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Abstract
Pneumonia caused by the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is spreading
globally. There have been strenuous efforts to reveal the mechanisms that the host defends itself against
invasion by this virus. The immune system could play a crucial role in virus infection. Dendritic cell as sentinel
of the immune system plays an irreplaceable role. Dendritic cells-based therapeutic approach may be a
potential strategy for SARS-CoV-2 infection. In this review, the characteristics of coronavirus are described
briefly. We focus on the essential functions of dendritic cell in severe SARS-CoV-2 infection. Basis of treatment
based dendritic cells to combat coronavirus infections is summarized. Finally, we propose that the combination
of DCs based vaccine and other therapy is worth further study.
Key words: dendritic cells (DCs) vaccine, Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
infection, immunotherapy, immune system response, therapeutic vaccine

Introduction
The attempts to treat virus infections occur even
earlier than there was an understanding of the
concept of a virus as an independent entity. The
successful development and implementation to
intervene prevention and treatment of virus infection
over the past hundred years have had great advances
on human and animal health. However, to this day, in
the fight against virus infection, there is no real
winner. In the past dozen years, the outbreak of the
novel coronavirus is the third on record spillover of
an animal coronavirus to humans after occurring of
severe acute respiratory syndrome (SARS) started in
2002 and Middle East respiratory syndrome
coronavirus (MERS-CoV) in 2014, which is resulting
in a pandemic in global. This virus is named “SARSCoV-2” from an international Committee on
Taxonomy of Viruses and identified as the “sister
virus of SARS”. There have been strenuous efforts to
develop coronavirus therapy. Pneumonia caused by

the SARS-CoV-2 is spreading continuously, the ability
to adapt host and genomic mutation of Coronavirus
(CoV) lead to hampering in treatment or control of the
infection. At the time of this writing, more than 7
million COVID-19 cases are diagnosed worldwide,
and it has been increasing still (https://www.who.
int/emergencies/diseases/novel-coronavirus-2019).
A minority of these cases progress to clinical forms
which is with one or more severe complications, such
as acute respiratory distress syndrome (ARDS) that is
potentially fatal [1, 2]. Thus, it is urgent to develop
therapeutic strategies to face the SARS-CoV-2 viral
infection at the severe stage.
The critical role of the immune system has been
found in the discovery that there are reported high
morbidity and mortality rates of human CoV infection
in immunocompromised host as well as patients with
comorbidities [3-6]. In addition, it was reported that
elderly patients with SARS-CoV-2 are at significant
http://www.medsci.org
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risk to develop severe disease and that the proportion
of severe cases is elevated in hypertensive or diabetic
patients with SARS-CoV-2 [7]. The research team
recently observed infiltration of lymphocytes, monocytes and plasma cells in lung biopsy of a patient with
SARS-CoV-2 pneumonia that is undergoing surgical
operation of lung transplantation, which immunohistochemistry analysis also showed many CD3, CD4,
CD8, CD20, CD79a, CD5 and CD38 positive cells. The
expression of these cells is predominantly
accumulated in the pulmonary interstitium [8]. The
result from another study in which an autopsy was
performed in a patient that had died revealed that
there was a large quantity of liquid overflow in
patient’s alveoli. On the other hand, it is reported that
the IL-1β, IL-18, TNF-α, IL-6, IL-8 and IL-10 produced
by immune cells causing a “cytokine storm” and
overreaction of immune response related out‐of‐
control events of inflammation, the latter would lead
to serious organ damages including lung injury [9].
These findings suggest that the SARS-CoV-2 mainly
caused inflammatory response damaging alveolar
and deep respiratory tract [10]. Not only that, but the
peripheral blood inflammatory factors are one of the
“severe and critical clinical warning indicators”. It can
be seen that the immune system could play a crucial
role in pneumonia caused by SARS-CoV-2.
The basis for developing antiviral strategies or
vaccine is a comprehensive understanding of the
interaction between the immune system and viruses.
This paper aims to find out the characteristics of
SARS-CoV-2 as well as understanding of the
interaction of this virus and the body immune system.
In this review, we briefly outline the role of immune
system in coronavirus infection and therapeutic
potential of dendritic cells to treat coronavirus
infection. We focus on strategies based on DCs
(dendritic cells, DCs) and the efforts for the next
generation of DC vaccine to combat Coronavirus
infections. We talk about the research experience of
SARS or MERS, which may help the design of DC
vaccine. Finally, we summarized the clinical trials in
patients with the viral disease using the therapeutic
vaccine based on DCs as well as the unanswered
questions.

Characterization of the Coronavirus
(CoV)
The family Coronaviridae contains four genera
called Alphacoronavirus, Betacoronavirus, Gammacoronavirus and Deltacoronavirus [11]. The members
Coronavirus (CoV) is the largest known RNA viruses.
The nucleocapsid (N), membrane (M), spike (S), and
envelope (E) protein are the viral structural proteins
expressed by CoV and they have been often

407
associated with host reaction that stirs up an immune
response by virus [12]. Human HCoV-229E and
HCoV-NL63 belong to the genus Alphacoronavirus,
while HCoV-OC43, HCoV-HKU1, SARS-CoV, and
MERS-CoV belong to genus Betacoronavirus [13].
Many have shown the importance of S protein of
CoV because S protein makes CoV to achieve both
survival and adaptive competence in varied hosts
[14]. Two functionally definite subunits, the S1 and S2
collectively constitute S protein of CoV. The former
participates in receptor recognition, whereas the S2
subunit furthers membrane fusion. For SARS-CoV,
the S protein is the potent target of neutralizing
antibody. For MERS-CoV, the neutralizing humoral
immunity is directed principally at the receptorbinding domain of the spike (S1 domain) protein.
Further study on protein structure has clarified that
both the N-terminal region and the C-terminal region
of S1 can engage host receptors and thence function as
receptor-binding domains (RBDs) [15].
In addition, CoV replicate only in convincing
target tissues, this being predominantly the
consequence of viral receptor distribution [16]. The
S-protein is the receptor-binding protein on the
surface of CoVs and appears to be the essential
determinant for infecting initial cross-species. Some
receptors of CoVs have been found. Two human
CoVs, HCoV -SARS, and HCOV -NL63 engage
different regions of angiotensin converting enzyme 2
(ACE2) [17]. HCoV-MERS engage to dipeptidyl
peptidase 4 (DPP4) [18].
ACE2 protein is a transmembrane-peptidase
which resides on the major cell surface of the
epithelial, like cell type in the cardio-system, kidney,
testes, lung and gastrointestinal tract. The
internalization mechanism of S-protein binding to
lipid rafts can also regulate the levels of the enzyme
on the cell surfaces [19, 20]. Previous studies have
confirmed that SARS-CoV-2 also infects human
alveolar epithelial cells through ACE2, and its
pathogenic mechanism is very similar to that of SARS
in 2002-2003. After attachment to a cellular receptor,
viruses enter the cytoplasm by fusion with the plasma
membrane [21]. Therefore, it is of profound
significance to study the mechanism of action of
ACE2 receptor and SARS-CoV-2 for the development
of drugs and vaccines for the treatment of diseases
infected by SARS-CoV-2. Lately, Chinese scientists
report the Cryo-EM structure of the full-length human
ACE2 and a complex between the RBD of
SARS-CoV-2 and ACE2. This has made important
progress in understanding the SARS-CoV-2 infection
in human cells, and may play a key role in promoting
accurate diagnostic and treatment methods for
SARS-CoV-2 pneumonia [22]. Research just published
http://www.medsci.org
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these results open the door to design vaccine that can
widely prevent SARS-CoV-2.

DC background
As a special group, DCs have been found by
German pathologist Paul Langerhans (1847-1888)
more than a hundred years, but the absence of deep
understanding causes of DCs to be ignored for a very
long time. In the last decades, a series of studies by
Silberberg and Steinman defined DCs as an antigen
presenting cell by demonstrating that they may very
well participate in immune responses [23].
Importantly, DCs based vaccine to patients with
prostate cancer received FDA approval in 2010
revitalized the field of study of DCs. Tremendous
advances have been achieved in elucidating the
function of DCs.
Single-cell RNA sequencing and epigenetic
testing recently have distinguished the subsets of DCs
by distinct function. Elucidating these characteristics
is such as to illuminate that the functional
specialization of DC subsets is related to their
expression of surface receptors. In fact, determination
of function and epigenetic signature of different DC
subsets provides a rationale for immunotherapy.
Viruses and those that cells have been
compromised by virus infection may carry some
danger signals that could be recognized by DCs via
receptors of the pattern recognition receptor family
including Toll-like receptors (TLRs) and C-type lectin
receptors (CLRs) [24]. During the course of virus
infection, in most cases, the Toll-like receptors (TLRs)
activated MyD88 response and TRIF-dependent
pathways, causing upregulation of IFN regulatory
factors (IRF-3, IRF-5 and IRF-7) that are able to
activate genes coding interferon and proinflammatory
cytokines [25, 26]. These give rise to the activation of
other immune cells like NK cells, which move to the
infection site. NK cells are the killer against virus in
innate immune system [27]. However, those cytokines
that produced by mature DCs behavior including
IL-12, IL-15, and IFN-α could modulate the function
of NK cells [28, 29], which differ from those of
“cytokine storm” mentioned above.
More significantly, DCs have a unique capacity
in vivo to process antigens for presentation and do not
infect DC themselves after engulfing of pathogen [30].
On the contrary, DCs undergo maturation in
processing pathogens. DC can present antigen in two
ways: Peptide derived from proteins produced within
the cell are displayed on the cell surface through
binding to specialized antigen-presenting molecules
termed MHC class I molecules. In a similar fashion,
peptides produced by non-self-contained proteins are
represented by MHC II molecules. Viral genome
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enters into the cell nucleus when DCs took over a
virus. Newly synthesized peptides are marked by
attachment to ubiquitin, degraded by proteasomes,
and their fragments transported to the newly forming
MHC class I molecule. The complexes are then
transported to the cell surface for presentation and
CD8 T cell response is triggered by MHC class I bound antigens. In addition, dying virus-infected cells
were engulfed by DCs [31]. Exogenous antigens from
the lysis are fragmented in endosomes and then
attached to MHC class II molecule for transport to the
cell surface [32, 33] and CD4 T cells can recognize
MHC class II-bound antigens. Mature DCs are
characterized by MHC presenting antigens,
co-stimulatory molecules or co-inhibitory expression
and more cytokines production. And they travel
subsequently toward the secondary lymphoid organs
to activate T cells [34]. In secondary lymphoid organs,
an immune response is characterized by the rapid
proliferation of antigen-specific T cells after exposing
to the antigens corresponding to their own receptors
and become the main force to resist the virus.
Ultimately, the T cell response is modulated by some
of costimulatory and coinhibitory receptors that are
expressed on the surface of DC. This process is very
important for control of virus replication.
The receptor expressed by a developing
thymocyte must be capable of binding with low-level
affinity for some particular MHC self-molecule, either
class I or class II, expressed by a resident thymic
epithelial cell or APC. MHC class II restriction leads to
CD4+ thymocytes and MHC class I restriction leads to
CD8+ thymocytes, and then they leave to become
mature CD4+ or CD8+ T cells. Hence, T cells in
peripheral blood carry only one of CD4 or CD8. This
differentiation makes the function of CD4+ or CD8+ T
cells differently. T cells also must possess specific
ability to recognize antigens, which has been realized
by T cell receptors (TCRs). TCRs are heterodimeric
protein complexes closed associated with either CD4
or CD8. That means the T cell must recognize the
antigen fragment in association with an appropriate
MHC molecule through its receptor complex: CD4 T
cells called T “helper” cell recognize MHC class
II-bound antigens, and CD8 T cells also called cell
toxic lymphocytes (CTLs) recognize MHC class
I-bound antigens. In secondary lymphoid organs, a
significantly amount of CD8+ T cell (also called CTL)
would proliferate after exposed to the antigens
presenting by DC corresponding to their own
receptors. They then can kill infected cells via
perforin/granzyme-mediated
lysis and
death
receptor-induced apoptosis. Not only that, activated
CD4 T cells by three signals (antigen, costimulatory
molecules, and cytokines) from dendritic cells involve
http://www.medsci.org
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the process that antibodies are produced by B
lymphocytes in response to foreign antigens. It should
be noted that the final player in the initial activation of
CD8+ T cell is the “help” provided by CD4+ T cells
specific for an antigen linked to the CD8+ T cell
epitope [35].
The germinal centers in the secondary lymphoid
tissues such as lymph nodes and spleen are the
location where B cells encounter the antigen on
follicular DCs and accept the help provided by Th
cells (CD4+ T cells also called Th cells). Then those B
cells will divide further and leave the center to form
either plasma cells or memory cells.
Besides these, in the unprimed animal, the
dendritic cells simply provide a surface on which the
antigen can be presented. In animals that have
previously been exposed to antibody combine to form
antibody-antigen complexes. The antigen-antibody
complex (also called iccosomes) is required for full
activation of the classical pathway of the complement
cascade. The latter can lead to lysis of infected cells
[36-38]. In summary, dendritic cells (DC) play a
pivotal role in virus infection (Fig. 1).
First, mature DCs are characterized by MHC
presenting antigens, co-stimulatory molecules or
co-inhibitory expression and more cytokines
production. They produce cytokines to modulate the
function of NK cells. NK cells can kill the infected

409
cells. Second, mature DCs travel subsequently toward
the secondary lymphoid organs to activate T cells
through three signals (antigen, costimulatory
molecules, and cytokines). A significantly amount of
CD8+ T cell would proliferate after exposed to the
antigens presenting by DC corresponding to their
own receptors. They then can kill infected cells via
perforin/ granzyme–mediated lysis and death
receptor–induced apoptosis. Activated CD4+ involve
the process that antibodies are produced by B
lymphocytes in response to foreign antigens. It should
be noted that the final player in the initial activation of
CD8+ T cell (also called CTL) is the “help” provided
by CD4 T cells specific for an antigen linked to the
CD8+ T cell epitope. The germinal center in the
secondary lymphoid tissues such as lymph nodes and
spleen is the location where B cells encounter the
antigen on follicular DCs and accept the help
provided by Th cells (CD4+ T cells also called Th
cells). Then those B cells will divide further and leave
the center to form either plasma cells or memory cells.
In animals that have previously been exposed to
antibody combine to form antibody-antigen
complexes (also called iccosomes). The iccosomes is
required for full activation of the classical pathway of
the complement cascade to promote phagocytic
function.

Figure 1. DC-mediated immune response in virus infection.

http://www.medsci.org
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Figure 2. Defects of DCs in CoV infection. CoV infection enables DCs to downregulate expression of MHC-I, MHC-II, and CD80/86 as well as secretion of IFN. NK cells
selectively induce apoptosis in those cells that do not exhibit MHC class I expression. Lack of mature signals of DCs results in inefficiency of T cell response.

The defects of DCs in CoV infection
First, employing flow cytometry panels to
measure account of innate immune cells found
depletion of plasmacytoid dendritic cell (pDC) clearly
correlated with disease severity [39]. Investigators
have also used single-cell RNA sequencing
(scRNA-seq) to analyze the peripheral blood samples
from patients with SARS-CoV-2 infection and found
that the conventional dendritic cells (DCs) were
significantly depleted in those who are acute
respiratory distress syndrome (ARDS) [40]. Another
study is also performed investigating of immune cell
including dendritic cell (DC) in convalescent patients
infected SARS-CoV-2 and found not only depletion of
dendritic cells but also reduction of functionality of
maturation [41].
To activate T cells, three characteristics from
mature DCs are needed. One is the antigen presented
by MHC molecules on the surface of DCs. The second
one is mediated by costimulatory molecules or
coinhibitory like CD80/86 on the surface of DCs. The
third one is cytokines secreted by DCs [42]. DCs are
considered probable targets for CoV assault. A study
found that APCs infected with MERS-CoV
downregulates expression of MHC-I, MHC-II, and
CD80/86. Lack of these DC signals results in
inefficiency of T cell response to the virus. In addition,
NK cells selectively induce apoptosis in those cells
that do not exhibit MHC class I expression [43]. In
other words, some immature DCs are killed by NK
cells in innate immune system before their homing.
Thus, the continued production of impact on DCs due

to viral persistence has a negative effect on NK cells,
Th cells, and CD8 T cells activation (Fig. 2).
Second, specific virulence genes of CoV
influence the cytokines production of DCs. Some
expression of proteins on CoV appears to be
antagonists of production or signaling of IFN [44]. A
study demonstrated that monocyte-derived dendritic
cells (Mo-DCs) infected with MERS-CoV were in the
absence of expression of IFN-β [45]. Furthermore, the
fact is the genes encoding HLA class II molecules of
samples in patients with SARS-CoV-2, were
down-regulated relative to the respective healthy
controls [40].

The advantages of mobilizing DCs for
CoV therapy
Given DCs play a pivotal role in the struggle of
the host cell in the restriction of infection by an
intruding agent, we proposed that mobilizing DCs
aims to induce both of antibody-mediated and
cell-mediated immune responses might be crucial for
SARS-CoV-2 vaccine. Generally, the advantages of
utilizing DCs can be adopted in several aspects.
Firstly, results of the study suggested that
MERS-CoV efficiently infected T cells from the
peripheral blood and from human lymphoid organs,
including the spleen and the tonsil through induced
apoptosis in T cells [46]. However, analysis of blood
cells revealed that activated CD4 T cells and CD8 T
cells were tested in of a convalescent patient with
SARS-CoV-2 [47]. In patients that have recovered
from SARS, T-cell responses have been shown in
convalescence, and memory T-cell responses can be
http://www.medsci.org
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detected even for 6 years after infection [48]. The
experiments in vitro confirmed that virus-specific
CD8+ T cells would locate in a position eliminating
infected cells following primary SARS-CoV infection.
They aptly produced multiple effector cytokines to
reduce virus titers in the lung in mice infected
SARS-CoV [49]. Another study demonstrated that
enhanced survival and reduced lung viral loads in
SCID or BALB/c mice transferring SARS-CoVimmune splenocytes or in vitro-generated T cells [50].
DCs can effectively induce CD4+ T cells to
differentiate into Th1 CD4+ T cells secreting IFN-γ.
And CD4+ T cells further help to secrete antibodies by
B cells as well as antibody isotype switching. It was
observed that the efficiency of specific immune
response induced by DC-delivered peptides is
100-1,000 times more strongly than nonspecifically
delivered peptides [51]. Next, stimulations from
mature DC reason to generate the function of CD8+ T
cells. Moreover, mature DCs can induce T cell
memory for both CD4+ and CD8+ responses [52, 53].
Also, DC as an antigen presentation carrier could
effectively improve vaccine safety. Some researches
supported that using an adenoviral-based SARS
vaccine induced antibodies and T cell-mediated
responses in monkeys immunized [54], which may
cause harmful immune responses and inflammation
[55-57]. This is the reason contributing factor to the
failure of viral vector-based vaccines. As a kind of
DCs follicular dendritic cells are resident cells in the
follicles of lymph nodes and splenic organ in human.
They present antigen–antibody complexes to B
lymphocytes and induce their proliferation and
maturation as well as the immunoglobulin class
switch. Neutralizing antibodies produced by B
lymphocytes can neutralize viruses protecting the
host cells against viral infection. As a target of
neutralizing antibodies the receptor-binding domain
(RBD) was identified in a study of MERS-CoV [58].
We can transfect fragments of identified gene to find
the region of antigenic peptide and screen out
candidate peptides possessing acceptable amount of
HLA-binding motifs. The peptides in vitro with higher
capacity of binding to HLA are utilized for pulsing
APCs to initiate specific response [59]. Identification
of antigens by the involvement of immune
components is called “immunological”. Theoretically,
using this we could mobilize DCs for CoVs therapy as
a reasonably safe alternative.

DC-based antiviral therapy: the clinical
trial
Dendritic cell vaccination for virus disease was
developed when it was observed that there was a
significant increase of HIV-1-specific T cell response
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and proliferation in HIV-1-infected patients using the
dendritic cell vaccine. In a clinical trial evaluating
DC-based immunotherapy for human immunodeficiency virus type 1 (HIV-1)-infected patients
combined antiretroviral therapy (ART), CD8+ T cell
proliferative responses were observed in 4 out of the
10 subjects [60]. Another phase II multicenter trial
cleared that most of patients with HIV-1 infection
received vaccinations of autologous dendritic cells
following ART discontinuation were induced CD4+
and CD8+ T cell responses specific [61]. By inducing
specific cellular immune response particularly CTL
response, could bring the destruction of infected cells
in theory [62]. Therefore, dendritic cell vaccination
may be extended for other viral infectious diseases
owing to their great merit and the potential for clinical
response. A phase 1/2 clinical trial with monocytederived DC vaccine in SARS-CoV-2 infection was
recently reported (ClinicalTrials.gov Identifier:
NCT04386252). We will further follow-up to find out
the evidence of safety and efficacy of appropriate of
monocyte-derived DC vaccine in SARS-CoV-2
infection.

Source and subsets of DCs in clinical trial
The CD14+ monocytes from peripheral blood
mononuclear cells (PBMCs) of patients own are a
major source of autologous Mo-DCs. Autologous
Mo-DCs are have been widely used in the clinic as
they are easier to be obtained [63]. Notably, using
Mo-DCs has to evaluate with caution due to
modulation of monocytes function by SARS-CoV-2.
Generally, CD14+ monocytes can be further
classified into three subsets: classical monocytes
(CD14++CD16-), intermediate monocytes (CD14+
CD16+), and nonclassical monocytes (CD14+CD16++)
[64]. Recent studies have shown that plasma
concentrations of several inflammatory cytokines,
such as granulocyte-macrophage colony-stimulating
factor (GM-CSF), interleukin (IL)-6, tumour necrosis
factor α (TNF-α), IL-2, 7, 10, and granulocyte colonystimulating factor (G-CSF), were increased after
SARS-CoV-2 infection, which not only decreases the
number of monocytes but also perturb peripheral
monocytes phenotypes and functions[65-67]. For
example, it was found that the number of monocytes
of patients with severe COVID-19 decreased,
particularly of classical monocytes (CD14++CD16-),
and that nonclassical monocytes (CD14+CD16++)
significantly depleted in samples from COVID-19
patients with ARDS. Moreover, in patients with
severe COVID-19, the frequencies of those
CD14+CD16+ monocytes that have diminution of
CD86, HLA class I and HLA-DR expression were
found to be increased [39, 68, 69]. Several
http://www.medsci.org
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down-regulation of type I interferon signaling and
interferon stimulated genes (ISGs) including viral
restriction factors and key receptor genes required for
monocyte activation were found in patients with
severe COVID-19[40]. Alternatively, data from
different labs revealed that CD14+ monocytes could
have been infected by SARS-CoV-2. For one thing
infected CD14+ monocytes can remodel immune
microenvironment, for another they can differentiate
into macrophages [9, 70]. As the efficacy of Mo-DCs
vaccine closely relates to the quality of the
patient-derived CD14+ blood monocytes, in the
context of SARS-CoV-2 infection, there is the
limitation of autologous Mo-DCs vaccine as strategy
of preventive and therapeutic owing to the above
reasons.
The rare CD34+ cells from hematopoietic stem
cells (HSCs) as human DC precursors exist in the
blood and bone marrow, which isolated and cultured
with GM-CSF may differentiate into DCs in vitro [71].
The umbilical cord blood (UCB) is rich in HSC, which
can differentiate into DC precursor cells and became
another source of generation of DCs in vitro [72]. Cord
blood has several potential advantages, including
rapid availability and generally milder graft-versushost disease (GVHD), leading to a reduced HLAmatch requirement. Cord blood therefore became the
preferred source of HSC-differentiated human DCs,
with best-established culture protocols. It has been
demonstrated that cryopreserved cord blood
monocyte-derived DCs could induce allogeneic T cell
proliferation [73, 74].
Bone marrow-derived MSCs (BM-MSCs) are
ideal for cell-based therapy in various inflammatory
diseases because of their immunosuppressive.
Autologous BM-MSCs applications have some
potential limitations, because auto-MSC extraction is
time-consuming, making it difficult to use them
promptly to treat acute diseases such as COVID. In
contrast, allo-MSCs are readily available and can be
administered immediately. In addition, commercial
allo-MSC production should guarantee quality
control and reduce the cost of cell therapies [75].
Therefore, allo-MSCs are promising alternatives to
auto-MSCs, with advantages with regard to time, cost,
and quality assurance. Lineage Cell Therapeutics, Inc.
toward the development of a potential vaccine against
SARS-CoV-2 based VAC2 which is candidate
platform that can product an allogeneic DC vaccine
from human Embryonic Stem Cell (hESC) (https://
lineagecell.com/). The platform technology that was
comprised of allogeneic dendritic cells is predicted to
change the landscape of DC vaccine. Therefore,
research on stem cell and DC differentiation is still in
its initial stages and face numbers of challenges.
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Extensive research to develop alternative strategies
for this field is needed.
In addition, naturally occurring DCs without
extended cytokines exposure stimulated the interest
in targeting DCs in vivo. The administration of Flt3L
induced a dramatic increase DC population in vivo
provides convenience for naturally occurring DCs
[76].

The function of subsets of DCs
There are many subsets of DCs according to their
functional and epigenetic features. Classical DCs
(cDCs) and plasmacytoid dendritic cells (pDCs) are
distinguished by their expression of CD1a and CD11c
[77, 78]. The cDCs terminally settle and develop to
cDC1 and cDC2 subsets in the tissues after the
pre-cDCs leave the bone marrow. Siglec-H-Ly6C- cells
as direct progenitors of cDC1, whereas Siglec-H+
Ly6C+ pre-cDCs were committed to the cDC2 lineage
[79]. The markers expression of pDCs includes
CD45RA+, CD14+, Sirpa+, CD303+ (BDCA-2), CD304+
(BDCA-3), CD123+. Siglec-H-Ly6C- cells as direct
progenitors of cDC1 express hallmark transcription
factors such as Id2 or BatF3, XCR1+, Clec9A+, BTLA+,
Necl2+, CD141+ (BDCA-3). Recent studies shown that
all of the cDC1 across tissues express the marker
CD26+, Clec9A+ and Xcr1+ [80], which is not changing
upon stimulation and migratory cDC1 cells are
positive for CD103+ [81]. While Siglec-H+Ly6C+
pre-cDC2 showed high Irf4 expression was
committed to the cDC2 lineage [82]. And the markers
expression of cDCs2 also includes CD172a+ (Sirpa+),
CD11b+, CD1c+ (BDCA-1), CD1a+, CD1b+, Clec10A+.
cDC2s are related to the polarization of diverse
subsets of CD4+ T cells [83].
The immune responses primed by subsets of DC
determine the differentiation of naïve T cell to
restrictive populations. Through the producing type I
and type III IFNs, plasmacytoid DCs (pDCs) can
promote innate immunity and CD8 T cell response
[84-87]. Through the secreting IL-12, cDC1s are able to
activate CD8+ T cells [88] and to induce type 1 T
helper cell (Th 1 cell) responses [89-91]. Importantly,
in the absence of IL-6 secretion, cDC1s convert T cells
to Treg cells [92-94]. In contrast, cDC2 cells excel in
priming of Th2 or Th17 cells to fight against
extracellular pathogens, fungi and allergy [95-97].
Therefore, effector responses primed by pDCs and
cDC1s may be an effective way to overcome the virus
infection.
Altered cytokine cocktails induce generation of
Mo-DC subsets, which are able to promote
differentiation of CD4+ T cells towards a Th 1 cell, Th
2 cell or Treg cell phenotype [98] (Figure 3). The “Fast
DC” that production of human DCs through
http://www.medsci.org
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GM-CSF+IL-4
(1
day)
and
IL-1β/TNF-α/
IL-6/PGE2 (1 day) is exciting because it is an efficient
and convenient method to manufacture [99, 100].
Many studies focused on introducing of “Fast DC”
into immunotherapy trials [101].

Engineering antigen pulsed DCs
A key point in the design of the DC strategy for
vaccine is antigen-bearing. In other words, the
antigens can be loaded on DCs using some techniques
making them become true immune stimulators. For
introducing or “pulsing” antigens into DCs, various
forms of antigen and delivery vehicle have been
applied, including transfection of RNAs or immunedominant peptides, and antibody-coated tumor cells,
whole cell lysates, or necrotic cells.

Antigen acquiring
The antigen acquiring is the primary condition
for DCs to mount an antigen-specific immune
response. The outbreak of the SARS-CoV-2
pneumonia is causing the global tensions. If the
specific antigens are studied from beginning to end,
this set of procedures will take a long time. The aid is
too slow in being of any help. In addition, the binding
domain of S protein receptor of 2019-SARS-CoV was
82% similar to that of SARS. Previously, scientists
have made significant research on SARS, so we can
refer to the research experience of SARS to quickly
find potential antigens. Thus, the following existing
vaccine research may help the design of antigen
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acquiring of DC vaccine.
First, structural proteins of SARS-CoV present
important features in antigenicity of the virus, such
like S protein [54, 102].
S protein induces not only the CD4 responses, it
was also found many B cell epitopes in the S-RBD
region [103-106]. In fact, he fragments 450–650 of the S
protein (S450–650) stand out from further research
[107, 108]. However, some SARS-CoV-specific
neutralizing antibodies like m396, CR3014 can’t bind
SARS-CoV-2 spike protein [109]. The fact speaks for a
limiting of experience from previous studies. Further
research demonstrated that the binding of
SARS-CoV-2 neutralizing antibodies targeting the
receptor-binding C-terminal domain 1 (CTD1s) of the
S1 subunits related to the different conformational
states of the SARS-CoV-2 surface spike [110].
Ongoing study on SARS-CoV-specific human
monoclonal antibody CR3022 have led to the
identification the ACE2 binding site within SARSCoV-2 RBD that may be developed for reverse antigen
acquisition.
A partial list of dominant epitope located the
immunogenic regions of the SARS-CoV include a
single immunodominant epitope S436 or S525 of the S
protein, EP1 (amino acids 51–71), EP2 (134–208), EP3
(249–273), and EP4 (349–422) as well as N1
(QFKDNVILL) of the N protein, which could be used
as a representative CTL antigen [49, 111, 112].

Figure 3. The “Fast DC” emerges and develops with the altered cytokine cocktails. A). Cultured with GM-CSF, IL-4 (1 day) and IL-1β, TNF-α, IFN-γ Mo-driven DC subsets are
able to activate Th 1 cell response. B). The population produced through GM-CSF, IL-4 (1 day) and IL-1β, TNF-α, IL-6, PGE2(1 day) promote differentiation of CD4+ T cells
towards a Th 2 cell phenotype. C). Cytokines including TNF-α, IL-10, IL-6, IL-21, IL27, TGF-β induce generation of DC subsets that promote the differentiation of Treg cell.
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Figure A. unresolved issues for DC-based antiviral therapy.

An article just published recently reported that
the potential specific antigens of SARS-CoV-2 might
be screened with the help of existing molecular
databases and immunoinformatics, identified five
CTL epitopes, three sequential B cell epitopes and five
discontinuous B cell epitopes [113].

Antigen loading
There are at present several approaches to
“pulse” antigens into DCs. As mentioned, transfection
of RNAs by utilizing lipid mediated transfection and
electroporation are more effective but their drawback
is the toxicity or loss of phenotype for DCs [114]. Viral
vectors and antigen nanoparticles (AgNPs) are
modified and the disadvantages caused by above
problems are solved [115], which has become an
approved method to express antigen for DCs.

Unanswered questions for human
DC-based vaccine approaches
In conclusion, the expansion of autologous
precursor cells or stem cells for the differentiation of
DCs is time-consuming, which may be not suited to
face acute inflammatory diseases. Allogeneic MSCs
are a promising option because of their low
immunogenicity and immunosuppressive. Thus,
developing off-theshelf dendritic cell product would
be an important step in treatment of covid-19 and the
use of allogeneic MSCs (allo-MSCs) from donors is a

reasonable strategy for antivirus. As with other novel
therapies, there might be subtle clinical response and
uncontrollable factors on DC-based vaccine field.
Briefly these problems consist of DCs-related
determination
including
maturity,
quality,
uniformity, safety, and standardization ex vivo
manipulation (see Figure A for details). Some of these
problems
can
be
managed
and
involves
determination of up-regulation of surface costimulatory molecules and cytokine production.
Further studies are needed to address the problem of
ex vivo manipulation, monitoring for quality control as
well as insufficient pre-clinical and clinical data.

Novel perspective: Targeting DCs
Although prior studies have characterized based
on DCs vaccination strategies in great depth,
including choice of antigen, expression vectors and
delivery vehicle, they only represent the tip of the
iceberg of potential value in DCs.
Targeting DCs in vivo and the function of distinct
DC subsets is a hot topic issued in the present years.
The DEC205 is an endocytic C-type lectin receptor
expressed by murine and human DCs in different
organs [116-118]. Using this receptor, antigens may be
targeted to DCs in vivo. New DC-targeting strategy
may achieve antigen loading, DC maturation,
enrichment, and presentation in vivo via encoding a
fusion protein comprised of an antigen and a
http://www.medsci.org
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single-chain Fv antibody (scFv) specific for the DC
endocytic receptor DEC205. It is impressive for
patients with SARS-CoV-2 infection that using this
platform develops a DC-targeting vaccine, which
might enhance antigen specific CD8+ T cell immune
response [119]. The function of the DC-targeting
platform has also been supported by the results of
studies in other viral infectious disease model such as
HIV and plague. Human DEC-205 targeted antibody
(MG38.2 Ab) [117] have acted as a vaccine against
Epstein-Bar-virus (EBV) primary infection. The extracorporeal photopheresis (ECP) represents another
novel strategy of generating of DCs [120]. Exposing
extracorporeally circulated blood to lethal doses of the
photoactivatable DNA-crosslinking drug induced
monocyte to mature into DC that possess antigen
specificity and ability to control disease. Researchers
also plan to improve the preventive vaccine via
preparative ECP-driven DCs that were loaded
microbial antigen, such as killed virus. Owing to its
pleasant safety profile, this approach can be
successfully used to immunotherapy in all area [121].
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Some of extracellular vesicle (EV) studies suggests
that the EVs secreted by DCs still attract researchers’
attention due to its ability to activate T cells responses
and promote humoral responses. Particularly,
different stimuli induced changes of DCs with the
variety of extracellular vesicles secreting by DCs [122].
The success of such efforts opened some new
perspectives in design of antiviral therapy based on
DCs. Figure 4 is a summary of several DC-based
strategies.

Discussion
For acute virus infection, it is unlikely that
based-DCs strategies are used as a single therapeutic.
In fact, combination therapy may be more effective.
The past two decades have witnessed the emergence
of several potential, but fundamentally different
strategies for virus infection, including vaccine,
monoclonal antibody, peptide, interferon therapy,
oligonucleotide (AO)-based methods and relevant
small molecule drugs. Numerous compounds are
now undergoing clinical trials. In 2004 and 2007,

Figure 4. A summary of several DC-based vaccine strategies. A. The monocytes were obtained using CD14 beads isolated from blood. They then are cultured with cytokines
to further derive functional DCs. After pulsing antigen these autologous DCs will be injected patient. B. There is another approach unlike described above. The Mo-DCs were
obtained by extracorporeal photopheresis (ECP). C. The CD34+ isolated from UCB proliferating hematopoietic stem cells as a source of DC precursors have been developed.
D. Employing a target antigen-fused anti-DC receptor antibody synthesize particles that targeted DCs in lymphoid tissues. The routes of administration include intranasal or by
patch.
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American researchers found three kinds of
monoclonal antibodies that can block the infection of
SARS-CoV. In 2013 Japanese researchers found that
the humanized preparation of ys110 monoclonal
antibody has been used in clinical trials for other
indications, and will become a promising candidate
drug for the treatment of MERS-CoV in the future. In
2014, researchers from China and the United States
identified three monoclonal antibodies targeting
MERS-CoV spike glycoprotein receptor from large
number of candidate antibody libraries. The Food and
Drug Administration (FDA) issue an Emergency Use
Authorization (EUA) for emergency use of remdesivir
for the treatment of hospitalized 2019 coronavirus
disease (COVID-19) patients. Antivirus therapy may
accelerate infected cells death, which becomes new
antigen source for DCs in vivo. Such hypothesis
predicts that it is possible to combine multiple
therapies with different mechanisms for improving
anti- SARS-CoV-2 in greater numbers of patients.
It is worth mentioning here that the andrographolide as a major component of anti-SARS-CoV-2
Chinese traditional medicines [123]. Chinese
traditional medicines have shown the functions of
clearing heat and anti-inflammatory in patients with
SARS-CoV-2[7, 123]. Some of them were selected into
the Guidelines for the Diagnosis and Treatment of
Novel Coronavirus Infection (Trial Version 7)
published by the National Health Commission of the
People’s Republic of China (NHCPRC). The
andrographolide is one of essential compounds used
for promoting tolerogenic DCs by blocking nuclear
factor-kappa B (NF-kB) activity [124]. Tolerogenic
DCs may promote regulatory T cell (Treg cell)
activation. In contrast to other immunotherapies, Treg
cell strategy could show advantages for the harmful
immune response induced by viral infection
[52,125]. Under these circumstances, tolerogenic DCs
strategy may also be beneficial. This new field has
become an emerging topic of more and more research
attention. Hence, further studies regarding the effects
of Chinese traditional medicine on function of DCs
are worth.
The harmful immune response such as “cytokine
storms” appearing in patients with infection of
SARS-CoV-2 have reported [126]. The importance of
using immunotherapeutics have been reviewed [127].
Another aspect worth noting refers to that the
combination of cell therapy and cytokine blockade
therapy is important. Nevertheless, it has not yet
gained enough attention. At this stage, combination
therapy may be helpful to patients.

Acknowledgements
We thank Michael E. Taylor for technical

416
support. This study was supported by the Liaoning
Province Key R&D Program (No. 2019JH
8/10300028).

Competing Interests
The authors have declared that no competing
interest exists.

References
1.

2.
3.
4.
5.

6.

7.
8.
9.
10.
11.
12.
13.
14.
15.

16.
17.
18.

19.
20.
21.
22.
23.

24.
25.

Yang X, Yu Y, Xu J, Shu H, Xia J, Liu H, et al. Clinical course and outcomes of
critically ill patients with SARS-CoV-2 pneumonia in Wuhan, China: a
single-centered, retrospective, observational study. Lancet Respir Med. 2020;
8: 475-81.
Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, et al. Clinical Characteristics
of Coronavirus Disease 2019 in China. N Engl J Med. 2020; 382: 1708-20.
Chen X, Chughtai AA, Dyda A, MacIntyre CR. Comparative epidemiology of
Middle East respiratory syndrome coronavirus (MERS-CoV) in Saudi Arabia
and South Korea. Emerg Microbes Infect. 2017; 6: e51.
Breban R, Riou J, Fontanet A. Interhuman transmissibility of Middle East
respiratory syndrome coronavirus: estimation of pandemic risk. Lancet. 2013;
382: 694-9.
Cotten M, Watson SJ, Kellam P, Al-Rabeeah AA, Makhdoom HQ, Assiri A, et
al. Transmission and evolution of the Middle East respiratory syndrome
coronavirus in Saudi Arabia: a descriptive genomic study. Lancet. 2013; 382:
1993-2002.
Mayer K, Nellessen C, Hahn-Ast C, Schumacher M, Pietzonka S, Eis-Hubinger
AM, et al. Fatal outcome of human coronavirus NL63 infection despite
successful viral elimination by IFN-alpha in a patient with newly diagnosed
ALL. Eur J Haematol. 2016; 97: 208-10.
Cao X. COVID-19: immunopathology and its implications for therapy. Nature
reviews Immunology. 2020.
Wei L, Yu H, Gou J, Li X, Sun Y, Li J, et al. Clinical Pathology of Critical Patient
with Novel Coronavirus Pneumonia (COVID-19). Preprints. 2020;2020020407.
Bost P, Giladi A, Liu Y, Bendjelal Y, Xu G, David E, et al. Host-Viral Infection
Maps Reveal Signatures of Severe COVID-19 Patients. Cell. 2020; 181: 1475-88
e12.
Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang C, et al. Pathological findings
of COVID-19 associated with acute respiratory distress syndrome. Lancet
Respir Med. 2020; 8: 420-2.
Madhugiri R, Fricke M, Marz M, Ziebuhr J. Coronavirus cis-Acting RNA
Elements. Adv Virus Res. 2016; 96: 127-63.
Liu DX, Fung TS, Chong KK, Shukla A, Hilgenfeld R. Accessory proteins of
SARS-CoV and other coronaviruses. Antiviral Res. 2014; 109: 97-109.
Enjuanes L, Zuñiga S, Castaño-Rodriguez C, Gutierrez-Alvarez J, Canton J,
Sola I. Molecular Basis of Coronavirus Virulence and Vaccine Development.
Coronaviruses. Adv Virus Res. 2016; p: 245-86.
Hulswit RJ, de Haan CA, Bosch BJ. Coronavirus Spike Protein and Tropism
Changes. Adv Virus Res. 2016; 96: 29-57.
Li W, Wicht O, van Kuppeveld FJ, He Q, Rottier PJ, Bosch BJ. A Single Point
Mutation Creating a Furin Cleavage Site in the Spike Protein Renders Porcine
Epidemic Diarrhea Coronavirus Trypsin Independent for Cell Entry and
Fusion. J Virol. 2015; 89: 8077-81.
Liniger M, Zuniga A, Tamin A, Azzouz-Morin TN, Knuchel M, Marty RR, et
al. Induction of neutralising antibodies and cellular immune responses against
SARS coronavirus by recombinant measles viruses. Vaccine. 2008; 26: 2164-74.
Li F. Receptor recognition mechanisms of coronaviruses: a decade of structural
studies. J Virol. 2015; 89: 1954-64.
van Doremalen N, Miazgowicz KL, Milne-Price S, Bushmaker T, Robertson S,
Scott D, et al. Host species restriction of Middle East respiratory syndrome
coronavirus through its receptor, dipeptidyl peptidase 4. J Virol. 2014; 88:
9220-32.
Satija N, Lal SK. The molecular biology of SARS coronavirus. Annals of the
New York Academy of Sciences. 2007; 1102: 26-38.
Wan Y, Shang J, Sun S, Tai W, Chen J, Geng Q, et al. Molecular Mechanism for
Antibody-Dependent Enhancement of Coronavirus Entry. J Virol. 2020; 94.
Wang Q, Zhang Y, Wu L, Niu S, Song C, Zhang Z, et al. Structural and
Functional Basis of SARS-CoV-2 Entry by Using Human ACE2. Cell. 2020.
Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. Structural basis for the
recognition of the SARS-CoV-2 by full-length human ACE2. Science. 2020.
Silberberg I. Studies by electron microscopy of epidermis after topical
application of mercuric chloride. Morphologic and histochemical findings in
epidermal cells of human subjects who do not show allergic sensitivity or
primary irritant reactions to mercuric chloride (0.1 per cent). J Invest
Dermatol. 1971; 56: 147-60.
Medzhitov R. Recognition of microorganisms and activation of the immune
response. Nature. 2007; 449: 819-26.
Kawai T, Akira S. The role of pattern-recognition receptors in innate
immunity: update on Toll-like receptors. Nature immunology. 2010; 11:
373-84.

http://www.medsci.org

Int. J. Med. Sci. 2021, Vol. 18
26. Carlin AF, Plummer EM, Vizcarra EA, Sheets N, Joo Y, Tang W, et al. An
IRF-3-, IRF-5-, and IRF-7-Independent Pathway of Dengue Viral Resistance
Utilizes IRF-1 to Stimulate Type I and II Interferon Responses. Cell Rep. 2017;
21: 1600-12.
27. Mandelboim O, Lieberman N, Lev M, Paul L, Arnon TI, Bushkin Y, et al.
Recognition of haemagglutinins on virus-infected cells by NKp46 activates
lysis by human NK cells. Nature. 2001; 409: 1055-60.
28. Boudreau JE, Stephenson KB, Wang F, Ashkar AA, Mossman KL, Lenz LL, et
al. IL-15 and type I interferon are required for activation of tumoricidal NK
cells by virus-infected dendritic cells. Cancer research. 2011; 71: 2497-506.
29. Kang SJ, Liang HE, Reizis B, Locksley RM. Regulation of hierarchical
clustering and activation of innate immune cells by dendritic cells. Immunity.
2008; 29: 819-33.
30. Law HK, Cheung CY, Ng HY, Sia SF, Chan YO, Luk W, et al. Chemokine
up-regulation in SARS-coronavirus-infected, monocyte-derived human
dendritic cells. Blood. 2005; 106: 2366-74.
31. Fremont DH, Matsumura M, Stura EA, Peterson PA, Wilson IA. Crystal
structures of two viral peptides in complex with murine MHC class I H-2Kb.
Science. 1992; 257: 919-27.
32. Neefjes JJ, Ploegh HL. Intracellular transport of MHC class II molecules.
Immunol Today. 1992; 13: 179-84.
33. DiPiazza A, Nogales A, Poulton N, Wilson PC, Martinez-Sobrido L, Sant AJ.
Pandemic 2009 H1N1 Influenza Venus reporter virus reveals broad diversity
of MHC class II-positive antigen-bearing cells following infection in vivo. Sci
Rep. 2017; 7: 10857.
34. Galluzzi L, Buque A, Kepp O, Zitvogel L, Kroemer G. Immunogenic cell death
in cancer and infectious disease. Nature reviews Immunology. 2017; 17:
97-111.
35. Janssen EM, Lemmens EE, Wolfe T, Christen U, von Herrath MG,
Schoenberger SP. CD4+ T cells are required for secondary expansion and
memory in CD8+ T lymphocytes. Nature. 2003; 421: 852-6.
36. Tew JG, Kosco MH, Szakal AK. The alternative antigen pathway. Immunol
Today. 1989; 10: 229-32.
37. Szakal AK, Kosco MH, Tew JG. A novel in vivo follicular dendritic
cell-dependent iccosome-mediated mechanism for delivery of antigen to
antigen-processing cells. Journal of immunology (Baltimore, Md : 1950). 1988;
140: 341-53.
38. Jeffrey M, McGovern G, Goodsir CM, Brown KL, Bruce ME. Sites of prion
protein accumulation in scrapie-infected mouse spleen revealed by
immuno-electron microscopy. J Pathol. 2000; 191: 323-32.
39. Laing AG, Lorenc A, Del Molino Del Barrio I, Das A, Fish M, Monin L, et al. A
dynamic COVID-19 immune signature includes associations with poor
prognosis. Nat Med. 2020.
40. Wilk AJ, Rustagi A, Zhao NQ, Roque J, Martinez-Colon GJ, McKechnie JL, et
al. A single-cell atlas of the peripheral immune response in patients with
severe COVID-19. Nat Med. 2020; 26: 1070-6.
41. Zhou R, To KK, Wong YC, Liu L, Zhou B, Li X, et al. Acute SARS-CoV-2
Infection Impairs Dendritic Cell and T Cell Responses. Immunity. 2020.
42. Kershaw MH, Westwood JA, Darcy PK. Gene-engineered T cells for cancer
therapy. Nature Reviews Cancer. 2013; 13: 525-41.
43. Natarajan K, Dimasi N, Wang J, Mariuzza RA, Margulies DH. Structure and
function of natural killer cell receptors: multiple molecular solutions to self,
nonself discrimination. Annu Rev Immunol. 2002; 20: 853-85.
44. DeDiego ML, Nieto-Torres JL, Regla-Nava JA, Jimenez-Guardeno JM,
Fernandez-Delgado R, Fett C, et al. Inhibition of NF-kappaB-mediated
inflammation in severe acute respiratory syndrome coronavirus-infected mice
increases survival. J Virol. 2014; 88: 913-24.
45. Chu H, Zhou J, Wong BH, Li C, Cheng ZS, Lin X, et al. Productive replication
of Middle East respiratory syndrome coronavirus in monocyte-derived
dendritic cells modulates innate immune response. Virology. 2014; 454-455:
197-205.
46. Chu H, Zhou J, Wong BH, Li C, Chan JF, Cheng ZS, et al. Middle East
Respiratory Syndrome Coronavirus Efficiently Infects Human Primary T
Lymphocytes and Activates the Extrinsic and Intrinsic Apoptosis Pathways. J
Infect Dis. 2016; 213: 904-14.
47. Thevarajan I, Nguyen THO, Koutsakos M, Druce J, Caly L, van de Sandt CE, et
al. Breadth of concomitant immune responses prior to patient recovery: a case
report of non-severe COVID-19. Nature medicine. 2020.
48. Channappanavar R, Zhao J, Perlman S. T cell-mediated immune response to
respiratory coronaviruses. Immunologic research. 2014; 59: 118-28.
49. Channappanavar R, Fett C, Zhao J, Meyerholz DK, Perlman S. Virus-specific
memory CD8 T cells provide substantial protection from lethal severe acute
respiratory syndrome coronavirus infection. J Virol. 2014; 88: 11034-44.
50. Zhao J, Zhao J, Perlman S. T cell responses are required for protection from
clinical disease and for virus clearance in severe acute respiratory syndrome
coronavirus-infected mice. J Virol. 2010; 84: 9318-25.
51. Hawiger D, Inaba K, Dorsett Y, Guo M, Mahnke K, Rivera M, et al. Dendritic
cells induce peripheral T cell unresponsiveness under steady state conditions
in vivo. The Journal of experimental medicine. 2001; 194: 769-79.
52. Steinman RM. Dendritic cells: understanding immunogenicity. European
journal of immunology. 2007; 37 Suppl 1: S53-60.
53. Steinman RM, Banchereau J. Taking dendritic cells into medicine. Nature.
2007; 449: 419-26.

417
54. Gao W, Tamin A, Soloff A, D'Aiuto L, Nwanegbo E, Robbins PD, et al. Effects
of a SARS-associated coronavirus vaccine in monkeys. Lancet. 2003; 362:
1895-6.
55. Song F, Fux R, Provacia LB, Volz A, Eickmann M, Becker S, et al. Middle East
respiratory syndrome coronavirus spike protein delivered by modified
vaccinia virus Ankara efficiently induces virus-neutralizing antibodies. J Virol.
2013; 87: 11950-4.
56. Pichla-Gollon SL, Lin SW, Hensley SE, Lasaro MO, Herkenhoff-Haut L,
Drinker M, et al. Effect of preexisting immunity on an adenovirus vaccine
vector: in vitro neutralization assays fail to predict inhibition by antiviral
antibody in vivo. J Virol. 2009; 83: 5567-73.
57. Weingartl H, Czub M, Czub S, Neufeld J, Marszal P, Gren J, et al.
Immunization with modified vaccinia virus Ankara-based recombinant
vaccine against severe acute respiratory syndrome is associated with
enhanced hepatitis in ferrets. J Virol. 2004; 78: 12672-6.
58. Zhou H, Chen Y, Zhang S, Niu P, Qin K, Jia W, et al. Structural definition of a
neutralization epitope on the N-terminal domain of MERS-CoV spike
glycoprotein. Nature communications. 2019; 10: 3068.
59. Vigneron N, Stroobant V, Van den Eynde BJ, van der Bruggen P. Database of T
cell-defined human tumor antigens: the 2013 update. Cancer Immun. 2013; 13:
15.
60. Routy J-P, Boulassel M-R, Yassine-Diab B, Nicolette C, Healey D, Jain R, et al.
Immunologic activity and safety of autologous HIV RNA-electroporated
dendritic cells in HIV-1 infected patients receiving antiretroviral therapy.
Clinical Immunology. 2010; 134: 140-7.
61. Allard SD, De Keersmaecker B, de Goede AL, Verschuren EJ, Koetsveld J,
Reedijk ML, et al. A phase I/IIa immunotherapy trial of HIV-1-infected
patients with Tat, Rev and Nef expressing dendritic cells followed by
treatment interruption. Clinical immunology (Orlando, Fla). 2012; 142: 252-68.
62. Verrier B. Therapeutic vaccination for chronic infectious diseases: lessons from
HIV-1. J Clin Virol. 2005; 34 Suppl 1: S9-S12.
63. Schlitzer A, McGovern N, Ginhoux F. Dendritic cells and monocyte-derived
cells: Two complementary and integrated functional systems. Seminars in cell
& developmental biology. 2015; 41: 9-22.
64. van de Veerdonk FL, Netea MG. Diversity: a hallmark of monocyte society.
Immunity. 2010; 33: 289-91.
65. Jafarzadeh A, Chauhan P, Saha B, Jafarzadeh S, Nemati M. Contribution of
monocytes and macrophages to the local tissue inflammation and cytokine
storm in COVID-19: Lessons from SARS and MERS, and potential therapeutic
interventions. Life Sci. 2020; 257: 118102.
66. Bouadma L, Wiedemann A, Patrier J, Surenaud M, Wicky PH, Foucat E, et al.
Immune Alterations in a Patient with SARS-CoV-2-Related Acute Respiratory
Distress Syndrome. J Clin Immunol. 2020.
67. Zhang X, Tan Y, Ling Y, Lu G, Liu F, Yi Z, et al. Viral and host factors related to
the clinical outcome of COVID-19. Nature. 2020; 583: 437-40.
68. Silvin A, Chapuis N, Dunsmore G, Goubet AG, Dubuisson A, Derosa L, et al.
Elevated Calprotectin and Abnormal Myeloid Cell Subsets Discriminate
Severe from Mild COVID-19. Cell. 2020.
69. Schulte-Schrepping J, Reusch N, Paclik D, Bassler K, Schlickeiser S, Zhang B, et
al. Severe COVID-19 Is Marked by a Dysregulated Myeloid Cell
Compartment. Cell. 2020.
70. Merad M, Martin JC. Pathological inflammation in patients with COVID-19: a
key role for monocytes and macrophages. Nat Rev Immunol. 2020; 20: 355-62.
71. Helga Bernhard MLD, 2 Shelly Heimfeld, Susan Hand, Julie R. Gralow, and
Martin A. Cheev. Generation of Immunostimulatory Dendritic Cells from
Human CD34+ Hematopoietic Progenitor Cells of the Bone Marrow and
Peripheral Blood'. Cancer research. 1995; 55: 1099-104.
72. Balan S, Kale VP, Limaye LS. A simple two-step culture system for the
large-scale generation of mature and functional dendritic cells from umbilical
cord blood CD34+ cells. Transfusion. 2009; 49: 2109-21.
73. Than UTT, Le HT, Hoang DH, Nguyen XH, Pham CT, Bui KTV, et al.
Induction of Antitumor Immunity by Exosomes Isolated from Cryopreserved
Cord Blood Monocyte-Derived Dendritic Cells. Int J Mol Sci. 2020; 21.
74. Fotaki G, Jin C, Ramachandran M, Kerzeli IK, Karlsson-Parra A, Yu D, et al.
Pro-inflammatory allogeneic DCs promote activation of bystander immune
cells and thereby license antigen-specific T-cell responses. Oncoimmunology.
2018; 7: e1395126.
75. Saxena M, Bhardwaj N. Re-Emergence of Dendritic Cell Vaccines for Cancer
Treatment. Trends Cancer. 2018; 4: 119-37.
76. Waskow C, Liu K, Darrasse-Jeze G, Guermonprez P, Ginhoux F, Merad M, et
al. The receptor tyrosine kinase Flt3 is required for dendritic cell development
in peripheral lymphoid tissues. Nature immunology. 2008; 9: 676-83.
77. Sato K, Fujita S. Dendritic cells: nature and classification. Allergol Int. 2007; 56:
183-91.
78. Wculek SK, Cueto FJ, Mujal AM, Melero I, Krummel MF, Sancho D. Dendritic
cells in cancer immunology and immunotherapy. Nat Rev Immunol. 2020; 20:
7-24.
79. Helft J, Anjos-Afonso F, van der Veen AG, Chakravarty P, Bonnet D, Reis e
Sousa C. Dendritic Cell Lineage Potential in Human Early Hematopoietic
Progenitors. Cell Rep. 2017; 20: 529-37.
80. Guilliams M, Dutertre CA, Scott CL, McGovern N, Sichien D, Chakarov S, et
al. Unsupervised High-Dimensional Analysis Aligns Dendritic Cells across
Tissues and Species. Immunity. 2016; 45: 669-84.
81. Edelson BT, Kc W, Juang R, Kohyama M, Benoit LA, Klekotka PA, et al.
Peripheral CD103+ dendritic cells form a unified subset developmentally

http://www.medsci.org

Int. J. Med. Sci. 2021, Vol. 18

82.

83.
84.
85.
86.
87.
88.

89.
90.

91.

92.

93.
94.

95.
96.
97.
98.
99.

100.

101.
102.
103.
104.

105.
106.
107.

related to CD8alpha+ conventional dendritic cells. The Journal of
experimental medicine. 2010; 207: 823-36.
Schlitzer A, Sivakamasundari V, Chen J, Sumatoh HR, Schreuder J, Lum J, et
al. Identification of cDC1- and cDC2-committed DC progenitors reveals early
lineage priming at the common DC progenitor stage in the bone marrow.
Nature immunology. 2015; 16: 718-28.
Wculek SK, Cueto FJ, Mujal AM, Melero I, Krummel MF, Sancho D. Dendritic
cells in cancer immunology and immunotherapy. Nature Reviews
Immunology. 2019; 20: 7-24.
Dubois H, van Loo G, Wullaert A. Nucleic Acid Induced Interferon and
Inflammasome Responses in Regulating Host Defense to Gastrointestinal
Viruses. Int Rev Cell Mol Biol. 2019; 345: 137-71.
McNab F, Mayer-Barber K, Sher A, Wack A, O'Garra A. Type I interferons in
infectious disease. Nature reviews Immunology. 2015; 15: 87-103.
Swiecki M, Colonna M. The multifaceted biology of plasmacytoid dendritic
cells. Nature reviews Immunology. 2015; 15: 471-85.
Swiecki M, Gilfillan S, Vermi W, Wang Y, Colonna M. Plasmacytoid dendritic
cell ablation impacts early interferon responses and antiviral NK and CD8(+) T
cell accrual. Immunity. 2010; 33: 955-66.
Lehmann CHK, Baranska A, Heidkamp GF, Heger L, Neubert K, Luhr JJ, et al.
DC subset-specific induction of T cell responses upon antigen uptake via
Fcgamma receptors in vivo. The Journal of experimental medicine. 2017; 214:
1509-28.
Merad M, Sathe P, Helft J, Miller J, Mortha A. The dendritic cell lineage:
ontogeny and function of dendritic cells and their subsets in the steady state
and the inflamed setting. Annu Rev Immunol. 2013; 31: 563-604.
Harpur CM, Kato Y, Dewi ST, Stankovic S, Johnson DN, Bedoui S, et al.
Classical Type 1 Dendritic Cells Dominate Priming of Th1 Responses to
Herpes Simplex Virus Type 1 Skin Infection. Journal of immunology
(Baltimore, Md : 1950). 2019; 202: 653-63.
Farrand KJ, Dickgreber N, Stoitzner P, Ronchese F, Petersen TR, Hermans IF.
Langerin+ CD8alpha+ dendritic cells are critical for cross-priming and IL-12
production in response to systemic antigens. Journal of immunology
(Baltimore, Md : 1950). 2009; 183: 7732-42.
Jones A, Bourque J, Kuehm L, Opejin A, Teague RM, Gross C, et al.
Immunomodulatory Functions of BTLA and HVEM Govern Induction of
Extrathymic Regulatory T Cells and Tolerance by Dendritic Cells. Immunity.
2016; 45: 1066-77.
Liu J, Han C, Xie B, Wu Y, Liu S, Chen K, et al. Rhbdd3 controls autoimmunity
by suppressing the production of IL-6 by dendritic cells via K27-linked
ubiquitination of the regulator NEMO. Nature immunology. 2014; 15: 612-22.
Yamazaki S, Dudziak D, Heidkamp GF, Fiorese C, Bonito AJ, Inaba K, et al.
CD8+ CD205+ splenic dendritic cells are specialized to induce Foxp3+
regulatory T cells. Journal of immunology (Baltimore, Md : 1950). 2008; 181:
6923-33.
Gao Y, Nish SA, Jiang R, Hou L, Licona-Limon P, Weinstein JS, et al. Control of
T helper 2 responses by transcription factor IRF4-dependent dendritic cells.
Immunity. 2013; 39: 722-32.
Lee J, Zhang J, Chung YJ, Kim JH, Kook CM, Gonzalez-Navajas JM, et al.
Inhibition of IRF4 in dendritic cells by PRR-independent and -dependent
signals inhibit Th2 and promote Th17 responses. Elife. 2020; 9.
Anderson DA, 3rd, Murphy KM, Briseno CG. Development, Diversity, and
Function of Dendritic Cells in Mouse and Human. Cold Spring Harb Perspect
Biol. 2018; 10.
Segura E, Touzot M, Bohineust A, Cappuccio A, Chiocchia G, Hosmalin A, et
al. Human inflammatory dendritic cells induce Th17 cell differentiation.
Immunity. 2013; 38: 336-48.
Dauer M, Obermaier B, Herten J, Haerle C, Pohl K, Rothenfusser S, et al.
Mature dendritic cells derived from human monocytes within 48 hours: a
novel strategy for dendritic cell differentiation from blood precursors. Journal
of immunology (Baltimore, Md : 1950). 2003; 170: 4069-76.
Dauer M, Schad K, Herten J, Junkmann J, Bauer C, Kiefl R, et al. FastDC
derived from human monocytes within 48 h effectively prime tumor
antigen-specific cytotoxic T cells. Journal of immunological methods. 2005;
302: 145-55.
Schaller TH, Sampson JH. Advances and challenges: dendritic cell vaccination
strategies for glioblastoma. Expert review of vaccines. 2017; 16: 27-36.
Li CK, Wu H, Yan H, Ma S, Wang L, Zhang M, et al. T cell responses to whole
SARS coronavirus in humans. Journal of immunology (Baltimore, Md : 1950).
2008; 181: 5490-500.
Wang J, Wen J, Li J, Yin J, Zhu Q, Wang H, et al. Assessment of
immunoreactive synthetic peptides from the structural proteins of severe
acute respiratory syndrome coronavirus. Clin Chem. 2003; 49: 1989-96.
Hu H, Li L, Kao RY, Kou B, Wang Z, Zhang L, et al. Screening and
identification of linear B-cell epitopes and entry-blocking peptide of severe
acute respiratory syndrome (SARS)-associated coronavirus using synthetic
overlapping peptide library. J Comb Chem. 2005; 7: 648-56.
Hua R, Zhou Y, Wang Y, Hua Y, Tong G. Identification of two antigenic
epitopes on SARS-CoV spike protein. Biochem Biophys Res Commun. 2004;
319: 929-35.
Lu W, Wu XD, Shi MD, Yang RF, He YY, Bian C, et al. Synthetic peptides
derived from SARS coronavirus S protein with diagnostic and therapeutic
potential. FEBS Lett. 2005; 579: 2130-6.
Zhao J, Wang W, Wang GF, Li Y, Zhuang H, Xu X, et al. Development and
evaluation of an enzyme-linked immunosorbent assay for detection of

418
antibodies against the spike protein of SARS-coronavirus. J Clin Virol. 2005;
33: 12-8.
108. Zhao JC, Zhao ZD, Wang W, Gao XM. Prokaryotic expression, refolding, and
purification of fragment 450-650 of the spike protein of SARS-coronavirus.
Protein Expr Purif. 2005; 39: 169-74.
109. Tian X, Li C, Huang A, Xia S, Lu S, Shi Z, et al. Potent binding of 2019 novel
coronavirus spike protein by a SARS coronavirus-specific human monoclonal
antibody. Emerg Microbes Infect. 2020; 9: 382-5.
110. Gui M, Song W, Zhou H, Xu J, Chen S, Xiang Y, et al. Cryo-electron
microscopy structures of the SARS-CoV spike glycoprotein reveal a
prerequisite conformational state for receptor binding. Cell research. 2017; 27:
119-29.
111. Liu J, Wu P, Gao F, Qi J, Kawana-Tachikawa A, Xie J, et al. Novel
immunodominant
peptide
presentation
strategy:
a
featured
HLA-A*2402-restricted cytotoxic T-lymphocyte epitope stabilized by
intrachain hydrogen bonds from severe acute respiratory syndrome
coronavirus nucleocapsid protein. J Virol. 2010; 84: 11849-57.
112. Zhao J, Wang W, Yuan Z, Jia R, Zhao Z, Xu X, et al. A study on antigenicity
and receptor-binding ability of fragment 450-650 of the spike protein of SARS
coronavirus. Virology. 2007; 359: 362-70.
113. Baruah V, Bose S. Immunoinformatics-aided identification of T cell and B cell
epitopes in the surface glycoprotein of 2019-nCoV. J Med Virol. 2020.
114. Wysocki PJ, Grabarczyk P, Mackiewicz-Wysocka M, Kowalczyk DW,
Mackiewicz A. Genetically modified dendritic cells--a new, promising cancer
treatment strategy? Expert opinion on biological therapy. 2002; 2: 835-45.
115. Tuyaerts S, Aerts JL, Corthals J, Neyns B, Heirman C, Breckpot K, et al.
Current approaches in dendritic cell generation and future implications for
cancer immunotherapy. Cancer immunology, immunotherapy : CII. 2007; 56:
1513-37.
116. Inaba K, Swiggard WJ, Inaba M, Meltzer J, Mirza A, Sasagawa T, et al. Tissue
distribution of the DEC-205 protein that is detected by the monoclonal
antibody NLDC-145. I. Expression on dendritic cells and other subsets of
mouse leukocytes. Cell Immunol. 1995; 163: 148-56.
117. Guo M, Gong S, Maric S, Misulovin Z, Pack M, Mahnke K, et al. A monoclonal
antibody to the DEC-205 endocytosis receptor on human dendritic cells.
Human immunology. 2000; 61: 729-38.
118. Ebner S, Ehammer Z, Holzmann S, Schwingshackl P, Forstner M, Stoitzner P,
et al. Expression of C-type lectin receptors by subsets of dendritic cells in
human skin. International immunology. 2004; 16: 877-87.
119. Witmer-Pack MD, Swiggard WJ, Mirza A, Inaba K, Steinman RM. Tissue
distribution of the DEC-205 protein that is detected by the monoclonal
antibody NLDC-145. II. Expression in situ in lymphoid and nonlymphoid
tissues. Cell Immunol. 1995; 163: 157-62.
120. Ventura A, Vassall A, Robinson E, Filler R, Hanlon D, Meeth K, et al.
Extracorporeal Photochemotherapy Drives Monocyte-to-Dendritic Cell
Maturation to Induce Anticancer Immunity. Cancer research. 2018; 78:
4045-58.
121. Shen X, Berger CL, Tigelaar R, Edelson RL. Development of immunogenic
tumor-loaded dendritic cells through physical perturbation and apoptotic cell
loading. Immunol Invest. 2008; 37: 798-821.
122. Segura E, Nicco C, Lombard B, Veron P, Raposo G, Batteux F, et al. ICAM-1 on
exosomes from mature dendritic cells is critical for efficient naive T-cell
priming. Blood. 2005; 106: 216-23.
123. N. Cai, Y. Li, G. Zhou, C. Xin, J. Xie, H. Zhou, X. Miu, S.Zhou, Y. He, C. Wang.
Theoretical basis and effect characteristics of andrographolide against
COVID-19. Chinese Traditional and Herbal Drugs 2020;51:1159-1166.
124. Iruretagoyena MI, Sepulveda SE, Lezana JP, Hermoso M, Bronfman M,
Gutierrez MA, et al. Inhibition of nuclear factor-kappa B enhances the capacity
of immature dendritic cells to induce antigen-specific tolerance in
experimental autoimmune encephalomyelitis. J Pharmacol Exp Ther. 2006;
318: 59-67.
125. Garcia-Gonzalez P, Ubilla-Olguin G, Catalan D, Schinnerling K, Aguillon JC.
Tolerogenic dendritic cells for reprogramming of lymphocyte responses in
autoimmune diseases. Autoimmun Rev. 2016; 15: 1071-80.
126. Catanzaro M, Fagiani F, Racchi M, Corsini E, Govoni S, Lanni C. Immune
response in COVID-19: addressing a pharmacological challenge by targeting
pathways triggered by SARS-CoV-2. Signal Transduct Target Ther. 2020; 5: 84.
127. Yang L, Liu S, Liu J, Zhang Z, Wan X, Huang B, et al. COVID-19:
immunopathogenesis and Immunotherapeutics. Signal Transduct Target
Ther. 2020; 5: 128.

http://www.medsci.org

