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Abstract
The coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), represents an unprecedented global public health emergency with economic and social consequences. One of the
main concerns in the development of vaccines is the antibody-dependent enhancement phenomenon, better known as
ADE. In this review, we provide an overview of SARS-CoV-2 infection as well as the immune response generated by the
host. On the bases of this principle, we also describe what is known about the ADE phenomenon in various viral infections
and its possible role as a limiting factor in the development of new vaccines and therapeutic strategies.
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Introduction

The first cases of coronavirus disease 2019 (COVID-19),
caused by the severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), were identified in December 2019
in China. The spread of this disease occurred rapidly
throughout the world mainly due to its forms of trans-
mission, being the most important the contact with re-
spiratory fluids (exposure to respiratory droplets carrying
infectious viruses).1

Following the outbreak in China, a trend of increasing
cases grew exponentially as it was observed. As a con-
sequence of this rapid spread, the World Health Organi-
zation (WHO) declared COVID-19 as an international
public health emergency, and in March 2020, it was de-
clared a pandemic. As a result of this unexpected pro-
gression, health authorities around the world entered into a

state of alert facing the need to implement unprecedented
sanitation and isolation protocols.2

The state of pandemic has caused a great impact on both
the economic and public health level around the world,
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because of social distancing, border closures, and the
performance of essential activities only. According to the
WHO, in the week of April 12th to April 20th, 2021, more
than 140 million cases and more than 3 million deaths have
already been reported worldwide, new cases continued to
rise globally, in the past week to over 5.2 million new
reported cases. Possible reasons for this increase include
the continued spread of more transmissible variants of
concern (VOCs). The countries such as India, the United
States of America, Brazil, Turkey, and France reported the
highest number of cases.2

Regarding the health implications of this disease, it has
been described that the majority of patients infected by
COVID-19 have symptoms of a common cold such as fever,
cough, fatigue, headache, and muscle pain as well as diarrhea.
In some cases, severe shortness of breath can also occur.3

Although most patients have a favorable prognosis, in some
cases this may not be the scenario. A poor prognosis has been
associated with the presence of some chronic diseases and
comorbidities including hypertension, diabetes, coronary
heart disease, and obesity. In the case of diabetes, patients are
more susceptible to developing the so-called “cytokine storm”
that leads to a rapid deterioration of COVID-19.4,5

Another important aspect regarding the pathogenesis of
COVID-19 is the occurrence of the phenomenon called
antibody-dependent enhancement (ADE). This mechanism
involves endocytosis of virus–antibody immune com-
plexes into cells through interaction of the antibody Fc
region with cellular Fc receptors (FcRs). In this event, pre-
existing non-neutralizing or sub-neutralizing antibodies to
viral surface proteins that were generated during a previous
infection can promote the subsequent entry of viruses into
the cell and therefore intensify the inflammatory process
during a secondary infection with any antigenic-related
virus.6–8 The occurrence of ADE may represent one of the
greatest challenges for scientists working on the devel-
opment of a safe vaccine against COVID-19.

For the aforementioned, in this review, we provide an
overview of SARS-CoV-2 infection as well as the immune
response generated by the host. On the bases of this
principle, we also describe what is known about the ADE
phenomenon in various viral infections and its role as a
limiting factor in the development of new vaccines and
therapeutic strategies.

Structure and pathogenesis
of SARS-CoV-2

The Coronaviruses (CoVs) are viruses that show morpho-
logical similarity to a solar corona appearance under an
electron microscope due to the presence of "spike" glyco-
proteins. These CoVs belong to the large family Coronavir-
idae, which consists of two subfamilies: Orthocoronavirinae
and Torovirinae. The Orthocoronavirinae subfamily is

classified into four genera: alpha coronaviruses, beta coro-
naviruses, gamma coronaviruses, and delta coronaviruses.
Among these, the beta genus is the one that has been described
as capable of causing severe illness and even death among
infected individuals.9,10

The genome of this beta-CoV has been classified as a
single-stranded ribonucleic acid (RNA) virus consisting of
26–32 kbp and contains 7–10 open reading frames (ORF).
Two-thirds of the genome encodes the replicase-
transcriptase proteins, and a third part encodes the four
structural proteins: spike (S), envelope, membrane, and
nucleoprotein. The S-glycoproteins on the surface of CoVs
comprise the receptor-binding domain(s) and contribute for
host cell binding, host–viral cell membrane fusion, and
virus internalization while the M-glycoprotein plays a role
in the virion envelope formation and assembly.9–12

Therefore, the entry of the coronavirus into susceptible
cells is a complex process that requires receptor binding
and proteolytic processing of protein S to promote virus–
cell fusion. As anticipated above, SARS-CoV-2 is acquired
by exposure to respiratory fluids of infected individuals and
less through contact with fomites.13

SARS CoV interacts directly with angiotensin-
converting enzyme 2 (ACE2) to enter target cells. At the
onset of the infection, SARS-CoV-2 targets mainly host
cells that express ACE2, including bronchial cells, airway
epithelial cells, alveolar epithelial cells, macrophages in the
lung, and vascular endothelial cells.14

After the recognition and binding of the SARS-CoV-2
S-glycoprotein with ACE2 in the host cells, the S-protein is
cleaved by transmembrane protease serine 2 (TMPRSS2)
to reveal the S2 domain necessary for the fusion of the viral
membrane–host cell and the entry of the virus. Once the
viral content is released into host cells, the viral RNA that
enters, begins its replication, production, and release of
new viral particles (Figure 1(a)).14,15

Innate immune response

After SARS-CoV-2 enters the host cells, it is recognized by
pattern recognition receptors (PRRs) such as Toll-like
receptor-7 (TLR7) and TLR8, which are expressed by
epithelial cells that activate the local immune response,
recruiting macrophages and monocytes that respond to
infection (Figure 1(b)).

Once SARS-CoV-2 binds to PRRs, the recruited adapter
proteins activate transcription factors. This includes in-
terferon regulatory factor (IRF) and Nuclear factor κB (NF-
κB), that lead to the production of antiviral type I interferon
(IFN), and cytokines that induce an alarm signal in
neighboring cells to attract other cells of innate immunity
including polymorphonuclear cells, natural killer cells
(NKs), dendritic cells, and monocytes.16,17 One of the
signature features of this disease in patients with worst
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Figure 1. The Immune Response and Immunopathology of COVID-19. (a) The entry of SARS-CoV-2 into cells is mediated by the
binding of TMPRSS2 and S-glycoprotein with the ACE2 acting as a receptor that facilitates viral binding to the membrane of the host
cells. The virus enters by endocytosis and releases its RNA, replicates and creates new virions that cause a rapid progression of the
infection. (b) Bronchial epithelial cells, type I and type II alveolar pneumocytes, and capillary endothelial cells become infected and a
response occurs that leads to recruitment of macrophages, monocytes, neutrophils, and cytokine production in response to virus
entry. (c) Sub-epithelial dendritic cells recognize the virus antigen and present them to CD4 + T cells that induce the differentiation of B
cells into plasma cells that promote the production of virus-specific antibodies. Neutralizing antibodies can interact with phagocytes and
NK cells and enhance antibody-mediated clearance of SARS-CoV. (d) A dysfunctional immune response leads to excessive cell
infiltration, cytokine storm, inflammation, apoptosis, and multi-organ damage. Ab, antibody; ACE2, angiotensin-converting enzyme 2;
FcγR, Fcγ receptor; IL, interleukin; MHC, major histocompatibility complex; TCR, T-cell receptor; TMPRSS2, transmembrane protease
serine 2; TNF-a, tumor necrosis factor.
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prognosis is the high serum levels of cytokines such as IL-
1β, IL-6, TNF, IL1RA, and IL-8. These cytokines have an
important role in the exacerbation of the inflammatory
process and lead to the recruitment of other immune cells
such as neutrophils and T cells. Among infiltrated innate
cells, neutrophils can promote the destruction of viruses,
but they can also worsen disease progression by inducing
severe lung lesions.18,19

Types I and III IFNs are considered to be crucial in the
antiviral response, and SARS-CoV-2 has been shown to be
sensitive to pretreatment with IFN-I and III in vitro
assays.20,21 The IFN timing and location are a key factor for
an effective response against the virus. A study of the
Middle East respiratory syndrome (MERS) in mice dem-
onstrated that blockade of IFN signaling leads to a delayed
virus clearance with increased neutrophil infiltration and
alteration in T cell response. Conversely, 1 day of IFN-I
administration protected mice from lethal infection,
meanwhile, delayed IFN treatment failed to inhibit the
replication of the virus.22

One of the most important questions that arises in re-
lation to innate immunity is how the SARS-CoV-2 evades
the immune response. In a recent study, Kaneko et al.,
propose that the evasion of the antiviral aspects of innate
immunity and the inflammatory process as a consequence
of the virus can probably result in an alteration of the
environment that leads to the attenuation of immunity of
CD8 + T cells. In addition, there is an absence of germinal
centers with reduction of B cells; therefore, it gives rise to a
memory with a short duration and to B cells without high
affinity. So far, it is still a very difficult question to an-
swer.23 However, it has been shown that patients with
COVID-19 with worst prognosis showed poor IFN-I sig-
nals compared to patients with a favorable prognosis.24

Additionally, various evasion mechanisms have been
described for CoVs, with viral factors that antagonize
pathways from PRR detection, cytokine secretion, and IFN
signal induction. CoVs are able to evade PRRs by pro-
tecting the double strand RNA (dsRNA) with membrane-
bound compartments formed during viral replication.
Furthermore, SARS-CoV-2 is protected with guanosine
and methylated by nonstructural proteins. They resemble
host mRNA to promote translation, prevent degradation,
and avoid detection of RIG-I-like receptors (RLRs).25–27

Adaptive immune response

Themain mechanisms for decreasing viral replication, limit
virus spread, and inflammation include the production
of various pro-inflammatory cytokines, the activation of
CD4 + and CD8 + T cells.28,29

The mechanism for the presentation of viral peptides
occurs once the virus is inside respiratory cells. They are
presented through the major histocompatibility complex

(MHC) class I for cytotoxic CD8+ T cells which are essential
to mediate elimination of cells infected by the virus. Addi-
tionally, the virus and its viral particles can be presented in the
context of MHC class II by means of antigen-presenting cells,
including dendritic cells and macrophages. They are in charge
of presenting viral proteins to CD4+ T cells that provide the
signals necessary for the induction of B cells and differen-
tiation of plasma cells producing virus-specific neutralizing
antibodies (Figure 1(c)).28,29

However, in patients with COVID-19, a low count of
lymphocytes, CD4+ T cells, CD8+ T cells, B cells, and NK
cells has been shown. Likewise, severe cases have presented
lower levels of these cells compared tomild cases.30 Secretion
of type I IFNs dramatically increases the response of CD8 + T
cells against viruses, but SARS-CoV-2 has been shown to
possess nonstructural proteins that induce a decreased re-
sponse to type I interferon (IFN) in infected cells. Therefore,
the decrease in type I IFNs by different non-structural proteins
of SARS-CoV-2 could explain themarked absence of CD8+ T
cell response in COVID-19 patients.31–33

Kaneko et al., evaluated subsets of CD4+ T cells in lymph
nodes and the spleen and observed that TH1 cells increase
steadily at the beginning and end in lymph nodes and the
spleen, also, a constant decrease in TH2 cells was described.
Furthermore, FOXP3 + T reg cells make up a large part of the
CD4+ Tcell population at the end of disease.23 Furthermore, it
was shown that patients with significant decreases in T cell
counts, especially CD8+ T cells, have elevated levels of IL-6,
IL-10, IL-2, and IFN-γ in the peripheral blood.34

Elevated cytokine secretion promotes cell infiltration
inflammatory by establishing an aberrant inflammatory
feedback loop that can cause damage to the lung. It can also
cause damage through the secretion of proteases and re-
active oxygen species (ROS) with subsequent alveolar
damage and desquamation of alveolar cells. This results in
inefficient gas exchange in the lung, which is reflected in
low oxygen levels in patients.35

Overall, impaired acquired immune responses and un-
controlled innate inflammatory responses to SARS-CoV-2
can cause cytokine storms that are associated with COVID-
19 severity states and can lead to migration to different
organs, causing multi-organ damage (Figure 1(d)).36

Antibody responses in COVID-19 patients occur in
conjunction with CD4+ Tcell responses that induce B cells to
differentiate into plasma cells and subsequently produce
antibodies. In patients with SARS-CoV infection, the main
target of neutralizing antibodies is the virus S glycoprotein,
particularly with its receptor-binding domain (RBD), which is
responsible for the binding of the virus to the ACE2 in host
cells.37 Neutralizing antibody responses to protein S possibly
begin to develop in week two, and in most patients, antibody
titers are detected by the third week.38,39

A recent study conducted by Ni et al., 202040 showed
the presence of specific IgM and IgG antibodies for the
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structural proteins N (nuclear) and S-RBD in serum of
recently negative COVID-19 patients compared to healthy
donors. The IgG anti-SARS-CoV-2 was also higher in titers
than IgM in follow-up patients compared to healthy donors.
This indicates that patients with COVID-19 have IgG- and
IgM-mediated responses to SARS-CoV-2 proteins, espe-
cially N and S-RBD. It also proposes that previously in-
fected patients could maintain their IgG levels for at least
2 weeks after receiving a negative COVID-19 test result.40

The devil in disguise: What happens when
antibodies go bad

All viruses initiate infection by adhering to host cells
through the interaction between viral proteins and receptor/

coreceptor molecules on target cells (Figure 2(a)) As
mentioned above, the host’s humoral response is respon-
sible for generating specific antibodies to surface proteins
that inhibit this step of the infection cycle, resulting in virus
neutralization. Conversely, in some cases, these antibodies
may paradoxically favor the infection process as part of a
phenomenon better known as antibody-dependent en-
hancement (ADE).41

Regarding the mechanism of ADE, it has been described
that it involves endocytosis of virus–antibody immune
complexes into cells through interaction of the antibody Fc
region with cellular Fc receptors (FcRs). It is well known
that the FcγRI (CD64) binds with high affinity to IgG
monomerically while FcγRII (CD32) and FcγRIII (CD16)
do so with low affinity and are activated by immune
complexes.42 In this regard, it is postulated that myeloid

Figure 2. ADE phenomenon. (a) The conventional mechanism of infection by SARS-CoV 2 consists of the binding of its S-protein to the
cellular receptor ACE2. After the union of the SARS-CoV-2 virus to the receptor, a conformational change occurs in the S-protein
necessary for the fusion of the viral envelope with the cell membrane for subsequent endocytosis. Subsequently, SARS-CoV-2 releases
its genetic material into the host cell. The RNA of the viral genome is then translated into proteins necessary for the subsequent assembly
of viriomes in the ER and Golgi. These visions are then transported through vesicles outside the cell by exocytosis. The ADE
phenomenon can be classified as two different mechanisms: ADE through enhanced infection and ADE through enhanced immune
activation. (b) In ADE through increased infection, antibodies of a non-neutralizing or sub-neutralizing nature cause viral infection
through FcγRIIa-mediated endocytosis, resulting in a more severe disease phenotype. (c) In ADE via enhanced immune activation,
non-neutralizing antibodies can form immune complexes with viral antigens inside airway tissues, resulting in the secretion of pro-
inflammatory cytokines, immune cell recruitment, and activation of the complement cascade within lung tissue. ADE, antibody-
dependent enhancement; ACE2, angiotensin-converting enzyme 2; CR, compliment receptor; ER, endoplasmic reticulum; FcγRIIa, Fc γ
receptor IIa; IFN-a, interferon a; IL, interleukin; IRF, interferon regulatory factors; iNOS, inducible nitric oxide synthase; PGE2,
prostaglandin E2, RNA, ribonucleic acid; TNF-a, tumor necrosis factor.
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cells that express FcRs such as monocytes and macro-
phages, dendritic cells, and certain granulocytes can pro-
mote ADE through phagocytic uptake of the immune
complexes. Although ADE is principally mediated by IgG
antibodies, IgM along with complement, and IgA anti-
bodies have also been described as capable of ADE43

The phenomenon of ADE is an event that occurs in
some viruses, where pre-existing non-neutralizing or sub-
neutralizing antibodies to viral surface proteins that were
generated during a previous infection can promote the
subsequent entry of viruses into the cell and therefore
intensify the inflammatory process during a secondary
infection with any antigenic-related virus.6,8

ADE was first described in 1964 by Hawkes, who
demonstrated increased infectivity of various arboviruses
such as Japanese encephalitis virus, West Nile virus,
Murray Valley encephalitis virus, and Murray Valley virus
and Getah virus under in vitro conditions.6 Prior to that,
there were also previous reports positing pre-existing non-
neutralizing antibodies as responsible for increased in-
fection with various human and animal viruses, including
dengue virus (DENV), Zika virus (ZIKV), Ebola virus,
human immunodeficiency virus (HIV), Aleutian mink
disease parvovirus, Coxsackie B virus, equine infectious
anemia virus, feline infectious peritonitis virus, simian
hemorrhagic fever virus, caprine arthritis virus, respiratory
syndrome virus, and reproductive disease and African
swine fever virus. To date, ADE has also been demon-
strated with models using monoclonal antibodies and in
vitro models of polyclonal sera using cells expressing the
Fc receptor, including K562 and U937 cell lines, as well as
primary human monocytes, macrophages, and dendritic
cells.44

Molecular mechanism of ADE

In order to clearly understand ADE, it has been broadly
categorized into two different mechanisms; when the
specific antibody enhances viral entry into host monocytes/
macrophages and granulocytes or when it promotes viral
infection in cells through interaction with FcR and/or
complement receptor. Although these mechanisms are
not mutually exclusive, their classification was proposed in
order to understand the biological process involved at the
molecular level.8,45

ADE via enhanced infection

As mentioned earlier, FcRs are mostly expressed by im-
mune cells and are receptors directed to Fc portion of an
antibody. In ADE, via enhanced infection, non-neutralizing
or sub-neutralizing antibodies bind to the viral surface
and traffic virions directly to macrophages, this complex
is internalized by Fc-receptor-bearing cells, including

monocytes/macrophages and dendritic cells and subsequently
leads to the phosphorylation of Syk and PI3K that triggers
signaling for FcγR-mediated phagocytosis. Alternatively,
activating FcγR can concentrate immune complexes on the
surface of the cell. The virion can then bind to its receptor to
enter the cell via receptor-mediated endocytosis. These
processes culminate in an increased virus load and disease
severity (Figure 2(b)).8,44,46

It is also worth mentioning that this mechanism can be
abrogated in the absence of the Fc receptor. The activation
of Fc receptors triggers signaling molecules that also in-
duce IFN-stimulated gene (ISG) expression, independent
of type-I IFN. Because ISGs have powerful antiviral ef-
fects, viruses must develop tools to suppress these antiviral
responses in target cells for ADE to occur. For example, in
DENV infection, the ADE phenomenon requires the
binding of DENV to the leukocyte immunoglobulin re-
ceptor B1 (LILRB1). As a result, LILRB1 signaling can
inhibit the pathway that induces ISG expression.47,48

ADE via enhanced immune activation

The second, recently described and less studied mechanism,
through which ADE can occur, is well represented by path-
ogens that cause respiratory infections. In these conditions,
Fc-mediated antibody effector functions are capable of
enhancing respiratory disease by initiating a strong immune
cascade that results in severe lung pathology (Figure 2(c)).45

This mechanism can also be induced when virus–
antibody C1q complexes promote fusion between the vi-
ral capsule and the cell membrane by deposition of C1q and
its receptor. This complex binds to the C1q receptor in cells
and initiates the intracellular signaling pathway. The
classical complement pathway is then initiated, leading to
the activation of C3, whose fragment can be covalently
linked to the bound antibodies or the surface of the virus
particles then favors the binding of the virus and its re-
ceptor, as well as the subsequent endocytosis.10,43

Interestingly, another mechanism for the ADE phenom-
enon that has been rather described in the multisystemic
inflammatory syndrome in children is that mediated by mast
cells; these cells are capable of degranulating both IgE and
IgG antibodies bound to Fc receptors.49

In this sense, a model of multisystemic inflammatory
syndrome in children has been proposed in babies with
maternally transferred antibodies against SARS-CoV-2 in
which the activation and degranulation of mast cells with
SARS-CoV-2 antibodies bound to the Fc receptor lead to
an increase in histamine levels. In this model, the binding
of the SARS-CoV-2 nucleocapsid to the PTGS2 promoter
results in prostaglandin E2 (PGE2) which may be driving
overactive mast cells as an alternative mechanism that
drives increased histamine levels in older children and
adults.49
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The best known so far (but also
misunderstood) ADE phenomenon: ADE
in DENV infection

The DENV is a mosquito-borne virus of the Flaviviridae
family (with four serotypes identified DENV1-4) capable
of causing classic dengue (DF), dengue hemorrhagic fever
(DHF), and dengue shock syndrome (DSS) showing
tropism for monocytes, macrophages, and dendritic
cells.42,48,50

There exists no cross-antibody protection for the four
serotypes, which means the antibodies induced by each
serotype cannot work on others. In the case of a secondary
infection, if infected by the virus of same serotype, the
antibodies produced in previous infections are capable of
effectively neutralizing the virus. On the contrary, these
antibodies will not only neutralize viruses, but may also
even facilitate viral entry through Fc portions of antibodies
and will increase viral load in vivo.8

According to this hypothesis of ADE, the antibodies
produced in a DENV infection can recognize and bind to
a different serotype of DENV than that of the primary
infection but are not able to neutralize it. Instead, these
antibodies facilitate the entry of non-neutralized virus–antibody
complexes (immune complexes), primarily through FcγR
into phagocytic mononuclear cells (MPCs).48

The DENV represents the best documented example of
clinical ADE via enhanced infection. After ligation of FcR,
DENV activates IL-10 production at an early phase of
infection. The suppressor activity of IL-10 during ADE
infection induces Th2 bias and inhibits the JAK-STAT
signaling pathway through the suppressor cytokine sig-
naling system (SOCS). ADE also results in a higher rate of
virus internalization by increasing the number of fusions
per cell.44,45,51

Since many antibodies to different dengue serotypes are
cross-reactive, secondary infections with heterologous
strains can lead to increased viral replication and more
severe disease. Typically, both DHF and DSS occur in this
setting, presenting more severe forms of symptoms, such as
thrombocytopenia, fever, and hemorrhagic manifestations.
It has also been shown that the presence of these cross-
reactivated non-neutralizing antibodies can predispose to
more severe disease and even the development of DHF and
DSS.45,52

SARS CoV-2 and ADE, what is known and
what remains to be known?

Despite all reports generated in recent months in response
to the pandemic, there is still no detailed information re-
garding the mechanism of the ADE that occurs in SARS-
CoV-2 infection. One of the best accepted hypotheses so far
is that in the SARS-CoV-2 infection, pre-existing CoV-

specific antibodies are capable of promoting viral entry into
FcR-expressing cells. ADE is mediated by the binding of
FcRs, mainly CD32 expressed in different immune cells,
including monocytes, macrophages, and B cells. The in-
fection of CD32+ cells is a key step in the development of
the COVID-19 and its progression from mild to severe
form.53,54

A potential hypothesis states that circulating non-
neutralizing antibodies, instead of helping to eliminate
circulating SARS-CoV-2, can then bind to viral particles
and thus contribute to the worsening of COVID-19 by
promoting its Fc-mediated internalization by pulmonary
epithelial cells and infiltrating monocytes, as it has been
observed in previously mentioned diseases such as SARS-
CoV-1.55

One particularity about this mechanism is that ADE of
SARS-CoV does not use endosomal/lysosomal pathway as
used by ACE2 during normal virus transport into the cell,
but instead it has been described as a possible mechanism
for viral entry where non-neutralizing antibodies recog-
nizing the RBD of the S-protein of the coronavirus bind to
the Fc receptor and allow virus entry. The non-neutralizing
antibodies–Fc receptor complex mimics the cell surface
virus receptor and favors virus entry pathways into IgG Fc
receptor-expressing cells.6,52

This phenomenon could also explain the observed
impairment of immune regulation such as apoptosis of
immune cells leading to the development of T-cell lym-
phopenia, an inflammatory cascade, as well as a storm of
cytokines.8,54

An important difference between the ADE phenomenon
previously described for DENV and SARS-CoV is that
there is no evidence that ADE facilitates the spread of
SARS-CoV in infected hosts. Therefore, ADE in this
disease would be best described as “ADE of viral entry”
which does not necessarily result in a productive viral
infection, meaning that ADE of viral entry in vitro does not
predict ADE of infection and ADE of disease.56

Antibodies are capable of promoting virus attachment
and entry into the immune cell, where they start to replicate
without production of viable virions. This pseudo infection
may be due to the inability of macrophages to express the
serine proteases necessary for virion activation. For their
part, immune complexes (virus–antibody) can promote an
infectious process after being internalized through the
FcRs. Furthermore, pulmonary epithelial cells have been
reported to express high levels of FcγRIIa. The virus in-
troduced into the endosome through this pathway will
likely involve TLR3, TLR7, and TLR8 capable of rec-
ognizing RNA. SARS-CoV infection by ADE in macro-
phages leads to elevated production of TNF and IL-6. It
was also observed in a murine SARS-CoVmodel that ADE
is associated with a decrease in the levels of the anti-
inflammatory cytokines IL-10 and TGFβ and increased
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levels of the pro-inflammatory chemokines CCL2 and
CCL3.7,53,54

ADE in the case of SARS-CoV-2 can occur due to the
priming caused by other CoVs, leading to development of
non-neutralizing or poorly neutralizing antibodies. It is
known that antibodies to the S-proteins of SARS-CoV and
SARS-CoV-2—and, to a much lesser extent, MERS-
CoV—can cross-react, and both high-potency neutralizing
antibodies that also mediate antibody-dependent cytotox-
icity and antibody-dependent cellular phagocytosis, as
well as non-neutralizing antibodies, can be elicited against
conserved S-epitopes. Despite the above, the limited
spread of SARS-CoV and MERS-CoV means that it is
not feasible that antibodies with cross-reactivity due to
another coronavirus infection are the responsible ele-
ment for the development of ADE, but rather those that
were generated during a first infection or after passive
immunization.8,57

The ADE hypothesis is further supported by the results
of a study on viral kinetics and antibody responses in
patients with COVID-19 where it was found that stronger
antibody response was associated with delayed viral
clearance and increased disease severity. Patients with an
elevated IgG response showed only 9% of virus shedding
on day 7 after IgG developed. In the case of weak IgG
patients, 57% shed the virus. Furthermore, an association
was found between a more severe disease phenotype and
earlier IgG response, concurrently with IgM and higher IgG
antibody titers.58

The hypotheses regarding ADE are however conflictive
and somehow even contradictory. As stated by Jaume et al.,
it was observed in an in vitro analysis that ADE infection
promoted viral gene transcription and the production of
viral gene protein synthesis and intermediate species,
which can be then recognized by immune sensors and
potentiate an immune response. Therefore, proposing a
possible participation of immune-mediated enhanced dis-
ease during SARS pathogenesis suggests very little clinical
significance for this mechanism. In this same study, it was
observed in a different cell line, (Raji cells, derived from a
Burkitt’s lymphoma patient) that ADE infected cells did
not support replication of SARS-CoV-1, ultimately ending
in an abortive viral cycle without the detectable release of
progeny virus.59

In addition to the above, recent reports indicate that the
percentage of patients with COVID-19 that develop cross-
reactive antibodies is significant. In a study by Shrock et al.,
a serological profile of patients with and without previous
COVID-19 infection was performed. In this study, it was
found that the studied patients presented cross-reactive
antibody titers, and it is suggested that this may have
various effects on the disease, from a less severe prognosis
when they were able to neutralize the virus to a serious
infection when ADE is developed.60

Another important aspect that needs to be studied fur-
ther is the relationship between ADE-epitopes. This was
previously reported for DENVand ZIKV.61,62 In the case of
SARS-CoV-2, this association was reported for the first
time in the article by Zhou et al., where monoclonal cells
were isolated from memory B cells, later a group of non-
overlapping receptor-binding domain was identified.
(RBD) epitopes that were directly associated with ADE and
favored the entry of the virus into Raji cells via an Fcg
receptor-dependent mechanism.56 This is of utmost im-
portance especially when considering the design of vac-
cines, which, as mentioned later, must be capable of
triggering a strong neutralizing response, which is why the
epitopes to which they will be directed must be carefully
selected.

Finally, it is also important to take into account that
detailed research is lacking to elucidate the possible
mechanism of ADE in SARS-CoV-2 infection, mainly due
to the fact that the studies carried out at present have been
carried out in viral infections (such as DENV) with dif-
ferences in their pathological mechanisms as well as in
animal models (such as the feline infectious peritonitis
virus [FIPV]) where mechanisms of pathogenesis in the
human host differ among viruses, therefore difficult to
translate the mechanisms of infection.57

ADE as a possible threat to vaccine efficacy

All vaccines have the objective of generating a response
from the host against an antigen that is not capable of
causing a disease but of provoking a response against that
antigen that will be effective in subsequent encounters
with it. As we have been discussing, the mechanism of
ADE makes vaccine development particularly difficult
due to similarity to a natural infection. Vaccines against
one specific serotype produce cross-reactive non-
neutralizing antibodies against other serotypes, predis-
posing the enhanced illness in secondary heterotypic
infection.52

The immune mechanisms of this phenomenon involve
from ADE of infection to the formation of immune
complexes by antibodies, although accompanied by vari-
ous coordinated cellular responses, such as Th2 T-cell
skewing.63 Another important point to consider is that
not only sub-neutralizing or non-neutralizing antibodies are
associated with the development of ADE; according to the
study by Liu et al.,55 anti-spike IgG (S-IgG), in produc-
tively infected lungs, causes severe ALI by skewing
inflammation-resolving response.

To avoid the development of ADE, the strategy used in
the development of current vaccines was to target the
immunodominant epitope, in this case, that corresponds to
the S-protein. The S1 subunit presents two highly im-
munogenic domains, the N-terminal domain (NTD) and the
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RBD, which are the major targets of polyclonal and
monoclonal neutralizing antibodies.64,65 Because the S-
proteins of SARS-CoV-2 are accessible and play an es-
sential role in the entry of the virus into the host cell, and
therefore the mechanism of infection, they are considered
to be prime antibody targets.66

Understanding the structure of SARS-CoV-2 epitopes,
particularly within S, provides essential information for the
development of vaccines that favors the production of
neutralizing antibodies rather than antibodies that could
exacerbate the severity of ADE infection.60 In general,
RNAviruses are known to be highly susceptible to random
mutations due to the lack of exonuclease proofreading
activity of virus-encoded RNA-dependent RNA polymerases
(RdRp)67 with some exceptions such as Nidovirales order (to
which the Coronavirus genus belongs). In SARS-CoV, an
exonuclease activity with proofreading function has been
described for the nsp14 (ExoN), and a homologue nsp14
protein is found in the SARS-CoV-2 as well.68

The high error rate and subsequent rapid evolution of
virus populations, which could lead to the accumulation of
amino acid mutations, could affect the virus’ transmissi-
bility, its cellular tropism, and even its pathogenicity.69

Although several vaccines have gained (emergence)
regulatory approval and are being distributed worldwide,
we cannot ignore the possibility that the evolution of the
virus, based on natural selection, can directly affect the S-
protein to which these vaccines are directed, and therefore
the newly mutated virus can escape antibody-mediated
protection induced by previous infection or vaccination.70

Amino acid sequences of SARS-CoV-2 are available
from NCBI GenBank and by the Global Initiative on
Sharing All Influenza Data (GISAID). The first complete
genome sequence of SARS-CoV-2 was released on NCBI
GenBank (NC 045512.2).67 According to these reported
sequences, the linear genome of the SARS-CoV-2 virus is
29,903 bases long and houses 25 genes.71 To date, 4150
mutations have been identified in the S-gene of SARS-
CoV-2 isolated from humans, resulting in 1246 changes in
amino acids, including 187 RBD substitutions compared to
the reference genome.72

The main variants identified that seem to have high
relevance in the immunogenicity of the virus are D614G,
N501Y, and E484K mutations of the RBD.73–76

The D614G mutation in protein S represents a change
from nucleotide A to G at position 23,403 in the first
Wuhan reference strain. The D614G change is commonly
detected along with three other mutations: a C to T change
in the UTR 5 ’ (position 241 relative to the Wuhan ref-
erence sequence), a silent mutation from C to T at position
3037, and a C-to-T mutation at position 14,408 that results
in an amino acid change in the RdRp P323L. This,
comprised the four aforementioned mutations, represented
the dominant global form as of May (78% of a total of

12,194 sequences).73 The D614G mutation has been re-
ported as capable of improving the replication capacity of
SARS-CoV-2 in the upper respiratory tract through in-
creased virion infectivity, this was demonstrated in the
human lung cell line Calu-3 and the primary tissues of the
human upper respiratory tract.73

It was also observed that patients infected with the G614
variant of the virus developed higher levels of viral RNA in
nasopharyngeal smears than those with the D614 virus but
did not develop a more severe disease. This suggests that
despite affecting the replication capacity of the virus, this
mutation did not influence the severity of the infection.77

The N501Y variant was identified in the UK as VUI-
2020/01 or lineage B.1.1.7. This lineage is composed of 14
defining mutations in protein S. This variant has a mutation
in the RBD of the peak protein at position 501, where the
amino acid asparagine (N) has been replaced by tyrosine
(Y). The N501Y mutation is one of the six key contact
residues within the RBD.78

This change in different fundamental residues in the
binding site could affect the fusion of the host cells–virus
and, therefore, the infectivity of the virus.79 As of De-
cember 28, 2020, this variant accounted for approximately
28% of cases of SARS-CoV-2 infection in England.74

The E484K mutation in the S-protein of the virus has
been identified in the South African (B.1.351) and Bra-
zilian (B.1.1.28) variants and has been reported to be an
escape mutation from the immune response.80

This variant consists of a change in codon 484 in that of
the RBD where a negatively charged amino acid (E,
glutamic acid) is substituted with a positively charged
amino acid (K, lysine).81

Due to the location of this mutation, like the other
variants, it has been directly associated with changes in the
mechanism of infection of the virus and even on the ef-
ficacy of the immune response of the organism or that
induced by a vaccine to the virus.80 Studies have also
shown that the presence of this variant directly affects the
average binding of convalescent sera (>10 times) reducing
the neutralization activity of some individuals.75

Recently, the BNT162b2 nucleoside modified RNA
vaccine encoding the full-length SARS-CoV-2 protein (S)
was reported to be effective in inducing neutralizing geo-
metric mean titers of antibodies against SARS-CoV-2 virus
constructs containing key peak mutations of the newly
emerging UK (UK) and South African (SA) variants: N501Y
from the UK and South Africa; Deletion 69/70 + N501Y +
D614G from the UK; and E484K + N501Y + D614G de SA,
thus suggesting that the efficacy of this vaccine is not sig-
nificantly affected by these variants.82

Recently, the delta variant (B.1.617.2) was described,
which is characterized by mutations in the peak protein
P681R, T19R, D614G, L452R, T478K, Δ157-158, and
D950N, first detected in India in December 2020.83
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According to what is believed, these mutations directly
affect key antigenic regions of RBD. This variant also
appears to cause mutations at sites that trigger an increase
in viral replication and therefore an increase in viral load.84

This variant and its rapid transmission capacity represent an
imminent threat to the population and a concern about the
effectiveness of vaccines. In this sense, in the study by
Lopez-Bernal et al., it was reported that the effectiveness
after a dose of vaccine (BNT162b2 or ChAdOx1 nCoV-19)
was lower among people with the delta variant (30.7%)
than among those with the alpha variant (48.7%). With the
BNT162b2 vaccine, the effectiveness of two doses was
93.7% among people with the alpha variant and 88.0%
among people with the delta variant. With the ChAdOx1
nCoV-19 vaccine, the two-dose efficacy was 74.5% among
people with the alpha variant and 67.0% among people
with the delta variant.84

In addition to this, there are reports regarding the ki-
netics of natural immunity in patients who had COVID-19.
In a study, 85 the humoral response was evaluated in a total
of 76 patients (IgM and IgG antibodies that recognized the
nucleocapsid protein or the RBD of the S-protein). In these
patients 1 year after infection, approximately 90% of re-
covered patients still had detectable SARS-CoV-2-specific
IgG antibodies recognizing N and RBD-S. However, when
evaluating the neutralizing capacity, it was only detected in
∼43% of patients.85

In addition to concerns regarding natural immunity,
there are also reports about the duration of the humoral
immune response in response to a vaccine. In a study in
health personnel vaccinated with BNT162b2, it was ob-
served that the antibody response was greater in sero-
positive participants compared to seronegative participants.
In both seropositive and seronegative subjects, a significant
decrease in antibodies was observed at 3 months compared
to maximum response.86 Similar results were found by our
work group in the study by Morales-Nuñez et al., where it
was observed that after the second dose with this same
vaccine, individuals developed antibodies with high neu-
tralizing capacity.87 In a study by Pegu et al., 2021, the
efficacy of the immune response generated by the mRNA-
1273 vaccine was evaluated, in this work the impact of the
variants B.1.1.7 (Alpha), B.1.351 (Beta), P.1 was also
evaluated (Gamma), B.1.429 (Epsilon), B.1.526 (Iota) for
SARS-CoV-2, and B.1.617.2 (Delta) on binding, neutral-
ization, and ACE2-competing antibodies elicited by this
vaccine for 7 months. The results of this study turned out
to be interesting because all included individuals responded
to all variants. Binding and functional antibodies against
variants persisted in most subjects, albeit at low levels,
for 6 months after the primary series of mRNA-1273
vaccine.88

The imminent risk that may be triggered by a vaccine-
mediated antibody response is that the mechanism of ADE

occurs and places vaccinated individuals at greater risk of a
more severe disease phenotype compared to unvaccinated
individuals. Closely monitoring of these mutations is es-
sential for the scientists in charge of the design and de-
velopment of vaccines to make the necessary modifications
that go hand in hand with the high mutation rate of SARS-
CoV-2.63

The light at the end of the tunnel; an
inhibitor as a possible
therapeutic alternative

As described above in the presence of cross-reactive an-
tibodies (responsible for the ADE phenomenon), the entry
of the virus is promoted in monocytes/macrophages
through the FcR. Once inside the cell, the viruses are
replicated and released in large quantities after escaping the
immune response. The exacerbated activation of macro-
phages and mass liberation of cytokines support a hy-
pothesis that states that the so-called cytokine storm is the
secondary event of the activation of macrophages, mainly
mediated by the ADE phenomenon, reason why its specific
blockade will provide therapeutic potentials for patients
suffering from severe COVID-19.89

In this context, it has been stated that the mammalian
Target of Rapamycin (mTOR) is one of the main signaling
pathways involved in the exacerbated immune response
triggered by SARS-CoV2.90 mTOR is a serine-threonine
kinase family protein, a key regulator in protein synthesis,
and cellular metabolism that forms two major complexes,
mTORC1 with Raptor and mTORC2 with Rictor and plays
a pivotal role in cell proliferation and cellular metabolism;
therefore, inhibition of mTOR has shown to suppress virus
growth and replication.91

In this regard, in a recent study, a specific set of biological
pathways was described in the primary human pulmonary
epithelium of SARS-COV-2 infection, among them the
mTOR signaling pathway was identified.92 It has also been
stated that the mTOR pathway plays an important role in B-
cell development; mTORC1 controls BCL6 expression and
controlling the fate of B cells in the germinal center reaction,
therefore contributing in an essential way to the develop-
ment of ADE by favoring the production of cross-reactive or
sub-neutralizing antibodies.89

These findings propose that selective inhibition of
mTOR by an inhibitory agent, such as rapamycin, could
have detrimental effects over memory B cell activation and
therefore beneficial effects over the characteristic immune
response of COVID-1992

The mechanism of action of rapamycin consists of its
ability to bind to the FK506 Immunophilin-binding protein
(FKBP12A) and to inhibit the activity of mTORC1 as
well as to interrupt the interaction between Raptor and
mTOR. The inhibition of mTORC1 by rapamycin then
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leads to autophagy of infected cells and inhibition of
translation of SARS-CoV-2 viral polymerase and structural
proteins.90

Overall, it is suggested that the antiviral action of ra-
pamycin, together with its immunomodulatory potential
that reduces the excessive production of pro-inflammatory
cytokines, would justify clinical studies in patients with
COVID-19.90,91

Conclusions

The outbreak and rapid spread of SARS-CoV-2 are a health
threat with unprecedented consequences throughout the
world. Considering the great economic and health burden
of the COVID-19 pandemic, any means to improve the
condition of patients, accelerate their recovery, and reduce
the risk of deterioration and death would be considered of
significant clinical and economic importance. With respect
to the immune response generated by the host, the specific
neutralizing antibodies generated against the virus are
considered essential in the control of virus infections in
various ways. However, in some cases, the presence of
specific antibodies can be beneficial for the virus. This
activity known as antibody-dependent enhancement
(ADE) of virus infection enhances virus entry and in some
cases virus replication into host cells through interaction
with Fc and/or complement receptors. It has been also
reported in data from previous CoV research studies that
ADE may play a role in the virus’s pathology.

Even though several vaccines have been approved from
regulatory bodies under emergency conditions and are
distributed worldwide, we cannot rule out the possibility
that the evolution of the virus can directly affect its targets,
and therefore, the newly mutated virus can escape
antibody-mediated protection induced by previous infec-
tion or vaccination.

If the vaccines are not capable of generating neutralizing
antibodies against the possible mutagenic variants to mount
a response, the result may lead to the generation of sub-
neutralizing antibodies that will even be capable of facil-
itating uptake by macrophages that express FcR, with the
subsequent stimulation of macrophages and production of
pro-inflammatory cytokines.

One advantage of the current pandemics is the un-
precedented availability of scientific and technological
means to face COVID-19, on these bases, careful design
and testing of vaccines will be necessary to evaluate which
viral mutations can escape from antibodies-mediated
neutralization as well as which one significantly affects
the efficacy of the currently approved vaccines.
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Appendix

Abbreviations

ACE2 Angiotensin-converting enzyme 2
ADE Antibody-dependent enhancement
CoVs Coronaviruses

COVID-19 Coronavirus-19
DENV Dengue virus

DF Dengue fever
DHF Dengue hemorrhagic fever
DSS Dengue shock syndrome
ER Endoplasmic reticulum

FcRs Fc receptors
GISAID Global Initiative on Sharing All Influenza

Data
HIV Human immunodeficiency virus
ID Intradermal

IFN Interferon
IL Interleukin
IM Intramuscular

iNOS Inducible nitric oxide synthase
IRF Interferon regulatory factor
ISG IFN stimulated gene

LILRB1 Leukocyte immunoglobulin-like receptor
B1

MERS Middle East respiratory syndrome
MHC Major histocompatibility complex
MPCs Mononuclear phagocytic cells
mTOR Mammalian Target of Rapamycin
NF-KB Nuclear factor kB

NKs Natural killer cells
NTD N-terminal domain
ORF Open reading frames
PGE2 Prostaglandin E2
PRRs Pattern recognition receptors
RBD Receptor-binding domain
RdRp RNA-dependent RNA polymerase
RLR RIG-I-like receptors
RNA Ribonucleic acid
ROS Reactive oxygen species
RSV Respiratory Syncytial Virus

SOCS Suppressor of cytokine signalling
Th T helper cell

TLR Toll-like receptor
TMPRRS2 Serine protease transmembrane type 2

TNF-α Tumor necrosis factor
WHO World Health Organization
ZIKV Zika virus
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