR) T-cell strategy which is an immune-
oncology approach. It is under testing in phase I-Il multicenter trials
including healthy subjects and infected individuals aged between
6 months and 80 years. In detail, a lentiviral vector system carrying
minigenes expressing SARS-CoV-2-related proteins (S, M, E, and N)
in combination with the P polyprotein protease gene is used to mod-
ulate DCs (LV-SMENP DCs, NCT04276896). The trial objectives are
first to check the vaccine safety, and then to assess the cytotoxic
T-cell responses and clinical improvement of SARS-CoV-2-infected
individuals in the same age range.

The second strategy is to test autologous DCs previously loaded
ex vivo with the SARS-CoV-2 S protein (even pulsed or not with
GM-CSF) in healthy adults >18 years old. The trial aims (enrollment
not yet initiated) will be to evaluate the vaccine safety and its ef-
ficacy by measuring the levels of circulating anti-S specific 1gG
(NCT04386252).

Finally, a novel approach may consist of combining DCs with
nanotechnology by using extraordinary functional molecules such

as nanoparticles (NP). NPs can specifically activate DCs in vivo to

TABLE 1 Clinical trials adopting anti-SARS-CoV-2 vaccines using DC-based or DC-boosting strategies

Administration

Vaccine type (description) route Phase Reference Status

DC-based vaccines

Injection and infusion of LV-SMENP DC vaccine and antigen- IM and IN I-11 NCT04276896 Recruiting
specific CTLs

Autologous DCs loaded ex vivo with SARS-CoV-2 S protein SC I-11 NCT04386252 Not yet recruiting
(AV-COVID-19), even pulsed or not with GM-CSF

NP-based vaccines boosting DC functions

Injections of SARS-CoV-2 recombinant S protein nanoparticle IM 1 NCT04611802 Active, not
vaccine (SARS-CoV-2rS) with matrix-M1 adjuvant or recruiting
placebo

Injections of nanoparticle-formulated, nucleoside-modified IM 1 NCT04368728 Recruiting
RNA vaccineencoding the SARS-CoV-2 full-length spike®

Injections of nanoparticle-formulated, nucleoside-modified IM 1 NCT04470427 Active, not
RNA vaccineencoding the SARS-CoV-2 full-length spike® recruiting

Abbreviations: CTLs, cytotoxic T lymphocytes; DC, dendritic cell; EMA, European medicines agency; FDA, food drug administration; GM-CSF,

granulocyte macrophage-colony stimulating factor; NP, nanoparticle.

2Following the approval of regulatory agencies (FDA, EMA, etc.) both BNT162b2 (BioNtech and Pfizer) and mRNA-1273 (Moderna), are already in use

worldwide.
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induce anti-virus immune responses. NP-based vaccines employ self-
assembling viruses (virus-like particles), lipids (liposomes), proteins,
metals, and polymers which also act as their adjuvant.127 Numerous
pieces of evidence have reported that NP-based vaccines have a
good safety profile and high immunogenic potential, with the ability
to target DCs for efficient Ag processing and presentation.*?® In par-
ticular, the simultaneous targeting of DC subsets (i.e., DC-SIGN* and
BDCA3") by NPs can significantly improve vaccine efficacy against
tumors and pathogens through the synergic triggering of T cell-
mediated immune responses.129

It is of interest that some of the most hopeful anti-COVID-19
vaccines use nanocarriers for packaging to improve stability and
ensure efficient Ag processing. In particular, NVX-CoV2373, a
self-assembled nanoparticle vaccine derived from the recombi-
nant expression of full-length S protein by a Baculovirus expres-
sion system in moth cells (Novarax), has an efficacy of 89.3% in
a phase Il clinical trial performed in the UK (NCT04611802).
Accordingly, the NP-based messenger RNA (mRNA) BNT162b2
(BioNtech and Pfizer) and mRNA-1273 (Moderna) anti-COVID-19
vaccines have been shown to be effective in preventing COVID-19
in randomized placebo-controlled phase Ill clinical trials. In this
regard, two doses of BNT162b2 have a protective effect of
94.8%.1%9 Likewise, the mRNA-1273 vaccine has an estimated
94.1% effectiveness in preventing COVID-19, including severe ill-
ness.*3132 The prophylactic effectiveness of these vaccines goes
together with a favorable safety profile. Indeed, serious allergic
reactions to anti-COVID-19 vaccines are infrequent events that
are likely to primarily occur in subjects with history of allergic re-
action to vaccine components.'®3

Table 1 schematically illustrates clinical trials adopting anti-
SARS-CoV-2 vaccines using DC-based or DC-boosting strategies.

9 | CONCLUSIONS

Dendritic cells are key players tailoring innate and adaptive immune
responses against viral infections. An increasing number of informa-
tion begins to emerge about SARS-CoV-2 infection. To date, avail-
able data show that acute SARS-CoV-2 infection leads to a rapid
depletion of host DCs along with T-cell function abnormalities. The
immune response's dysregulation could have significant implications
in disease pathogenesis, clinical severity, contagiousness, and vul-
nerability to future virus re-exposure. Also, these alterations can
harm the induction and persistence of immunological memory and
the preparation and efficacy of vaccines.

Future efforts should be to analyze in greater detail the inter-
actions between SARS-CoV-2 and DC subsets during the different
phases of the natural history of the infection/disease. Indeed, a more
comprehensive understanding will help to decipher still unclear as-
pects of pathogenesis while offering the opportunity to identify

sensitive targets for new therapies.
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