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Abstract: Pathogenic viruses with an RNA genome represent a challenge for global human health
since they have the tremendous potential to develop into devastating pandemics/epidemics. The
management of the recent COVID-19 pandemic was possible to a certain extent only because of the
strong foundations laid by the research on previous viral outbreaks, especially Ebola Virus Disease
(EVD). A clear understanding of the mechanisms of the host immune response generated upon
viral infections is a prime requisite for the development of new therapeutic strategies. Hence, we
present here a comparative study of alterations in immune response upon SARS-CoV-2 and Ebola
virus infections that illustrate many common features. Vaccination and pregnancy are two important
aspects that need to be studied from an immunological perspective. So, we summarize the outcomes
and immune responses in vaccinated and pregnant individuals in the context of COVID-19 and EVD.
Considering the significance of immunomodulatory approaches in combating both these diseases,
we have also presented the state of the art of such therapeutics and prophylactics. Currently, several
vaccines against these viruses have been approved or are under clinical trials in various parts of
the world. Therefore, we also recapitulate the latest developments in these which would inspire
researchers to look for possibilities of developing vaccines against many other RNA viruses. We
hope that the similar aspects in COVID-19 and EVD open up new avenues for the development of
pan-viral therapies.

Keywords: COVID-19; Ebola; immune response; vaccine; pregnancy; SARS-CoV-2; RNA virus;
lymphopenia; T-cell exhaustion

1. Introduction

RNA viruses pose the greatest threat to public health, with the potential to cause
global catastrophic biological events, necessitating the identification of attributes of these
microorganisms so as to open up new therapeutic and prophylactic avenues. In recent
times, we have come across many viral outbreaks, which put vulnerable individuals at high
risk but differ in the vectors of transmission, rates of fatality and transmissibility. Certain
viruses such as Dengue and Zika require an intermediate host for their transmission, while
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diseases such as COVID-19 and Ebola Virus Disease spread directly from human to human.
COVID-19, which resulted in the highest number of deaths globally in the recent past,
has triggered a lot of research into the mechanisms of immune responses generated by
RNA viruses and also into the various approaches for combating such viral outbreaks. The
experiences with the Ebola outbreak in West Africa have provided valuable lessons to the
global community in shaping the initial and quick management strategies for COVID-19.

A thorough investigation of the latest findings on the host antiviral immune responses
in COVID-19 and EVD (Ebola Virus Disease) would be supportive in planning future
research on pandemic/epidemic pathogens, and hence we summarize the current status in
this direction. The high morbidity and mortality presented by most diseases due to RNA
viruses call for intensive research into the development of vaccine technologies against
them. Hence, we present here the latest update on the vaccines being developed against
COVID-19 and EVD and the immune response generated by them. Another aspect that,
we think, needs to be addressed is the status of pregnant women in relation to infection
with RNA viruses. Pregnancy, alone, being associated with a state of immune alterations,
exposes the maternal immune system to many challenges. Pregnant women, being a highly
vulnerable group, need to be administered vaccines as early as possible; however, there
is a lot of vaccine hesitancy among the population regarding immunization of pregnant
women, who are avoided in the initial phases of most clinical trials. Hence, a look at
available studies on the mechanisms of immune response in pregnant women and further,
the reports of vaccine efficacy and outcomes among pregnant women against COVID-19
and EVD would definitely yield many insights that could be useful in the surveillance
and planning of vaccination strategies for pregnant women against impending pathogenic
RNA viruses.

2. A Comparative Look at the Pathogenic RNA Viruses—SARS-CoV-2 and Ebola Virus

The causative pathogen for the COVID-19 global pandemic is SARS-CoV-2, belonging
to the family of Coronaviruses which are positive-stranded RNA viruses. Since elucidation
of the molecular profile of the virus, the evolution of several variants of concern has
occurred [1]. In contrast, there is comparatively more literature available for Ebola virus
disease (EVD) also known as viral hemorrhagic fever. EVD caused by Ebola virus (EBOV)
that belongs to the Filoviridae family which comprises six species, of which Zaire Ebola
virus, Bundibugyo virus and Sudan virus have caused huge human outbreaks [2], among
which the Zaire Ebola virus is found to be the deadliest.

Most of the emerging RNA viruses capable of infecting humans are found to be of
zoonotic nature with known or suspected reservoirs in animals. COVID-19 is believed to
originate from the outbreak of SARS-CoV-2 which started in Wuhan, China, probably by
a spillover event from an unknown animal host [3]. In the case of EBOV, wild animals,
especially fruit bats are the natural reservoirs [4], likely spreading to humans upon contact
and subsequent entry following breaks in the mucosal surfaces. Further spread occurs as
a result of direct contact with the patients and their body fluids or through nosocomial
transmission. While in the case of COVID-19, the mode of transmission is primarily through
respiratory droplets and aerosols [5]. Though the rate of transmission is much higher for
COVID-19, the mortality rates are greater for EVD.

Both these RNA viruses have an incubation period before the onset of symptoms.
Filoviral infection is followed by non-specific flu-like symptoms similar to the prodrome
of many other viral diseases. In a retrospective study conducted in non-severe cases of
COVID-19, four phases of the disease course have been proposed: a prodromal phase in the
first week followed by a manifestation phase in the second week and finally a convalescent
phase after three weeks of infection [6]. Disease progression of EBOV is characterized by
maculopapular rashes and the late stage of the disease is indicated by complications of the
gastrointestinal, respiratory, vascular and neurological systems, multi-organ failure and
subsequent death [7]. Multi-organ damage followed by death is also a characteristic feature
encountered in severe COVID-19 [8].
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One of the strategies used by RNA viruses is to condense their genetic information
into small genomes, which are translated immediately after viral entry into proteins needed
for replication. EBOV has a single linear negative sense RNA of 19kb size, that codes for nu-
cleoprotein (NP), polymerase cofactor VP35, matrix proteins VP40 and VP24, glycoprotein
(GP), transcription activator VP30, and an RNA-dependent RNA polymerase (L) [7,9–12].
However, SARS-CoV-2 virus carries one of the largest genomes among RNA viruses, with
a size of approximately 30 kb (almost double the size of EBOV genome) [13]. Two large
polyproteins pp1a and pp1ab are formed by translation of the ORF, which in turn lead
to production of functional viral RNA polymerase. The four structural proteins of SARS-
CoV-2 virus have been well-characterized—Spike (S), Membrane (M), Envelope (E) and
Nucleocapsid (N). The spike protein has a receptor binding domain (RBD) which is poorly
conserved and is a highly specific target for human antibodies [14]. Both SARS-CoV-2 and
EBOV use a surface glycoprotein for viral entry into the host cell, which then binds to a
specific receptor on the host cell, leading to endocytic fusion of the virus. SARS-CoV-2
utilizes the ‘S’ protein [15] and EBOV makes use of Glycoprotein (GP) [16–19] for viral
entry. The primary host receptor used, in the case of SARS-CoV-2, is ACE-2 which is highly
expressed in alveolar and intestinal epithelial cells [20], while in the case of EVD, the pri-
mary host receptor is T-cell immunoglobulin and mucin domain-1 (TIM-1) [21,22]. In both
cases, the viral entry is followed by replication of the viral genome and propagation of new
viral particles that takes place through a series of successive steps. Structural aspects and
mechanisms of pathogenesis associated with SARS-CoV-2 and EBOV have been compared
in Table 1.

Table 1. Comparison between the structural aspects of EBOV and SARS-CoV-2 pathogens.

SARS-CoV-2 Ebola

Virus family Coronaviridae Filoviridae

Genome +ssRNA~30kb [23] −ssRNA~19 kb [24,25]

Structural proteins and their names 4 Proteins-Spike (S), Membrane (M),
Envelope (E) and Nucleocapsid (N)

7 proteins-nucleoprotein (NP),
polymerase cofactor (VP35), matrix

protein (VP40), minor matrix protein
(VP24), glycoprotein (GP), transcription
activator (VP30) and RNA-dependent

RNA polymerase (L) [24,25]

Non-structural proteins and their names 16 Proteins-Nsp1-16 [26,27] 2 Proteins-soluble GP (sGP), small
soluble GP (ssGP) [28]

Viral Surface Protein mediating entry S-Protein [15] Glycoprotein (GP) [25,29]

Target cells

Macrophage, monocytes, lymphocytes,
platelets cardiomyocytes, bronchi,
trachea, Pneumocytes, respiratory

ciliated cells, alveolar cells, intestinal
epithelial cells [20,23]

Monocytes, macrophages, dendritic cells,
hepatocytes, adrenal cortical cells and

endothelial cells [22,25,30–32]

Target host cell receptor

ACE2
BSG/CD147

CD209L/L-SIGN
CD209/D-SIGN

Siglec-1, [20,23,30,33,34]

TIM-1
[21,22]

Incubation Period 2–14 days [35,36] 2–21 days [25]

Mode of Transmission Aerosols, respiratory droplet [5] Body fluid [24]

Nature of outbreak Pandemic Epidemic

ACE2—Angiotensin-Converting Enzyme-2; Nsp—non-structural proteins; −ssRNA—Single negative sense RNA;
+ssRNA-Single positive sense RNA; TK—tyrosine kinase family members; TIM-1—T-cell immunoglobulin mucin
domain 1; NPC1—Niemann–Pick disease type C1 protein; DC-SIGN—DC-specific ICAM-3-grabbing nonintegrin;
Siglec-1/CD169—sialic acid-binding Ig-like lectin 1; BSG-cell surface protein Basignin.
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The role of lipids in viral entry and pathogenesis has been a hot topic of research.
The involvement of lipids is proposed to occur mainly at three levels—the interaction
of viruses with the lipid barrier offered by the host cell membrane, regulation of lipid
metabolism to fuel viral replication and stimulation of production of several lipid media-
tors which can modulate the host immune response. Most enveloped viruses that have a
mechanism of endosomal escape make use of apoptotic mimicry when Phosphatidylser-
ine/Phosphatidylserine receptors serve as a route of virus entry. Phosphatidylserine (PS)
receptors are demonstrated to facilitate infection of SARS-CoV-2 and hence have been
suggested as a therapeutic target [37]. EBOV is also known to make use of the host apop-
totic clearance mechanism to augment its entry into target cells by externalizing PS on its
surface [38–40]. In both SARS-CoV-2 [37] and EBOV [41,42], the T cell Ig and mucin domain
(TIM) family of proteins is shown to be involved in the above mentioned mechanism. Lipid
raft domains rich in cholesterol and sphingolipids, on cellular membranes that play a
significant role in viral trafficking and pathogenicity, are also studied in SARS-CoV-2 [43]
and EBOV Virus [44].

3. Host Anti-Viral Immune Response in SARS-CoV-2 and EBOV Infections

Antiviral immunity in humans is comprised of a rapid nonspecific innate response
intended to eliminate the virus, followed by B- and T-cell-mediated virus-specific adaptive
responses [45]. In the ensuing sections, we have presented a comparison of the host
immune response mechanisms involved in COVID-19 and EVD which would facilitate
similar studies on diseases caused by other RNA viruses.

3.1. Defining Innate Immunity

Innate immune responses hold the first line of defense against the attack of any micro-
bial agent. Pathogen associated molecular patterns (PAMPS) derived from the pathogen,
recognized by pattern recognition receptors (PRR) alert the innate immune system to the
infection. This is followed by release of cytokines which then trigger production of pro-
inflammatory molecules resulting in formation of a pro-inflammatory feedback loop [46].
This mechanism has been proposed for SARS-CoV-2 [46] and EBOV [47], which in turn
leads to a hyperinflammatory immune response known as Cytokine Storm Syndrome
(CSS) that needs to be managed by anti-cytokine therapy. Such therapies have been put
forward for SARS-CoV-2 [48] and EBOV [49]. There are several similarities in the innate
immune response generated upon SARS-CoV-2 and EBOV infection, which are illustrated
in Figure 1.

Evasion of innate immunity has been proposed to be an immunological mechanism
generally used by RNA viruses. Inhibition of type I interferon (IFN) response is identified to
be primarily involved in this phenomenon, in SARS-CoV-2 [50] as well as EBOV. Mutations
in genes involved in the regulation of type I and III IFN immunity leading to production of
autoantibodies have been found to be linked with life threatening conditions in COVID-
19 [51]. Moreover, COVID-19 has been found to become critical in individuals with inborn
errors of type I IFN immunity [51]. In case of EBOV, type I IFN signaling is known to
be inhibited by the Interferon inhibiting domain (IID) of the viral proteins VP35 and
VP24 [52]. Interestingly, knockout mice deficient in interferon receptors are being used
as experimental murine models for EVD, which underlines the involvement of interferon
signaling in susceptibility to Ebola infection [53,54].

Neutrophil extracellular traps (NETs), originally described as a potential bacterial
killing mechanism, is reported to be involved in the pathogenesis of viral diseases too [55].
NETosis, a regulated cell death mediated by neutrophils can follow the hyperinflammatory
response to SARS-CoV-2 infection. Severe infection with SARS-CoV-2 results in release
of inflammatory cytokines and chemokines which leads to release of NET, ultimately
causing the clearance of the virus [56]. A multi-omics analysis of peripheral blood from
EVD survivors also suggests involvement of NET associated proteins in causing tissue
damage [57].
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Inflammation is one of the major host defense mechanisms against viral infection.
The lipid mediator, Prostaglandin E2 is known to play an important role in the associated
inflammatory and immune responses [58]. In severe COVID-19, Prostaglandin E2 is shown
to mediate impaired immune response [59]. Prostaglandin E is also demonstrated to
be upregulated in Filoviral infection in bats [60], pointing towards the significance of
prostaglandins in pathogenesis of EVD.

A life-threatening complication associated with both COVID-19 and EVD is dissemi-
nated intravascular coagulation (DIC), characterized by activation of coagulation system,
leading to generation of microthrombi [61]. The infection of monocytes and macrophages
with the virus results in release of tissue factor (TF), which is found to be important in the
development of coagulopathy associated with COVID-19 [62] and EVD [63].

3.2. Alterations in Adaptive Immune Response

Adaptive immunity has two elements: humoral immunity and cell-mediated immu-
nity, mediated by B-cells and T-cells, respectively. Once the virus enters the cell, activation
of naive B cells leads to antibody production, mainly IgM followed by class switching to
IgG. At the same time, activation of T-cells leads to further activation of CD4+ (Helper T
cells) and CD8+ (Cytotoxic T cells). The cytokines secreted by the CD4+ T-cells facilitate
the production of antibodies from B cells. The CD8+ T-cells on the other hand, help in the
killing of infected cells. Upon encounter with the cognate antigen, some of B cells enter the
germinal center and activate plasma cells leading to specific antibody production, with the
help of T cells.

Sette et al. [64] propose that in the case of SARS-CoV-2 infections, the innate immune
response is the first line of defense, as has been previously reported for any viral infec-
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tion, and the adaptive response takes over soon after the waning of the innate response.
The contributions of the innate and adaptive immunity become deeper with severity of
the infection.

3.2.1. Overview of the Humoral Immune Response

The humoral immune response in viral infection is characterized by the secretion
of neutralizing antibodies that protect the host against viruses. The humoral immune
response to SARS-CoV-2 has been well studied. In one of the initial studies carried out
by Long et al., 100% of patients exhibited anti-viral IgG within 19 days of infection [65].
IgG and IgM antibody titers have been found to be increased during the first 3 weeks after
the onset of symptoms [65]. Similar studies have been carried out in EVD, with various
patterns of observations. EVD specific IgG and IgM antibodies were found to be very low
in patients who died of infection [66]. Analysis of EBOV specific IgG and IgM in 2014–16
Sierra Leone outbreak survivors indicated that humoral response develops in the first week
of onset of symptoms and the concentration of antibody increases at the end of the second
week of illness. IgG was detected earlier than IgM and the viral load was found to be
negatively correlated with antibody titer [66]. IgM response preceding that of IgG response
as well as both responses occurring at the same time have been demonstrated in different
EVD patients in yet another study [67]. A comparative antibody response curve upon
SARS-CoV-2 and EBOV infection has been illustrated in Figure 2.

Pathogens 2022, 11, x FOR PEER REVIEW 7 of 41 
 

 

 

Figure 2. Comparative antibody response curve upon SARS-CoV-2 and EBOV infection. 

Neutralizing antibodies, which play a significant role in viral clearance, are well cor-

related with long term anti-viral immunity [68]. Potent neutralizing glycan cap-specific 

monoclonal antibodies effective against multiple Ebola viruses have been demonstrated 

in survivors of EVD [69]. Wang et al. has studied the level of neutralizing antibodies in 

COVID-19 inpatients and convalescent patients and demonstrated its association with 

age, severity of disease and time after onset of symptoms [70]. 

Non-neutralizing antibodies are known to play a significant role in humoral immune 

response. In filoviral infection, non-neutralizing antibodies are also reported to confer 

protection that is mediated through the Fc domain [71]. This is achieved by antibody-de-

pendent cellular cytotoxicity (ADCC) by natural killer (NK) cells or antibody-dependent 

cellular phagocytosis (ADCP) of viral particles or infected cells by Fc receptor-bearing 

cells [72]. A recent report indicates that the protection offered by non-neutralizing anti-

bodies to SARS-CoV-2 are mediated by Fc-mediated effector functions [73] such as phag-

ocytosis.  

There are reports that suggest a correlation between antibody kinetics and severity 

of COVID-19, with delayed antibody response observed in severe disease [74]. Character-

ization of antibody response to spike protein has revealed the existence of immunological 

imprinting, which refers to the ability of the immune system to recall existing memory 

cells developed in response to earlier betacoronavirus infections, rather than stimulating 

de novo responses [75]. 

Plasmablasts, known to be involved in formation of memory B-cells and plasma cells 

play a significant role in humoral immunological memory [76]. An increase in plas-

mablasts has been reported in COVID-19 [77,78] and EVD [67,79]. RBD specific memory 

B cell response to SARS-CoV-2 antigen is proved to evolve between 1.3 and 6.2 months 

after infection, in a study conducted by Gaebler et al. [80]. Assessment of immunological 

memory in SARS-CoV-2 revealed that the level of IgG against spike protein was stable 

over more than six months [81]. Presence of EBOV specific memory B cells has also been 

demonstrated in EVD survivors, which was found to increase with time post-convales-

cence [82].  

Ever since the first recognized Ebola outbreak occurred in 1976, investigators have 

attempted to assess the long-term antibody kinetics in EVD survivors. Bebell et al. has 

reported that IgM was found to persist one to six months after infection whereas IgG per-

sisted up to 10 years [83]. Reports also indicate the presence of antibodies specific to Ebola 

viruses 11 years post-infection [84,85]. Another study carried out 40 years after initial viral 

infection, in survivors of the first Ebola outbreak, interestingly revealed that 50% of the 

survivors displayed immunoreactivity to viral glycoprotein, nucleoprotein and VP 40, 

with the ability to neutralize live virus [86]. Similar attempts have been made in COVID-

Figure 2. Comparative antibody response curve upon SARS-CoV-2 and EBOV infection.

Neutralizing antibodies, which play a significant role in viral clearance, are well
correlated with long term anti-viral immunity [68]. Potent neutralizing glycan cap-specific
monoclonal antibodies effective against multiple Ebola viruses have been demonstrated
in survivors of EVD [69]. Wang et al. has studied the level of neutralizing antibodies in
COVID-19 inpatients and convalescent patients and demonstrated its association with age,
severity of disease and time after onset of symptoms [70].

Non-neutralizing antibodies are known to play a significant role in humoral immune
response. In filoviral infection, non-neutralizing antibodies are also reported to confer
protection that is mediated through the Fc domain [71]. This is achieved by antibody-
dependent cellular cytotoxicity (ADCC) by natural killer (NK) cells or antibody-dependent
cellular phagocytosis (ADCP) of viral particles or infected cells by Fc receptor-bearing
cells [72]. A recent report indicates that the protection offered by non-neutralizing antibod-
ies to SARS-CoV-2 are mediated by Fc-mediated effector functions [73] such as phagocytosis.



Pathogens 2022, 11, 800 7 of 42

There are reports that suggest a correlation between antibody kinetics and severity of
COVID-19, with delayed antibody response observed in severe disease [74]. Characteri-
zation of antibody response to spike protein has revealed the existence of immunological
imprinting, which refers to the ability of the immune system to recall existing memory
cells developed in response to earlier betacoronavirus infections, rather than stimulating
de novo responses [75].

Plasmablasts, known to be involved in formation of memory B-cells and plasma cells
play a significant role in humoral immunological memory [76]. An increase in plasmablasts
has been reported in COVID-19 [77,78] and EVD [67,79]. RBD specific memory B cell
response to SARS-CoV-2 antigen is proved to evolve between 1.3 and 6.2 months after
infection, in a study conducted by Gaebler et al. [80]. Assessment of immunological memory
in SARS-CoV-2 revealed that the level of IgG against spike protein was stable over more
than six months [81]. Presence of EBOV specific memory B cells has also been demonstrated
in EVD survivors, which was found to increase with time post-convalescence [82].

Ever since the first recognized Ebola outbreak occurred in 1976, investigators have
attempted to assess the long-term antibody kinetics in EVD survivors. Bebell et al. has
reported that IgM was found to persist one to six months after infection whereas IgG
persisted up to 10 years [83]. Reports also indicate the presence of antibodies specific to
Ebola viruses 11 years post-infection [84,85]. Another study carried out 40 years after initial
viral infection, in survivors of the first Ebola outbreak, interestingly revealed that 50% of
the survivors displayed immunoreactivity to viral glycoprotein, nucleoprotein and VP 40,
with the ability to neutralize live virus [86]. Similar attempts have been made in COVID-19
where long term kinetics studies reveal that neutralizing antibody responses could exist up
to 13 months after SARS-CoV-2 infection [87]. More research is warranted on the antibody
kinetics in long term survivors of various outbreaks caused by RNA viruses that could give
more insights on long lasting viral immunity.

Adaken et al. carried out an interesting longitudinal follow up study of antibody levels
in survivors of 2013–2016 Ebola outbreak which point towards a decay-stimulation-decay
model. In this study, IgG levels are found to decrease following recovery, which then show
a resurgence over a period of time [88]. Another 60 month observational prospective cohort
study carried out with a larger sample size comprising 802 EVD survivors also evidenced a
similar antibody ebb and flow pattern [89]. This periodic waxing and waning of antibodies
observed in EVD, warrants investigation also in the context of COVID-19, since it may
indicate sub-clinical de novo antigenic stimulation possibly indicative of viral RNA shed
from immunologically privileged sites such as eyes, central nervous system and testes [90].

Difference in immunity with respect to gender has always been a matter of curiosity
among the public and researchers. A study carried out in COVID-19 patients revealed
a stronger antibody response in females compared to males, and this has been likely
responsible for the lower fatality rates observed for females [91,92]. In contrast, there is no
difference in the risk for SARS-CoV-2 infection between males and females, though severe
forms are common among men [93]. It is worth noting that apart from biological reasons,
women are more vulnerable to infections such as COVID-19 and EBOV due to occupational
and domestic exposures [94].

3.2.2. Landscapes in T-Cell-Mediated Immune Response

T-cells are major contributors to the adaptive immune response, playing diverse roles
such as directly killing infected host cells, activation of other immune cells, production of
cytokines and regulation of the immune response. T-cell response is very significant in
deciding the course and clinical outcome of viral infections. CD4+ and CD8+ T cell subsets
participate in T-cell immunity during viral infection; alterations of these two cell subsets
have been widely studied in COVID-19 and EVD.

Transient depletion of both CD4+ and CD8+ T-cells has been reported in COVID-19
infection [95] and EVD [96]; however, peripheral T-cell counts are preserved in asymp-
tomatic COVID-19 patients [97]. Studies have found lymphopenia to be characteristically
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associated with critical COVID-19 [98], for which several theories have been put forward
by researchers. Andre et al. have postulated T-cell apoptosis to be a major reason for
T-cell depletion [99]. EVD is also characterized by deficiency in T-cell responses, apoptosis
of lymphocytes and lymphopenia [52]. In vitro studies have demonstrated that EBOV
binds to CD4+ T cells which is mediated by the interaction of GP with Toll-like receptor 4
(TLR4). This results in consequent production of Tumor necrosis factor α (TNF α) thereby
stimulating apoptosis and necrosis of T lymphocytes [100]. Figure 3A,B illustrate various
mechanisms that could lead to lymphopenia in SARS-CoV-2 and EBOV infections, respec-
tively. Quite a few molecular alterations are reported to be associated with lymphopenia in
COVID-19 patients, which are illustrated in Figure 4.
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Figure 3. Mechanisms of Lymphopenia in SARS-CoV-2 (A) and EBOV (B) infections. Lymphopenia,
a common feature of COVID-19 and EVD, is characterized by different routes of T-cell death such as
apoptosis, necrosis, necroptosis and autophagy. (A,B) demonstrate the known mechanisms involved
in each of these pathways in COVID-19 and EVD, respectively. It is noteworthy that many of these
alterations are common for both the diseases, the fact that can be exploited for the design of novel
pan-viral therapies.
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Figure 4. Molecular alterations associated with lymphopenia in COVID-19 patients. Proapoptotic
BCl2 proteins, CXCL10, CCL2 and IL6 are upregulated. Antiviral antibodies IgG and IgM, infection
of bone marrow progenitors and the upregulated IL6 suppresses lymphopoiesis. IL6 also suppresses
the thymus. All these are reported to be associated with lymphopenia in COVID-19 patients.

T-cell exhaustion, which is a dysfunction or physical elimination of antigen specific
T-cells [101] is a characteristic of several viral infections and has been reported in COVID-
19 [102,103] and EVD [104]. The overexpression of Programmed cell death-1 (PD-1) and
Cytotoxic T-lymphocyte-Associated protein 4 (CTLA-4), co-inhibitory receptors [105] is a
common feature of T-cell exhaustion found in EBOV [106] and SARS-CoV-2 [107] infections.
The percentage of CD4+ and CD8+ T cells expressing PD-1 and CTLA-4 has been found
to be elevated in fatal EVD cases and reduced in survivors [106]. Additional inhibitory
receptors such as Natural Killer group 2 member A (NKG2A) [108], TIM-3 [109], T cell
immunoglobulin and ITIM domain (TIGIT) [110] and Lymphocyte-activation gene 3 (LAG-
3) [111] have been hypothesized to be responsible for T-cell exhaustion in COVID-19. The
various factors associated with T-cell exhaustion encountered in COVID-19 and EVD are
illustrated in Figure 5.

3.2.3. Long Term Anti-Viral Immunity

Two major concerns related to the long-term management of viral infections are
recurrence of symptoms and reinfection. The persistence of virus at immunologically
privileged body sites has been reported to cause recurrence of symptoms, after recovery, in
COVID-19 and EVD patients. Investigators have detected EBOV in the urine, semen [112],
conjunctiva, sweat, vaginal and rectal fluids [113], aqueous humor [114], breast milk and
CSF [115] of recovered patients [116]. In addition, EVD survivors have reported contracting
conditions such as uveitis [114] and neurological symptoms post-recovery [115]. The
presence of SARS-CoV-2 virus in various body fluids has also been extensively studied and
reviewed by some investigators [117,118].
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Figure 5. Factors associated with T-cell exhaustion in COVID-19 and EVD. Proliferation of T-cells,
release of cytokines, cytotoxic and self-renewal capabilities of T-cells and glycolysis are commonly
found to be reduced in COVID-19 and EVD. Additionally, T-cells express exhaustion markers, of
which PD-1 and CTLA4 are common. Alteration of transcription of genes related to TCR and cytokine
signaling pathways and dysregulation of mitochondrial energetics are also a common feature of T-cell
exhaustion in COVID-19 and EVD.
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In view of these facts, the survivors of EVD and COVID-19 may also pose a threat
of transmission of the virus and cause new outbreaks. Such a resurgence of EBOV has
been proven by the genome analysis of patients seven years after the viral outbreak in
Guinea [119]. Evidences also indicate sexual transmission of EBOV from survivor to partner,
several days after recovery [120–122]. The possibility of re-emergence of COVID-19 needs
to be explored in this direction.

Reinfection by viruses depends on the immunity of recovered patients which may vary
from person to person, resulting in variability of individual host susceptibility. Molecular
phylogeny analysis of human infecting coronaviruses points to a probability of reinfection
with SARS-CoV-2 between 3 months and 5.1 years after peak antibody response [123]. An
evaluation of reinfection rates of COVID-19 reveals that only as little as 1% of the people
who were previously infected, reported with reinfection [124]. However, the reinfection
rate has rocketed to 10% since the emergence of Omicron, which supports the popular
belief that Omicron is able to evade the immune responses induced by vaccination or
previous infection [125]. In the case of EVD, confirmed reinfection cases in humans have
not yet been reported though it is theoretically feasible [126]. However, reinfection has
been demonstrated in mice and non-human primates with partial immunity [127,128].

Long-lived self-renewing T-cell memory is a fundamental property that results in
swift and vigorous adaptive immunity on re-exposure to the same pathogen [129]. Both
CD4+ and CD8+ are found to contribute to EBOV Glycoprotein (GP) specific T cell mem-
ory [130]. SARS-CoV-2 specific memory T cells have been found to be preserved in infected
individuals irrespective of the severity of the disease [131]. Heterologous immunity, where
memory T-cells generated upon encounter with a pathogen providing immunity against
other novel pathogens has also been recently reported in SARS-CoV-2 patients, which could
lead to varying severity outcomes [132]. This has been evidenced by the identification of
pre-existing non-spike memory T-cells in SARS-CoV-2-naive contacts that offered them pro-
tection against COVID-19 [133]. A very striking finding is the production of virus specific
T memory stem cells which are unique subcategories of memory T cells with self-renewing
and multipotent abilities [134]. The presence of stem cells such as memory T cells has also
been documented in both EVD [130,135] and SARS-CoV2 [131] convalescents.

The repercussions of emerging viral infections in survivors are a matter of great
concern. EVD survivors are found to suffer from various illnesses including impotence,
musculoskeletal pain, bleeding, ocular diseases, hearing loss, psychological problems which
encompasses Post Ebola virus disease syndrome (PEVD) [136,137]. Similarly, post-acute
COVID-19 syndrome characterized by persistent symptoms and long term complications
such as dyspnea, fatigue, muscular weakness, joint pain, thromboembolism and anxiety are
reported to occur from 4 weeks post-onset of symptoms [138]. Autoantibodies developed
against self-antigens post-viral infection are documented to be associated with the above
mentioned post-viral syndromes [139–141].

3.3. Risk Factors That May Influence the Immune Mechanism

Several host factors such as genetic susceptibility, age and sex, co-morbidity and
immune compromised states are found to influence the immune responsiveness and hence
the outcome of the viral infection. Right from the initial days of the pandemic, presence of
co-morbid conditions such as chronic pulmonary obstruction, obesity, and hypertension
have been linked to the severity of COVID-19 [142]. The compromised immune response is
thought to be responsible for the very high increase in mortality and severity of COVID-
19 seen among diabetics [143]. Moreover, disease-modifying therapies (DMTs) used for
the management of comorbid conditions in COVID-19 have been shown to diminish
the immune response [144,145]. Age has also been well studied as an immunological
determinant of COVID-19 disease severity [146].

In the case of EVD, age and sex are not found to have any association with the
risk of getting infected [147]. However, studies on the Sierra Leone outbreak indicate
that the incidence rate increased with age and the median age of confirmed EVD cases
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was 28. Additionally, half of the infected cases were females [148]. As for coinfection,
there is a dispute over association of Plasmodium species parasitemia with the prospects of
surviving EBOV infection [149]. Such findings have been discussed in a systematic review
by Edwards et al. [150]. Studies carried out in murine models warrant further research to
prove the effect of Plasmodium coinfection on survival from EVD [151].

4. Impact of COVID-19 and EVD on Pregnancy

Alterations in hormone levels and the immune system in pregnancy may predispose
pregnant women to viral infections. There have been many reports that indicate that viral
infection during pregnancy is correlated with undesirable obstetric consequences [152–154].
In any viral outbreak, pregnant women constitute a high-risk group because of various
reasons such as increased susceptibility and infrequent antenatal hospital visits due to fear
of contracting the disease. Since they pose a risk for nosocomial infection to healthcare
workers through exposure to body fluids, proper obstetric care might not be available to
pregnant women. Various concerns regarding occurrence of viral infections in pregnancy
are discussed below, focusing on COVID-19 and EVD.

Pregnancy is not believed to put women at higher risk of getting infected by EBOV [155,156]
or COVID-19 [157]. However, in the case of COVID-19, there are studies that report a higher
infection rate among pregnant women in comparison with non-pregnant women [158,159].
The high levels of estrogen and progesterone are thought to induce the upper respiratory
tract to swell, which in turn could make pregnant women more susceptible to SARS-CoV-2
infection [160].

4.1. Maternal and Neonatal Outcomes Associated with COVID-19 and EVD

Several investigators have assessed the clinical complications and risk posed by SARS-
CoV-2 and EBOV infections in pregnancy, with results of heterogeneous nature. Numerous
aspects regarding maternal and neonatal outcomes in the context of COVID-19 and EVD
need to be discussed so as to allow effective management of obstetric healthcare during viral
outbreaks. Case studies and cohort studies relating to pregnancy and neonatal outcomes in
COVID-19 and EVD have been summarized in Table 2a,b, respectively.
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Table 2. (a) Case studies and cohort studies relating to pregnancy and neonatal outcomes in COVID-19. (b) Case studies and cohort studies relating to pregnancy
and neonatal outcomes in EVD ETU-Ebola Treatment Unit.

(a)

Year of
Study Country Study

Approach Case Type Sample
Size Pre-Existing Medical Conditions Need for Hospitalization Maternal

Mortality

Obstetric
Complica-

tion

Perinatal
Outcome Reference

2020 22 countries
Retrospective

cohort
study

Pregnant
women with

confirmed
SARS-CoV-2

infection

388 Not available
ICU admission (11.1%)
Mechanical Ventilation

(9.3%)
0.80%

Miscarriage
(19.4%)

Termination
of

pregnancy
(1.1%)

Termination
of pregnancy

(1.1%)
Pre-term birth

(26.3%) Still
birth (2.3%)
Neonatal

death (2%)
SARS-CoV-2

positive
(0.4%)

[161]

2020 United
Kingdom

Prospective
observa-

tional
cohort
study

pregnant
women with

confirmed
SARS-CoV-2

infection

427 Asthma (7%) Hypertension (3%), Diabetes
(3%) Critical care (10%) 1% Pregnancy

loss (1%)

Stillbirth (1%)
Neonatal

death (1%)
Loss of

Pregnancy
(1%)

SARS-CoV-2
positive (2%)

[162]

2020 Singapore
Prospective

Cohort
Study

Pregnant
women with
diagnosis of
COVID-19

16 Asthma (12.5%) HCV carriers (6.25%) ICU admission (6.25%) NIL
Spontaneous
miscarriage

(22.2%)

Neonatal
death (6.25%) [163]

2020 China
Retrospective

Cohort
study

Pregnant
women who
gave a single

live birth
between

January 13
and March 18,

2020

65 Not available Higher need for Caesarean
section (80%) NIL

Gestational
diabetes

(3%)
Gestational
hyperten-
sion (11%)

Pre-
eclampsia

(1%)

Pre-term birth
(14%)

Diarrhea
(1.7%) Fever

(5.17%)

[164]
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Table 2. Cont.

(a)

Year of
Study Country Study

Approach Case Type Sample
Size Pre-Existing Medical Conditions Need for Hospitalization Maternal

Mortality

Obstetric
Complica-

tion

Perinatal
Outcome Reference

2020 Iran
Prospective

Cohort
Study

Pregnant
women with
diagnosis of
COVID-19

56 Diabetes (16.1%) Hypertension (10.7%)
Hypothyroidy (19.6%)

ICU admission (10.7%)
Mechanical Ventilation
(6.15%) Higher need for

Caesarean section (67.3%)

NIL Pre-
eclampsia

Pre-term birth
(34.5%)

Perinatal
death (3.6%)

[165]

2020 France
Retrospective

Cohort
study

Pregnant
women with
diagnosis of
COVID-19

having a code
for hospital-
ization for
COVID-19

874 Diabetes (1.3%) Hypertension (1.9%)
ICU admission (5.9%)

Higher need for Caesarean
section (33%)

0.20%

Pre-
eclampsia

(4.8%)
Gestational
hyperten-

sion (2.3%)
Postpartum
hemorrhage

(10%)

Pre-term birth
(11.3%) [166]

2020
Democratic
Republic of
the Congo

Case Study

Pregnant
woman with

confirmed
SARS-CoV-2

infection

1 NIL Caesarean section NIL

Thrombotic
vasculopa-
thy in the

placenta, In-
flammatory
appearance
in the pelvic

organs

SARS-CoV-2-
infected
Neonate,
Perinatal

death

[167]

2020 China

Retrospective
Case

Control
study

Pregnant
woman with

confirmed
SARS-CoV-2

infection,
pregnant

women with
suspected

infection and
Control
groups

11
Gestational diabetes (18.75%) Gestational
hypertension (18.75%) Hypothyroidism

(12.5%)
Caesarean section (87.5%) NIL

Pre-
eclampsia

(6.25%)

Pre-term birth
(18.8%), Low
birth weight

(17.6%)

[168]



Pathogens 2022, 11, 800 15 of 42

Table 2. Cont.

(a)

Year of
Study Country Study

Approach Case Type Sample
Size Pre-Existing Medical Conditions Need for Hospitalization Maternal

Mortality

Obstetric
Complica-

tion

Perinatal
Outcome Reference

2020 China Case Study

Pregnant
woman who
was exposed

to
SARS-CoV-2

1 NIL Hospitalization Caesarean
section NIL NIL

SARS-CoV-2-
infected
Neonate

[169]

2020 USA Case Series

Pregnant
women with

suspected
COVID-19
infection

92 NIL Hospitalization (1.1%) NIL low
morbidity

One fetal
demise, but

not sure
whether it is

due to
COVID-19

[170]

2020 Sweden Case Series

Critically ill
pregnant or

newly
delivered
women

positive for
COVID-19

5
Gestational diabetes (2 out of 5) Gestational
Hypothyroidism (1 out of 5) Situs Inversus

(1 out of 5)

Hospitalization for an
average of 20 days (4 out of

5) Intubation (4 out of 5)
NIL

Severe
respiratory

distress
syndrome-

Cardiac
arrest (1 out

of 5)

NIL [171]

2020 USA
Retrospective

cohort
study

Possible
exposure or

infection and
positive

COVID-19
test

1609
Chronic pulmonary disease (12.6%) Cardiac

arrhythmia (10.4%) Hypertension (6.5%)
Hypothyroidism (5%) Diabetes (3%)

Hospitalization (60.5%) 0.20% Not
available NIL [172]

2020 USA
Retrospective

cohort
study

Pregnant and
post-partum
patients with
SARS-CoV-2

infection

2352
Chronic pulmonary disease (12%)

Hypertension (6.9%) Thyroid disease (3.9%)
Diabetes (3.8%)

ICU admission (3.7%) 0.20%

Post-
partum

hemorrhage
(2.6%) Other

infections
(2.3%) Hy-
pertensive

disorders of
pregnancy

(10.1%)

Fetal/neonatal
death (2.5%)
Miscarriage

(1.2%)
Stillbirth

(0.5%)
Preterm birth

(17.7%)

[173]
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Table 2. Cont.

(a)

Year of
Study Country Study

Approach Case Type Sample
Size Pre-Existing Medical Conditions Need for Hospitalization Maternal

Mortality

Obstetric
Complica-

tion

Perinatal
Outcome Reference

2020 USA
Observational

Cohort
study

Women who
delivered and

had
SARS-CoV-2

infection
during

pregnancy

252 Gestational diabetes (3%) Chronic
hypertension (5%) Hospitalization (6%) NIL

Pre-
eclampsia

(11%)
Chorioam-

nionitis
(10%)

Excessive
blood loss

(7%)

Neonatal
SARS-CoV-2

infection (3%)
[174]

2020 Iran
Retrospective
case Control

study

Pregnant
women with
COVID-19

positive test
and a positive

chest X-ray
result

110 Hypertension (5.45%) Diabetes (9.09%)
Asthma (5.45%)

ICU admission (6.9%)
Requirement for invasive

ventilation (1.7%)
NIL

Abortion
(21.42%)

Post-
partum

hemorrhage
(5%)

Pre-term
birth (25%)

Still birth (5%)
Fetal distress

(10%) Low
birth weight
(10%) NICU
admission

(10%)

[175]

2021 18 countries Cohort
study

Pregnant
women with
diagnosis of
COVID-19

706
Hypertension (3.7%), Diabetes (4.7%),

Chronic respiratory disease (3.5%),
Endocrine dysfunction (10.6%)

ICU admission (8.4%) 1.60%

Hypertension
Pre-

eclampsia
Anemia

Infections

Pre-term birth
(22.5%) Low
birth weight

(20.5%)
SARS-CoV-2

positive
(57.1%)

[176]
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Table 2. Cont.

(b)

Year of
Study Country Study

Approach Case Type Sample
Size

Maternal
Age

Gestational
Age of

Infection
Comorbidity

Clinical
Presenta-

tion

Need for
Hospital-

ization/ICU
Admission

Maternal
Mortality

Obstetric
Morbidity

Perinatal
Outcome Reference

1995 Kikwit Cohort
Study

Ebola positive
Pregnant
women

15
24–38

(mean age
32)

First
trimester

(27%),
second

trimester
(40%) and

third
trimester

(33%)

Not
available

Fever
(100%),

asthenia
(100%),

abdominal
pain (100%),
conjunctivi-
tis (100%),
anorexia
(100%),

diarrhea
(100%),

arthralgia
(100%),

dysphagia
(100%),

headache
(100%)

Admitted to
General
Hospital

95.5% death
Genital

bleeding
(100%)

Abortion
(67%),

curettage
performed

due to
incomplete

abortion
(20%), still
birth (6.7%)

[177]

2000 North
Uganda Case study

Ebola positive
Pregnant
women

1 31 28 weeks

Placenta
had a

moderate
amount of
malarial
parasite
pigment

Conjunctival
injection,
diffuse

abdominal
tenderness,
and slight

pulmonary
rales

Admitted to
ETU

Maternal
survival

Placenta
had mild
subchori-

onitis

Still birth [178]
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Table 2. Cont.

(b)

Year of
Study Country Study

Approach Case Type Sample
Size

Maternal
Age

Gestational
Age of

Infection
Comorbidity

Clinical
Presenta-

tion

Need for
Hospital-

ization/ICU
Admission

Maternal
Mortality

Obstetric
Morbidity

Perinatal
Outcome Reference

2012 Congo Case study
Ebola positive

Pregnant
women

1 29 7 months Not
available

Fever,
vomiting,
dysphagia

and
diarrhea,

drowsiness
and

wheezing,
Dyspnea,

coma stage
1b, light

exophthal-
mos, cold
limbs and
sub icterus

Admitted to
ETU

Maternal
death Dystocia Death of

neonate [179]

2014 Liberia Case Study
Ebola positive

Pregnant
women

1 31 Third
trimester

Not
available

vomiting,
diarrhea,
bleeding,
and semi
conscious-

ness

Admitted to
ETU

Maternal
death

Not
available

Intrauterine
fetal death [180]

2014 Guinea Case Study
Ebola positive

Pregnant
woman

1 40 4th month Not
available

abdominal
pain,

diarrhea
and fever

Admitted to
ETU

Maternal
survival

Vaginal
bleeding Still birth [181]
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Table 2. Cont.

(b)

Year of
Study Country Study

Approach Case Type Sample
Size

Maternal
Age

Gestational
Age of

Infection
Comorbidity

Clinical
Presenta-

tion

Need for
Hospital-

ization/ICU
Admission

Maternal
Mortality

Obstetric
Morbidity

Perinatal
Outcome Reference

2014 Southern
Guinea Case study

Ebola positive
Pregnant
women

2 20’s 7 months Malaria
(50%)

Asthenia,
fever, and
vomiting,
Anasarca

(50%)

Admitted to
ETU

Maternal
survival
(100%)

Absence of
uterine

contraction,
cervical
dilation

(50%) and
fetal

heartbeat,
hypertonic

uterus
(50%), post-

partum
hemorrhage

(50%),
suspected
chorioam-

nionitis
(50%)

Still birth
(100%) [182]

2014 Sierra
Leone Case study

Ebola positive
Pregnant
women

1 34 36 Not
available

Headache,
cough, and
arthralgia

Admitted to
ETU

Maternal
survival

Hydropic
Placenta Still birth [183]
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Table 2. Cont.

(b)

Year of
Study Country Study

Approach Case Type Sample
Size

Maternal
Age

Gestational
Age of

Infection
Comorbidity

Clinical
Presenta-

tion

Need for
Hospital-

ization/ICU
Admission

Maternal
Mortality

Obstetric
Morbidity

Perinatal
Outcome Reference

2014 Sierra
Leone

Cohort
Study

Ebola positive
Pregnant
women

55 Mean age 25 Not
available

Not
available

Fever
(86.8%),

fatigue or
weakness
(81.1%),

nausea or
vomiting
(64.2%),

headache
(66%),

muscle or
joint pain
(58.5%),
vaginal

bleeding
(32.1%), un-
explained
bleeding

(20.8%), and
sore throat

(13.2%)

Admitted to
ETU

Not
available

Vaginal
bleeding

(32%)
Not available [184]

2014 Sierra
Leone

Cohort
Study

Ebola positive
Pregnant
women

67 Mean age 23 28–37 weeks Not
available

Fever
(86.8%),

abdominal
pain

(75.5%),
fatigue
(81.1%),
nausea
(64.2%)

Admitted to
ETU

Maternal
death (79%)

Vaginal
bleeding

(32%),
obstetric

hemorrhage
(29.8%) and
eclampsia

(1.5%)

Spontaneous
abortion

(20.9%), Fetal
death (5 out of
6), Still birth

(8)

[185]

2014 Sierra
Leone Case study

qPCR
negative, IgG

positive
1 19 36 weeks Sickle cell

anemia
Symptom

free
Admitted to

ETU
Maternal
survival

Not
available

Intrauterine
fetal death,

heavily
macerated

baby

[186]
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Table 2. Cont.

(b)

Year of
Study Country Study

Approach Case Type Sample
Size

Maternal
Age

Gestational
Age of

Infection
Comorbidity

Clinical
Presenta-

tion

Need for
Hospital-

ization/ICU
Admission

Maternal
Mortality

Obstetric
Morbidity

Perinatal
Outcome Reference

2014–15
Liberia and

Sierra
Leone

Retrospective
Cohort
study

Ebola positive
Pregnant
women

13 20-32 Not
available

Not
available

Abdominal
pain (85%)
and nau-

sea/vomiting
(69%),

Bleeding
(30%),

Hiccups
(8%) and

non-
hemorrhagic

rash (8%)

Admitted to
ETU 46% death Not

available

Preterm
delivery
(15%),

Perinatal
death (15%),

Abortion
(15%),

Termination
of pregnancy

(7.6%),

[187]

2014–
2015

Sierra
Leone Case series

Ebola positive
Pregnant
women

(83.3%), Ebola
survivor
(16.6%)

6 18-38 Third
trimester

Not
available

Muscle pain
(16.6%),

headache
(16.6%),
diarrhea
(16.6%),

vomiting
(16.6%)

Admitted to
ETU

Maternal
death

(66.6%)

Postpartum
hemorrhage
(50%), hypo-

volemic
shock

(16.6%)

Neonate
death (83.3%),

still birth
(16.6%)

[188]

2015 Sierra
Leone Case Study

Ebola positive
Pregnant
woman

1 22 5 months Not
available

Anorexia,
muscle pain,

and joint
pain

Admitted to
ETU

Maternal
survival

Leaking
fluid

Intrauterine
fetal death [181]

2015 Sierra
Leone Case Study IgG, IgM

positive 1 20 Not
available

Severe back
pain, loss of

appetite,
and intense

fatigue

Delivery
attended by

village
traditional

birth
attendant

Maternal
survival

Leakage of
bloody fluid
from vagina

Still birth [189]

2016 Guinea Case Study
Ebola positive

Pregnant
women

1 25 28th week Not
available

Hyperthermia,
asthenia,
and con-
junctival
infection

Admitted to
ETU

Maternal
death post
delivery

Severe
vaginal

bleeding
with signs
of coagu-
lopathy

Survived after
treatment [190]



Pathogens 2022, 11, 800 22 of 42

4.2. Effects of COVID-19 and EVD on Placenta and Vertical Transmission

The importance of the placenta in mediating inflammatory and immune responses
has been profusely studied in pregnant women infected with SARS-CoV-2. A study of the
placenta conducted in COVID-19 patients revealed that the placenta of infected women
are characterized by conditions such as maternal thrombosis [191]. SARS-CoV-2 placentitis
has been reported to be a complication of maternal COVID-19 infection and is likely to
result in fetal compromise [192–194]. It has been reported that activation of robust placental
immune response during maternal SARS-CoV-2 infection may contribute to poor pregnancy
outcomes associated with COVID-19 and infection at the maternal-fetal interface is not
even required for this [195]. Interestingly, fetal sex has been proposed to play a significant
role in the maternal-placental-fetal immune crosstalk in the setting of maternal SARS-CoV-2
infection. Sexually dimorphic placental immune responses have been observed between
male and female fetuses with associated reduced antibody transfer to male fetuses [196].
Still birth, macerated fetus, pre-term birth and miscarriages imply a role of placenta in
adverse pregnancy outcomes in EBOV-infected women (Table 2). However, we could not
come across any supporting studies in existing scientific literature and hence we suggest
more investigations in this direction.

Vertical transmission of a pathogen can occur via placenta, vagina or breast milk [178].
Viruses in amniotic fluid and placenta are infectious and contribute to intrauterine trans-
mission when they cross the placental barrier and infect the fetus [83,186]. This has been
supported by the detection of SARS-CoV-2 virus in the placenta of COVID-19 positive
women [197]. Additionally, among EBOV positive pregnant women, placenta has been re-
ported to be a reservoir of the virus which could result in transplacental transmission to the
fetus [178]. The mechanisms of macropinocytosis and clathrin-mediated endocytosis used
by placenta for acquiring nutrients is exploited by EBOV to gain entry into the cells [198].

The placenta has specialized epithelial cells known as trophoblast cells that immuno-
logically protect the neonate by controlling the spread of contagions [199]. Immunohisto-
chemical analysis has evidenced the presence of Ebola viral antigens in syncytiotrophoblast,
cytotrophoblast and placental maternal mononuclear cells [178]. SARS-CoV-2 is speculated
to enter trophoblasts with the help of entry factors such as ACE2 and Transmembrane pro-
tease serine 2 (TMPRSS2) expressed on the villous placental trophoblasts [200]. Transplacen-
tal transmission of SARS-CoV-2 has been documented in neonates born to mothers infected
in the last trimester [201]. Case studies carried out in EBOV-infected pregnant women
whose fetus died in utero also suggest infection of the fetus through the placenta [182,186].

Vertical transmission potential of SARS-CoV-2 has been discussed in the earlier days of
the pandemic itself, when a neonate born to a COVID-19 positive mother had elevated IgM
antibody levels [202]. Fenizia et al. reported around 10% vertical transmission in SARS-
CoV-2-infected mothers [203]. Incidentally, maternal SARS-CoV-2 infection in the third
trimester has been reported to cause compromised placental antibody transfer, possibly
due to compensatory mechanisms that boost immunity in the neonates [204]. However,
some authors think that the risk of vertical transmission of SARS-CoV-2 to neonates is very
low [205,206]. To our limited knowledge, there are no studies illustrating transplacental
antibody transfer with regard to EBOV infection.

There are several concerns regarding breastfeeding in the context of viral diseases,
where the risk for the infant contracting the disease through breast milk remains a research
question. In the case of SARS-CoV-2, reports indicate that viral RNA is rarely found in
breast milk [207] and even when present, it does not represent a risk factor for transmission
to the infant [208]. However, investigators have detected EBOV in breast milk [209–211],
and the viral RNA was found to persist in breast milk of EBOV positive mothers up to
500 days post-treatment [212]. A systematic study demonstrated that 80% of children who
ingested EBOV positive breast milk died of the disease [209]. This indicates the risk of
mother to child transmission of EBOV through breast milk, though the inadequate number
of samples studied is insufficient to emphasize it. Moreover, WHO guidelines recommend
discontinuing breastfeeding when a woman is suspected of EBOV infection [156].
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The presence of EBOV in female genital tracts in animal models [213] and vaginal
fluid in infected humans [214] suggests the possibility of transvaginal transmission of the
virus from mother to neonates. The presence of SARS-CoV-2 virus has also been detected
in the lower genital tract of women with COVID-19 infection [215]. On the other hand,
certain investigators have reported that SARS-CoV-2 virus is rarely detected in vaginal
secretions [216,217].

The impact of mode of delivery on pregnancy outcomes and intrapartum transmis-
sion of the virus has been debated at large. A systematic review conducted by Cai et al.
concluded that there is no significant difference in the rate of neonatal infection, neonatal
deaths and maternal deaths between women who had undergone vaginal and cesarean
delivery [218]. However, certain other studies have demonstrated association of vaginal
delivery with a low risk of intrapartum transmission of SARS-CoV-2 [219,220]. In another
cohort study, women who underwent cesarean section were reported to face adverse ma-
ternal and neonatal outcomes, while women with mild symptoms who delivered vaginally
had excellent outcomes [221]. Hence, it can be inferred that cesarean delivery is no better
than vaginal delivery in preventing adverse outcomes and the decision for the mode of
delivery may be based on individual cases and the severity of the disease.

4.3. Alterations in Immune Response in Pregnant Women with SARS-CoV-2 and EBOV Infections
Pregnancy is a unique immunological condition that attracts intense discussion on the

need to evaluate the risk posed by the exposure of pathogens to the materno-fetal unit [222].
During pregnancy, the mother has to adapt to the semi-allogenic fetus and at the same time
sustain defense against pathogen attack. A proinflammatory atmosphere prevails during
the first trimester while an anti-inflammatory environment builds up during the second
and third trimesters to assist fetal growth [223]. Pregnant women exposed to viral infections
experience several significant alterations in immune response which are summarized in
Figure 6.
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COVID-19 infection in pregnancy is accompanied by higher levels of neutrophils and
C-reactive protein that indicate an enhanced innate immune response, suppressed cytokine
storm and increased activity of CD8+ T-cells and NK cells [224]. Neutrophil activation has
also been reported in neonates born to women infected with SARS-CoV-2 [225]. IL-8, a pro-
inflammatory cytokine that plays a key role in neutrophil recruitment, has been found to be
increased in SARS-CoV-2-infected mothers and their neonates [226]. Pregnant women with
moderate or severe COVID-19 were also observed more likely to have leukopenia [227].
Alterations in innate and adaptive immune response are present at the maternal-fetal
interface as evidenced by studies carried out in decidua basalis tissues collected at the
time of delivery from women with COVID-19 infection, and these changes are found to be
correlated with the gestational stage of maternal infection [228].

The innumerable pregnancy complications and fetal outcomes reported in women
infected with EBOV, accompanied by very high maternal and fetal mortality rates, as
discussed in Table 2, indicate a possibility of an adverse immune response in pregnant
women with EVD. Nevertheless, we could hardly find any literature investigating the
immune response in EBOV-infected pregnant women. More research is required to answer
queries regarding cellular sources and targets of inflammatory molecules in placenta so as
to develop approaches to circumvent the obstetric intricacies in EVD.

5. Immunomodulatory Approaches for Combating COVID-19 and EVD

A lack of effective therapeutic agents against emerging viral diseases such as COVID-19
and EVD makes it difficult to manage the symptoms and outcomes of these ailments. Since
there is a marked alteration in the immune response in these infections, immunomodu-
latory agents should be further explored for their therapeutic and prophylactic potential.
Immunomodulatory agents fall into two categories depending on their mechanism of
modulation, namely, immunostimulants and immunosuppressants [229]. Diverse im-
munomodulatory approaches currently employed for combating COVID-19 and EVD have
been shortlisted in the Supplementary Table S1.

5.1. Vaccines against SARS-CoV-2 and EBOV

Vaccines belong to the class of specific immunostimulants that generate an immune
response against a particular pathogen. The pandemic speed at which COVID-19 vaccines
were developed can be hailed as a technological breakthrough [230,231]. Presently, 38
COVID-19 vaccines are approved for use across the world and they have been developed
using various platforms [232]. In the case of EBOV, around thirteen vaccines have been
subjected to human trials, out of which two vaccines are approved [233]. Table 3 lists the
immune responses, challenges and adverse events related to approved vaccines developed
against COVID-19 and EVD. Studies of the immune alterations in response to vaccination
are necessary to plan successful and long-lasting immunization strategies.
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Table 3. Immune responses of few COVID-19 and EVD vaccines currently approved by various agencies.

Vaccine Platform Name of Vaccine Approving Agency Immune Response
Efficacy on Original

Variant % (95% CI) after
Complete Regimen

Challenges Adverse Event Following
Immunization

Vaccination on Immunocompromised
Patients (Immunogenicity)

COVID-19

mRNA

Comirnaty (BNT162b2)

The Food and Drug
Administration of the

United States of America
and Health Canada and

The European Medicines
Agency

S1-specific IgA and IgG
Plasma nAbs

[234]

95
[235,236]

LNP temperature sensitive
no previous RNA based

vaccine
potential genetic risks

since mRNA is unstable
[237,238]

SAE + headache, fever,
fatigue

Hemodialysis-reduced by the Uremic
condition

[239]
Kidney TP-Strong Inhibition

[239]
Pregnancy—no difference of binding,
neutralizing, CD4+ CD8+ T cells, IgG

Ab to fetus via placental transfer,
breast milk, no adverse outcomes, safe

to administrate 3rd trimester
[237,238,240,241]

SpikeVax (mRNA-1273)

The European Medicines
Agency and The Food and

Drug Administration of
the United States of
America and Health

Canada

Anti-S1 Abs
[242]

94.1
[243]

LNP temperature sensitive
potential genetic risks

since mRNA is unstable
[244,245]

SAE + myalgia, arthralgia,
chills, fatigue, fever,
axillary tenderness
nausea/vomiting

Kidney TP-No immune response due
to diabetes and antithymocytes

globulins treatment
[246]

Hematologic malignancies-high rate of
both humoral and cellular response

[243]
Pregnancy—no difference of binding,
neutralizing, CD4+ CD8+ T cells, IgG

Ab to fetus via placental transfer,
breast milk, no adverse outcomes

[237,238,240]

Adeno vector

VaxZervria/AZD1222/
Covishield

(ChAdOx1_nCoV19)

Ministry of Food and Drug
safety, Republic of Korea
Central Drugs Standard
Control Organization,

India

Anti-RBD IgG,
Anti-S1 IgG,

nAbs
[247]

70.4
[248]

Pre-existing immunity to
the vector reduces vaccine

effect
[244,245]

SAE + Fever, headache,
muscle ache, malaise, chills

Pregnancy—No increased risk of
miscarriage, no instance of still birth,

not affect fertility
[152,249]

Kidney TP-effectively induce humoral
response

[249]

Janssen
(Ad26.COV2. S)

The European Medicines
Agency and The Food and

Drug Administration of
the United States of
America and Health

Canada

nAbs
[250]

66.9–76.7
[236]

Risk of rare immune
mediated thrombotic

events and
thrombocytopenia

SAE + blood clots, Muscle
ache and nausea

Pregnancy—safe to administrate 3rd
trimester, efficacy, safety,

immunogenicity similar to general
population

[241]

Sputnik/Gam-COVID-
Vac

(rAd26þrAd5)

The European Medicines
Agency

ACE receptor blocking
Abs, anti-RBD, Enhanced
levels of IFNγ, CD107a

expressing T cells, memory
B cells,
[251]

91.6
[236] -

Flu-like illness, injection
site reactions, headache,

asthenia

Pregnancy—no effect on fertility, no
adverse effect and complication

[152]
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Table 3. Cont.

Vaccine Platform Name of Vaccine Approving Agency Immune Response
Efficacy on Original

Variant % (95% CI) after
Complete Regimen

Challenges Adverse Event Following
Immunization

Vaccination on
Immunocompromised Patients

(Immunogenicity)

COVID-19

Whole
Inactivated

Vaccine

CoronaVac National Medical Products
Administration (NMPA)

SARS-CoV-2 nAb
[234]

83.5
[249]

Risk of vaccine enhanced
disease

Possible Th2-bias
Hypersensitivity

Live-attenuated vaccine
against complex pathogens

are challenging
[244,245]

SAE+ allergic reaction,
cough, myalgia, chill,

nausea

Pregnant women-Effective in
prevention, severe illness

[252]
HIV-Immunogenicity reduced

compared to healthy
[253]

ARD-Safe, reduced, Short-term
immunogenicity

[254]

CoVAXIN (BBV152)
Central Drugs Standard
Control Organization,

India

Enhanced plasma levels of
CCL4, CXCL1, CXCL2,
CX3CL1, IFNγ, IL-2,

TNFα, IL-4, IL-5, IL-10,
IL-13, IL-17A, IL-6,IL-12,
IL-1α, IL-1β, IL-3, IL-7

Diminished plasma levels
of CXCL10, IL-25, IL-33,

GM-CSF and type 1 IFNs.
[255]

77.8
[236,249]

SAE+ Fever, myalgia,
Nausea, vomiting

Kidney TP-effectively induce
humoral response

[256]
Pregnancy—Insufficient data

Covilo (BBIBP-CorV)

Chinese National
Regulatory Authority

(NRA),
National Medicinal

Product Administration
(NMPA)

No data available 78.1
[249]

SAE+ Fever, headache,
cough

Breast cancer-anti-S-RBD ab, no
interference with trastuzmab

[257,258]
Heart block-increased risk, may

added side effects, humoral
response interferes with conduction

system of heart
[259]

Pregnancy—No data available

Recombinant
protein

NVX-CoV2373
(Nuvaxoid)/Covovax

Central Drugs Standard
Control Organization,

India

Th1 response, anti-spike
IgG, nAbs

[260]

89.7
[236]

Availability of appropriate
adjuvant

Weak immunogenicity

SAE + erythema,
tenderness, malaise,

myalgia, nausea/vomiting

Pregnancy—No data available
HIV-attenuated humoral response

[261]
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Table 3. Cont.

Vaccine Platform Name of Vaccine Approving Agency Immune Response
Efficacy on Original

Variant % (95% CI) after
Complete Regimen

Challenges Adverse Event Following
Immunization

Vaccination on
Immunocompromised Patients

(Immunogenicity)

Ebola Virus Disease (EVD)

Recombinant
VSV

Ervebo (rVSV∆G-ZEBOV/,
rVSV∆G-ZEBOV-GP)

The Food and Drug
Administration of the

United States of America
and Health Canada and

The European Medicines
Agency

Increase in Total IgG, nAbs 94.5
[262]

Reports of arthritis in a
subset of vaccinees

Infectious virus found in
synovial joints of vaccinees

Interaction and
interference between

vaccine and therapeutics
[233]

SAE+ Joint pain +rash+
Myalgia + arthritis +

nausea + chill

Pregnancy—No significant &
conclusive data available

HIV—Safe, decreased
immunogenicity

[263]

Adeno vector +
MVA-BN

Zabdeno/Mvabea
(Ad26.ZEBOV +
MVA-BN-Filo)

The European Medicines
Agency

Anti-EBOV GP binding
antibodies

[264]

53.4
[233]

Not ideal for outbreak
settings

Pre-existing immunity to
vector reduces vaccine

effect
Interaction and

interference between
vaccine and therapeutics
Various inoculation may

produce different immune
response

[233]

SAE + myalgia, Joint pain No data available

All the adverse effect details are adapted from the fact sheet of corresponding vaccines. Ad—Adenovirus; chAd-Chimpanzee Adenovirus; EMA—European Medicine Association;
GP—Glycoprotein, HPIV3—Human parainfluenza virus 3; LNP-Lipid nanoparticles; MVA—Modified vaccinia Ankara; nAb—Neutralizing Antibodies; NP—Nucleoprotein; sGP—spike
Glycoprotein; S—Spike protein; N-Nucleocapsid DNA; UK-VP—UK Vaccination Program; VLPs—Virus-like particles; VSV—Vesicular stomatitis virus; rVSV—recombinant vesicular
stomatitis virus; STRCT—The Scientific and Technological Research Councils of Turkey.



Pathogens 2022, 11, 800 28 of 42

Clinical trials are required to assess the safety and efficacy of vaccines before they are
applied for mass immunization. Several clinical trials of vaccines against COVID-19 and
EVD are currently going on across the globe; the status and other details of clinical trials
of vaccines employing common platforms are summarized in Supplementary Table S2.
Booster doses are warranted to offer complete protection from the disease, particularly
when the immunity provided by the primary vaccination starts to wane off or when the
original vaccines no longer act against the antigens presented by the new variants. Research
output on COVID-19 demonstrates that improvement in immunological response to vaccine
antigen and reduction in the risk of infections are well associated with boosting [265]. The
benefits of booster dose have also been demonstrated in EVD where the bivalent Ebola
virus-like particle (VLP) vaccine is reported to cause clonal increase of GP specific T cells
which was found to elevate after the second booster dose [266]. The strategy of prime-boost
immunization is found to offer maximum protection against EBOV infection both in case of
Zabdeno [267] and cAd3-EBOZ [268] vaccines, where boosting is done by administration
of modified vaccinia Ankara (MVA) strain [233]. Similarly, heterologous boosting has been
reported to offer substantial protection against mild and severe COVID-19 [269].

In the case of COVID-19, a fourth dose of vaccine has been offered in Israel to its
population above 60 years and health care workers [270], though there are reports that
the fourth dose of mRNA vaccine does not offer any additional protection against new
variants such as Omicron [271]. Ultimately, boosters are helpful from the perspective of the
general population, but adverse immune mediated side effects should be weighed properly
before widely introducing the booster doses [251]. This is particularly true in the case of
immunocompromised individuals, among whom an investigation has demonstrated lower
effectiveness of mRNA vaccination, in comparison to immunocompetent individuals [272].

Another aspect that needs to be discussed is the immune response that is mounted after
a natural infection in comparison with that achieved after vaccination. The neutralizing
antibody response generated by all the approved COVID-19 vaccines is similar to or higher
than that generated in convalescent individuals [273]. A comparative study of longitudinal
dynamics of the immune responses has revealed that three months post-vaccination, the
cellular immunity was comparable while the humoral response was stronger in vaccinated
individuals compared to COVID-19 recovered patients [274]. However, the antibody
titers were found to decline 1 to 3 months post-vaccination [275]. In the case of EVD,
a cohort study evaluating vaccination and EBOV infection has observed more efficient
immunity in survivors than vaccinated volunteers. Higher neutralizing capacity, larger
pool of neutralizing antibodies and elevated NK cell activation were observed in the
survivors [276].

We would like to touch upon another interesting concept with respect to immune
response in vaccination of COVID-19 recovered patients. Sariol et al. has demonstrated that
antibodies generated after natural infection, though similar in quantity, are better in their
function, when the natural infection preceded vaccination [277]. Such observations reinforce
the concept of hybrid immunity that is proposed to develop in vaccinated individuals who
recovered from COVID-19. The antibodies that develop in such people post-vaccination,
have been reported to neutralize immune evading strains such as the Beta variant, when
compared to vaccinated individuals who have never been infected [278]. Infection-acquired-
immunity, when boosted with vaccination, is also found to last longer [279]. A similar study
has been published from India, in which the COVID-19 recovered individuals who received
just a single dose of Covishield were found to mount a much higher immune response
in comparison with those who have been vaccinated with two doses [280]. Additionally,
individuals with hybrid immunity are reported to require much lower hospitalization
associated with SARS-CoV-2 reinfection [281]. All these data were analyzed prior to the
emergence of Omicron, and hence experts warn that the relevance of these results need to be
reassessed in the current scenario, after the advent of new variants including Omicron [282].

Patients with comorbid conditions are always assessed to be at greater risk and hence
are universally prioritized for vaccination. Anti-CD20 therapy such as Rituximab, which is
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considered a significant management strategy in auto-immune diseases and cancer, is found
to reduce the immune response to vaccination [283] and hence adequate interval between
the Rituximab treatment and COVID-19 vaccination has been proposed [284], [285]. Furer
et al. have carried out a multicentric study that demonstrated BNT162b2mRNA vaccine to
be immunogenic in patients with autoimmune inflammatory rheumatic diseases. However,
anti-CD20 therapy in these patients resulted in a substantial reduction of vaccine induced
humoral response [286]. Assessment of safety and efficacy of EVD vaccines in patients with
comorbidities is scarce in literature and hence warranted in view of the high mortality rate
of the disease.

5.2. Vaccination in Pregnant Women against COVID-19 and EVD

Pregnant women are normally excluded from the initial clinical trials of vaccination
against any infectious disease due to various apprehensions among the public concerning
safety. This scenario has led to the generation of very little research data regarding the safety
and efficacy of vaccination in pregnant women against COVID-19 [287] and EVD [288]
until now. The scarce and inconsistent literature is one of the reasons for the still-persisting
vaccine hesitancy among pregnant women [289]. However, the emerging reports from
various corners of the globe are promising and need to be exploited for educating the
public and spreading awareness on vaccination. We have included the available data
regarding the immune response and outcomes of vaccination in pregnant women against
both COVID-19 and EVD in Table 3.

6. Conclusions

The greatest threat to humanity in the present day is the emergence and re-emergence
of highly pathogenic RNA viruses that cause diseases such as Influenza, Zika virus disease,
Encephalitis and Dengue fever. Researchers could help in the development of therapeutic
and prophylactic strategies for effective management of COVID-19 in such a short span of
time only because of the foundations laid by innumerable studies carried out previously on
various viral diseases. Since COVID-19 was a pandemic outbreak, scientific investigators
around the world had immediately focused on generating research outputs needed to
combat the disease. Though COVID-19 research was all-encompassing, many perspectives
had not been addressed in diseases such as EVD probably due to the non-availability of
sufficient samples because of higher mortality. More studies are required to unravel the
latent aspects in the immunology of EBOV infection in pregnant and vaccinated individuals,
which could aid in designing novel therapeutic approaches. We hope that the present review
kindles rigorous research that may yield promising findings that could be extrapolated to
other RNA viruses.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/pathogens11070800/s1, Table S1: Immunomodulatory
approaches for COVID-19 and EVD, Table S2: An overview of COVID-19 and EVD vaccines under
clinical trial on the basis of common vaccine platforms.

Author Contributions: Conceptualization, M.M.; Original draft preparation, C.R.D. and M.M.;
Preparation of Figures, C.R.D.; Preparation of Tables, A.S. (Aswathy Shailaja) and A.S.M.; Review
and Editing, A.S.M., A.S. (Ambili Savithri), J.T.V., J.J.V., V.S.L.; Resources, S.P.K., Ambili Savithri,
J.T.V., J.J.V., V.S.L.; Project Administration, S.P.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/pathogens11070800/s1


Pathogens 2022, 11, 800 30 of 42

References
1. Cascella, M.; Rajnik, M.; Aleem, A.; Dulebohn, S.; Di Napoli, R. Features, Evaluation and Treatment Coronavirus (COVID-19);

StatPearls Publishing: Treasure Island, FL, USA, 2022. Available online: https://www.ncbi.nlm.nih.gov/books/NBK554776/
(accessed on 24 May 2022).

2. Kimble, J.B.; Malherbe, D.C.; Meyer, M.; Gunn, B.M.; Karim, M.M.; Ilinykh, P.A.; Iampietro, M.; Mohamed, K.S.; Negi, S.;
Gilchuk, P.; et al. Antibody-Mediated Protective Mechanisms Induced by a Trivalent Parainfluenza Virus-Vectored Ebolavirus
Vaccine. J. Virol. 2019, 93, e01845-18. [CrossRef] [PubMed]

3. Zhou, P.; Yang, X.-L.; Wang, X.-G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.-R.; Zhu, Y.; Li, B.; Huang, C.-L.; et al. A pneumonia
outbreak associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270–273. [CrossRef]

4. Kamorudeen, R.T.; Adedokun, K.A.; Olarinmoye, A.O. Ebola outbreak in West Africa, 2014–2016: Epidemic timeline, differential
diagnoses, determining factors, and lessons for future response. J. Infect. Public Health 2020, 13, 956–962. [CrossRef] [PubMed]

5. Zhou, L.; Ayeh, S.K.; Chidambaram, V.; Karakousis, P.C. Modes of transmission of SARS-CoV-2 and evidence for preventive
behavioral interventions. BMC Infect. Dis. 2021, 21, 496. [CrossRef]

6. Lin, Y.; Wu, Y.; Zhong, P.; Hou, B.; Liu, J.; Chen, Y.; Liu, J. A clinical staging proposal of the disease course over time in non-severe
patients with coronavirus disease 2019. Sci. Rep. 2021, 11, 10681. [CrossRef] [PubMed]

7. Bixler, S.L.; Goff, A.J. The Role of Cytokines and Chemokines in Filovirus Infection. Viruses 2015, 7, 5489–5507. [CrossRef]
8. Mokhtari, T.; Hassani, F.; Ghaffari, N.; Ebrahimi, B.; Yarahmadi, A.; Hassanzadeh, G. COVID-19 and multiorgan failure: A

narrative review on potential mechanisms. Histochem. J. 2020, 51, 613–628. [CrossRef]
9. Elliott, L.H.; Sanchez, A.; Holloway, B.P.; Kiley, M.P.; McCormick, J.B. Ebola protein analyses for the determination of genetic

organization. Arch. Virol. 1993, 133, 423–436. [CrossRef]
10. Sanchez, A.; Kiley, M.P.; Holloway, B.P.; Auperin, D.D. Sequence analysis of the Ebola virus genome: Organization, genetic

elements, and comparison with the genome of Marburg virus. Virus Res. 1993, 29, 215–240. [CrossRef]
11. Takamatsu, Y.; Kolesnikova, L.; Becker, S. Ebola virus proteins NP, VP35, and VP24 are essential and sufficient to mediate

nucleocapsid transport. Proc. Natl. Acad. Sci. USA 2018, 115, 1075–1080. [CrossRef]
12. Feldmann, H.; Sprecher, A.; Geisbert, T.W. Ebola. N. Engl. J. Med. 2020, 382, 1832–1842. [CrossRef] [PubMed]
13. Genomic Characterization of a Novel SARS-CoV-2—PubMed. Available online: https://pubmed.ncbi.nlm.nih.gov/32300673/

(accessed on 24 May 2022).
14. Premkumar, L.; Segovia-Chumbez, B.; Jadi, R.; Martinez, D.R.; Raut, R.; Markmann, A.; Cornaby, C.; Bartelt, L.; Weiss, S.;

Park, Y.; et al. The receptor binding domain of the viral spike protein is an immunodominant and highly specific target of
antibodies in SARS-CoV-2 patients. Sci. Immunol. 2020, 5, eabc8413. [CrossRef] [PubMed]

15. Shang, J.; Wan, Y.; Luo, C.; Ye, G.; Geng, Q.; Auerbach, A.; Li, F. Cell entry mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci. USA
2020, 117, 11727–11734. [CrossRef] [PubMed]

16. Lee, J.E.; Saphire, E.O. Ebolavirus glycoprotein structure and mechanism of entry. Future Virol. 2009, 4, 621–635. [CrossRef]
[PubMed]

17. Mohan, G.S.; Ye, L.; Li, W.; Monteiro, A.; Lin, X.; Sapkota, B.; Pollack, B.P.; Compans, R.W.; Yang, C. Less Is More: Ebola Virus
Surface Glycoprotein Expression Levels Regulate Virus Production and Infectivity. J. Virol. 2015, 89, 1205–1217. [CrossRef]
[PubMed]

18. Furuyama, W.; Shifflett, K.; Feldmann, H.; Marzi, A. The Ebola virus soluble glycoprotein contributes to viral pathogenesis by
activating the MAP kinase signaling pathway. PLoS Pathog. 2021, 17, e1009937. Available online: https://journals.plos.org/
plospathogens/article?id=10.1371/journal.ppat.1009937 (accessed on 24 May 2022). [CrossRef]

19. Khataby, K.; Kasmi, Y.; Hammou, R.A.; Laasri, F.E.; Boughribi, S.; Ennaji, M.M. Ebola Virus’s Glycoproteins and Entry Mechanism.
In Ebola; IntechOpen: Rijeka, Croatia, 2016. [CrossRef]

20. Li, R.-T.; Qin, C.-F. Expression pattern and function of SARS-CoV-2 receptor ACE2. Biosaf. Health 2021, 3, 312–318. [CrossRef]
21. Brunton, B.; Rogers, K.; Phillips, E.K.; Brouillette, R.B.; Bouls, R.; Butler, N.S.; Maury, W. TIM-1 serves as a receptor for Ebola virus

in vivo, enhancing viremia and pathogenesis. PLoS Negl. Trop. Dis. 2019, 13, e0006983. [CrossRef]
22. Kondratowicz, A.S.; Lennemann, N.J.; Sinn, P.L.; Davey, R.A.; Hunt, C.L.; Moller-Tank, S.; Meyerholz, D.K.; Rennert, P.;

Mullins, R.F.; Brindley, M.; et al. T-cell immunoglobulin and mucin domain 1 (TIM-1) is a receptor for Zaire Ebolavirus and Lake
Victoria Marburgvirus. Proc. Natl. Acad. Sci. USA 2011, 108, 8426–8431. [CrossRef]

23. Kalejaiye, T.D.; Bhattacharya, R.; Burt, M.A.; Travieso, T.; Okafor, A.E.; Mou, X.; Blasi, M.; Musah, S. SARS-CoV-2 Employ
BSG/CD147 and ACE2 Receptors to Directly Infect Human Induced Pluripotent Stem Cell-Derived Kidney Podocytes. Front.
Cell Dev. Biol. 2022, 10, 855340. Available online: https://www.frontiersin.org/article/10.3389/fcell.2022.855340 (accessed on 25
May 2022). [CrossRef]

24. Baseler, L.; Chertow, D.S.; Johnson, K.M.; Feldmann, H.; Morens, D.M. The Pathogenesis of Ebola Virus Disease. Annu. Rev.
Pathol. Mech. Dis. 2017, 12, 387–418. [CrossRef] [PubMed]

25. Furuyama, W.; Marzi, A. Ebola Virus: Pathogenesis and Countermeasure Development. Annu. Rev. Virol. 2019, 6, 435–458.
[CrossRef] [PubMed]

26. Ge, H.; Wang, X.; Yuan, X.; Xiao, G.; Wang, C.; Deng, T.; Yuan, Q.; Xiao, X. The epidemiology and clinical information about
COVID-19. Eur. J. Clin. Microbiol. 2020, 39, 1011–1019. [CrossRef]

https://www.ncbi.nlm.nih.gov/books/NBK554776/
http://doi.org/10.1128/JVI.01845-18
http://www.ncbi.nlm.nih.gov/pubmed/30518655
http://doi.org/10.1038/s41586-020-2012-7
http://doi.org/10.1016/j.jiph.2020.03.014
http://www.ncbi.nlm.nih.gov/pubmed/32475805
http://doi.org/10.1186/s12879-021-06222-4
http://doi.org/10.1038/s41598-021-90111-y
http://www.ncbi.nlm.nih.gov/pubmed/34021206
http://doi.org/10.3390/v7102892
http://doi.org/10.1007/s10735-020-09915-3
http://doi.org/10.1007/BF01313780
http://doi.org/10.1016/0168-1702(93)90063-s
http://doi.org/10.1073/pnas.1712263115
http://doi.org/10.1056/NEJMra1901594
http://www.ncbi.nlm.nih.gov/pubmed/32441897
https://pubmed.ncbi.nlm.nih.gov/32300673/
http://doi.org/10.1126/sciimmunol.abc8413
http://www.ncbi.nlm.nih.gov/pubmed/32527802
http://doi.org/10.1073/pnas.2003138117
http://www.ncbi.nlm.nih.gov/pubmed/32376634
http://doi.org/10.2217/fvl.09.56
http://www.ncbi.nlm.nih.gov/pubmed/20198110
http://doi.org/10.1128/JVI.01810-14
http://www.ncbi.nlm.nih.gov/pubmed/25392212
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1009937
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1009937
http://doi.org/10.1371/journal.ppat.1009937
http://doi.org/10.5772/64032
http://doi.org/10.1016/j.bsheal.2021.08.003
http://doi.org/10.1371/journal.pntd.0006983
http://doi.org/10.1073/pnas.1019030108
https://www.frontiersin.org/article/10.3389/fcell.2022.855340
http://doi.org/10.3389/fcell.2022.855340
http://doi.org/10.1146/annurev-pathol-052016-100506
http://www.ncbi.nlm.nih.gov/pubmed/27959626
http://doi.org/10.1146/annurev-virology-092818-015708
http://www.ncbi.nlm.nih.gov/pubmed/31567063
http://doi.org/10.1007/s10096-020-03874-z


Pathogens 2022, 11, 800 31 of 42

27. Yoshimoto, F.K. The Proteins of Severe Acute Respiratory Syndrome Coronavirus-2 (SARS CoV-2 or n-COV19), the Cause of
COVID-19. J. Protein Chem. 2020, 39, 198–216. [CrossRef]

28. Dehghani, B.; Ghasabi, F.; Hashempoor, T.; Joulaei, H.; Hasanshahi, Z.; Halaji, M.; Chatrabnous, N.; Mousavi, Z.; Moayedi, J.
Functional and structural characterization of Ebola virus glycoprotein (1976–2015)—An in silico study. Int. J. Biomath. 2017,
10, 1750108. [CrossRef]

29. Jain, S.; Martynova, E.; Rizvanov, A.; Khaiboullina, S.; Baranwal, M. Structural and Functional Aspects of Ebola Virus Proteins.
Pathogens 2021, 10, 1330. [CrossRef]

30. Shimojima, M.; Takada, A.; Ebihara, H.; Neumann, G.; Fujioka, K.; Irimura, T.; Jones, S.; Feldmann, H.; Kawaoka, Y. Tyro3
Family-Mediated Cell Entry of Ebola and Marburg Viruses. J. Virol. 2006, 80, 10109–10116. [CrossRef]

31. Perez-Zsolt, D.; Muñoz-Basagoiti, J.; Rodon, J.; Elosua-Bayes, M.; Raïch-Regué, D.; Risco, C.; Sachse, M.; Pino, M.; Gumber, S.;
Paiardini, M.; et al. SARS-CoV-2 interaction with Siglec-1 mediates trans-infection by dendritic cells. Cell. Mol. Immunol. 2021, 18,
2676–2678. [CrossRef]

32. Perez-Zsolt, D.; Muñoz-Basagoiti, J.; Rodon, J.; Elousa, M.; Raïch-Regué, D.; Risco, C.; Sachse, M.; Pino, M.; Gumber, S.;
Paiardini, M.; et al. Siglec-1 on dendritic cells mediates SARS-CoV-2 trans-infection of target cells while on macrophages triggers
proinflammatory responses. bioRxiv 2021. [CrossRef]

33. Amraei, R.; Yin, W.; Napoleon, M.A.; Suder, E.L.; Berrigan, J.; Zhao, Q.; Olejnik, J.; Chandler, K.B.; Xia, C.; Feldman, J.; et al.
CD209L/L-SIGN and CD209/DC-SIGN Act as Receptors for SARS-CoV-2. ACS Central Sci. 2021, 7, 1156–1165. [CrossRef]

34. Stupar, R.M. Into the wild: The soybean genome meets its undomesticated relative. Proc. Natl. Acad. Sci. USA 2010, 107,
21947–21948. [CrossRef] [PubMed]

35. Zaki, N.; Mohamed, E.A. The estimations of the COVID-19 incubation period: A scoping reviews of the literature. J. Infect. Public
Health 2021, 14, 638–646. [CrossRef] [PubMed]

36. CDC. “COVID-19 and Your Health,” Centers for Disease Control and Prevention, 11 February 2020. Available online: https:
//www.cdc.gov/coronavirus/2019-ncov/faq.html (accessed on 25 May 2022).

37. Bohan, D.; Van Ert, H.; Ruggio, N.; Rogers, K.J.; Badreddine, M.; Briseño, J.A.A.; Elliff, J.M.; Chavez, R.A.R.; Gao, B.;
Stokowy, T.; et al. Phosphatidylserine receptors enhance SARS-CoV-2 infection. PLoS Pathog. 2021, 17, e1009743. [CrossRef]

38. Nanbo, A.; Kawaoka, Y. Molecular Mechanism of Externalization of Phosphatidylserine on the Surface of Ebola Virus Particles.
DNA Cell Biol. 2019, 38, 115–120. [CrossRef]

39. Acciani, M.D.; Mendoza, M.F.L.; Havranek, K.E.; Duncan, A.M.; Iyer, H.; Linn, O.L.; Brindley, M.A. Ebola Virus Requires
Phosphatidylserine Scrambling Activity for Efficient Budding and Optimal Infectivity. J. Virol. 2021, 95, JVI0116521. [CrossRef]

40. Nanbo, A.; Maruyama, J.; Imai, M.; Ujie, M.; Fujioka, Y.; Nishide, S.; Takada, A.; Ohba, Y.; Kawaoka, Y. Ebola virus requires a host
scramblase for externalization of phosphatidylserine on the surface of viral particles. PLoS Pathog. 2018, 14, e1006848. Available
online: https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1006848 (accessed on 25 May 2022). [CrossRef]

41. Younan, P.; Iampietro, M.; Nishida, A.; Ramanathan, P.; Santos, R.I.; Dutta, M.; Lubaki, N.M.; Koup, R.A.; Katze, M.G.;
Bukreyev, A. Ebola Virus Binding to Tim-1 on T Lymphocytes Induces a Cytokine Storm. mBio 2017, 8, e00845-17. [CrossRef]

42. Kennedy, J.R. Phosphatidylserine’s role in Ebola’s inflammatory cytokine storm and hemorrhagic consumptive coagulopathy and
the therapeutic potential of annexin V. Med. Hypotheses 2019, 135, 109462. [CrossRef]

43. Roncato, R.; Angelini, J.; Pani, A.; Talotta, R. Lipid rafts as viral entry routes and immune platforms: A double-edged sword in
SARS-CoV-2 infection? Biochim. Biophys. Acta (BBA) Mol. Cell Biol. Lipids 2022, 1867, 159140. [CrossRef]

44. Jin, C.; Che, B.; Guo, Z.; Li, C.; Liu, Y.; Wu, W.; Wang, S.; Li, D.; Cui, Z.; Liang, M. Single virus tracking of Ebola virus entry
through lipid rafts in living host cells. Biosaf. Health 2020, 2, 25–31. [CrossRef]

45. Yang, Q.; Shu, H.-B. Chapter One—Deciphering the pathways to antiviral innate immunity and inflammation. In Advances in
Immunology; Dong, C., Jiang, Z., Eds.; Academic Press: Amsterdam, The Netherlands, 2020; Volume 145, pp. 1–36. [CrossRef]

46. Tay, M.Z.; Poh, C.M.; Rénia, L.; Macary, P.A.; Ng, L.F.P. The trinity of COVID-19: Immunity, inflammation and intervention. Nat.
Rev. Immunol. 2020, 20, 363–374. [CrossRef] [PubMed]

47. Jain, S.; Khaiboullina, S.F.; Baranwal, M. Immunological Perspective for Ebola Virus Infection and Various Treatment Measures
Taken to Fight the Disease. Pathogens 2020, 9, 850. [CrossRef] [PubMed]

48. Cron, R.Q.; Caricchio, R.; Chatham, W.W. Calming the cytokine storm in COVID-19. Nat. Med. 2021, 27, 1674–1675. [CrossRef]
[PubMed]

49. Rubsamen, R.; Burkholz, S.; Massey, C.; Brasel, T.; Hodge, T.; Wang, L.; Herst, C.; Carback, R.; Harris, P. Anti-IL-6 Versus Anti-IL-
6R Blocking Antibodies to Treat Acute Ebola Infection in BALB/c Mice: Potential Implications for Treating Cytokine Release
Syndrome. Front. Pharmacol. 2020, 11, 574703. Available online: https://www.frontiersin.org/article/10.3389/fphar.2020.574703
(accessed on 25 May 2022). [CrossRef] [PubMed]

50. Acharya, D.; Liu, G.; Gack, M.U. Dysregulation of type I interferon responses in COVID-19. Nat. Rev. Immunol. 2020, 20, 397–398.
[CrossRef]

51. Zhang, Q.; Bastard, P.; Liu, Z.; Le Pen, J.; Moncada-Velez, M.; Chen, J.; Ogishi, M.; Sabli, I.K.D.; Hodeib, S.; Korol, C.; et al. Inborn
errors of type I IFN immunity in patients with life-threatening COVID-19. Science 2020, 370, eabd4570. [CrossRef]

52. Lubaki, N.M.; Younan, P.; Santos, R.I.; Meyer, M.; Iampietro, M.; Koup, R.A.; Bukreyev, A. The Ebola Interferon Inhibiting
Domains Attenuate and Dysregulate Cell-Mediated Immune Responses. PLoS Pathog. 2016, 12, e1006031. [CrossRef]

http://doi.org/10.1007/s10930-020-09901-4
http://doi.org/10.1142/S179352451750108X
http://doi.org/10.3390/pathogens10101330
http://doi.org/10.1128/JVI.01157-06
http://doi.org/10.1038/s41423-021-00794-6
http://doi.org/10.1101/2021.05.11.443572
http://doi.org/10.1021/acscentsci.0c01537
http://doi.org/10.1073/pnas.1016809108
http://www.ncbi.nlm.nih.gov/pubmed/21149697
http://doi.org/10.1016/j.jiph.2021.01.019
http://www.ncbi.nlm.nih.gov/pubmed/33848893
https://www.cdc.gov/coronavirus/2019-ncov/faq.html
https://www.cdc.gov/coronavirus/2019-ncov/faq.html
http://doi.org/10.1371/journal.ppat.1009743
http://doi.org/10.1089/dna.2018.4485
http://doi.org/10.1128/JVI.01165-21
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1006848
http://doi.org/10.1371/journal.ppat.1006848
http://doi.org/10.1128/mBio.00845-17
http://doi.org/10.1016/j.mehy.2019.109462
http://doi.org/10.1016/j.bbalip.2022.159140
http://doi.org/10.1016/j.bsheal.2019.12.009
http://doi.org/10.1016/bs.ai.2019.11.001
http://doi.org/10.1038/s41577-020-0311-8
http://www.ncbi.nlm.nih.gov/pubmed/32346093
http://doi.org/10.3390/pathogens9100850
http://www.ncbi.nlm.nih.gov/pubmed/33080902
http://doi.org/10.1038/s41591-021-01500-9
http://www.ncbi.nlm.nih.gov/pubmed/34480126
https://www.frontiersin.org/article/10.3389/fphar.2020.574703
http://doi.org/10.3389/fphar.2020.574703
http://www.ncbi.nlm.nih.gov/pubmed/33071786
http://doi.org/10.1038/s41577-020-0346-x
http://doi.org/10.1126/science.abd4570
http://doi.org/10.1371/journal.ppat.1006031


Pathogens 2022, 11, 800 32 of 42

53. Lever, M.S.; Piercy, T.J.; Steward, J.A.; Eastaugh, L.; Smither, S.J.; Taylor, C.; Salguero, F.J.; Phillpotts, R.J. Lethality and pathogenesis
of airborne infection with filoviruses in A129 α/β −/− interferon receptor-deficient mice. J. Med. Microbiol. 2012, 61, 8–15.
[CrossRef]

54. Comer, J.E.; Escaffre, O.; Neef, N.; Brasel, T.; Juelich, T.L.; Smith, J.K.; Smith, J.; Kalveram, B.; Perez, D.D.; Massey, S.; et al.
Filovirus Virulence in Interferon α/β and γ Double Knockout Mice, and Treatment with Favipiravir. Viruses 2019, 11, 137.
[CrossRef]

55. Frontiers | Neutrophil Activation in Acute Hemorrhagic Fever with Renal Syndrome Is Mediated by Hantavirus-Infected
Microvascular Endothelial Cells | Immunology. Available online: https://www.frontiersin.org/articles/10.3389/fimmu.2018.020
98/full (accessed on 25 May 2022).

56. Hasan, A.; Al-Ozairi, E.; Al-Baqsumi, Z.; Ahmad, R.; Al-Mulla, F. Cellular and Humoral Immune Responses in Covid-19 and
Immunotherapeutic Approaches. ImmunoTargets Ther. 2021, 10, 63–85. [CrossRef]

57. Eisfeld, A.J.; Halfmann, P.J.; Wendler, J.P.; Kyle, J.E.; Burnum-Johnson, K.E.; Peralta, Z.; Maemura, T.; Walters, K.B.; Watanabe, T.;
Fukuyama, S.; et al. Multi-platform ’Omics Analysis of Human Ebola Virus Disease Pathogenesis. Cell Host Microbe 2017, 22,
817–829.e8. [CrossRef]

58. Sander, W.J.; O’Neill, H.; Pohl, C.H. Prostaglandin E2 As a Modulator of Viral Infections. Front. Physiol. 2017, 8, 89. [CrossRef]
[PubMed]

59. Ricke-Hoch, M.; Stelling, E.; Lasswitz, L.; Gunesch, A.P.; Kasten, M.; Zapatero-Belinchón, F.J.; Brogden, G.; Gerold, G.;
Pietschmann, T.; Montiel, V.; et al. Impaired immune response mediated by prostaglandin E2 promotes severe COVID-19
disease. PLoS ONE 2021, 16, e0255335. [CrossRef] [PubMed]

60. Jayaprakash, A.D.; Ronk, A.J.; Prasad, A.N.; Covington, M.F.; Stein, K.R.; Schwarz, T.M.; Hekmaty, S.; Fenton, K.A.; Geisbert, T.W.;
Basler, C.F.; et al. Ebola and Marburg virus infection in bats induces a systemic response. bioRxiv 2020. [CrossRef]

61. Levi, M.; de Jonge, E.; van der Poll, T.; Cate, H.T. Disseminated intravascular coagulation. Thromb Haemost 1999, 82, 695–705.
[CrossRef] [PubMed]

62. Eslamifar, Z.; Behzadifard, M.; Soleimani, M.; Behzadifard, S. Coagulation abnormalities in SARS-CoV-2 infection: Overexpression
tissue factor. Thromb. J. 2020, 18, 38. [CrossRef]

63. Geisbert, T.W.; Young, H.A.; Jahrling, P.B.; Davis, K.J.; Kagan, E.; Hensley, L. Mechanisms Underlying Coagulation Abnormalities
in Ebola Hemorrhagic Fever: Overexpression of Tissue Factor in Primate Monocytes/Macrophages Is a Key Event. J. Infect. Dis.
2003, 188, 1618–1629. [CrossRef]

64. Adaptive immunity to SARS-CoV-2 and COVID-19—PMC. Available online: https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC7803150/ (accessed on 25 May 2022).

65. Long, Q.-X.; Liu, B.-Z.; Deng, H.-J.; Wu, G.-C.; Deng, K.; Chen, Y.-K.; Liao, P.; Qiu, J.-F.; Lin, Y.; Cai, X.-F.; et al. Antibody responses
to SARS-CoV-2 in patients with COVID-19. Nat. Med. 2020, 26, 845–848. [CrossRef]

66. Colavita, F.; Biava, M.; Castilletti, C.; Lanini, S.; Miccio, R.; Portella, G.; Vairo, F.; Ippolito, G.; Capobianchi, M.R.; Di Caro, A.; et al.
Inflammatory and Humoral Immune Response during Ebola Virus Infection in Survivor and Fatal Cases Occurred in Sierra
Leone during the 2014–2016 Outbreak in West Africa. Viruses 2019, 11, 373. [CrossRef]

67. McElroy, A.K.; Akondy, R.S.; Davis, C.W.; Ellebedy, A.H.; Mehta, A.K.; Kraft, C.S.; Lyon, G.M.; Ribner, B.S.; Varkey, J.;
Sidney, J.; et al. Human Ebola virus infection results in substantial immune activation. Proc. Natl. Acad. Sci. USA 2015,
112, 4719–4724. [CrossRef]

68. Zinkernagel, R.M.; Hengartner, H. Protective ‘immunity’ by pre-existent neutralizing antibody titers and preactivated T cells but
not by so-called ‘immunological memory’. Immunol. Rev. 2006, 211, 310–319. [CrossRef] [PubMed]

69. Flyak, A.I.; Shen, X.; Murin, C.D.; Turner, H.L.; David, J.A.; Fusco, M.L.; Lampley, R.; Kose, N.; Ilinykh, P.A.; Kuzmina, N.; et al.
Cross-Reactive and Potent Neutralizing Antibody Responses in Human Survivors of Natural Ebolavirus Infection. Cell 2016, 164,
392–405. [CrossRef] [PubMed]

70. Wang, X.; Guo, X.; Xin, Q.; Pan, Y.; Hu, Y.; Li, J.; Chu, Y.; Feng, Y.; Wang, Q. Neutralizing Antibody Responses to Severe Acute
Respiratory Syndrome Coronavirus 2 in Coronavirus Disease 2019 Inpatients and Convalescent Patients. Clin. Infect. Dis. 2020,
71, 2688–2694. [CrossRef] [PubMed]

71. Non-Neutralizing Antibodies from a Marburg Infection Survivor Mediate Protection by Fc-Effector Functions and by Enhancing
Efficacy of Other Antibodies—ScienceDirect. Available online: https://www.sciencedirect.com/science/article/pii/S193131282
030189X (accessed on 25 May 2022).

72. Gunn, B.M.; Alter, G. Modulating Antibody Functionality in Infectious Disease and Vaccination. Trends Mol. Med. 2016, 22,
969–982. [CrossRef] [PubMed]

73. A Fc-Enhanced NTD-binding Non-Neutralizing Antibody Delays Virus Spread and Synergizes with a nAb to Protect Mice from
Lethal SARS-CoV-2 Infection—ScienceDirect. Available online: https://www.sciencedirect.com/science/article/pii/S221112472
2000894 (accessed on 25 May 2022).

74. Ren, L.; Zhang, L.; Chang, D.; Wang, J.; Hu, Y.; Chen, H.; Guo, L.; Wu, C.; Wang, C.; Wang, Y.; et al. The kinetics of humoral
response and its relationship with the disease severity in COVID-19. Commun. Biol. 2020, 3, 780. [CrossRef]

75. Aydillo, T.; Rombauts, A.; Stadlbauer, D.; Aslam, S.; Abelenda-Alonso, G.; Escalera, A.; Amanat, F.; Jiang, K.; Krammer, F.;
Carratala, J.; et al. Immunological imprinting of the antibody response in COVID-19 patients. Nat. Commun. 2021, 12, 3781.
[CrossRef]

http://doi.org/10.1099/jmm.0.036210-0
http://doi.org/10.3390/v11020137
https://www.frontiersin.org/articles/10.3389/fimmu.2018.02098/full
https://www.frontiersin.org/articles/10.3389/fimmu.2018.02098/full
http://doi.org/10.2147/ITT.S280706
http://doi.org/10.1016/j.chom.2017.10.011
http://doi.org/10.3389/fphys.2017.00089
http://www.ncbi.nlm.nih.gov/pubmed/28261111
http://doi.org/10.1371/journal.pone.0255335
http://www.ncbi.nlm.nih.gov/pubmed/34347801
http://doi.org/10.2139/ssrn.3705638
http://doi.org/10.1056/NEJM199908193410807
http://www.ncbi.nlm.nih.gov/pubmed/10605770
http://doi.org/10.1186/s12959-020-00250-x
http://doi.org/10.1086/379724
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7803150/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7803150/
http://doi.org/10.1038/s41591-020-0897-1
http://doi.org/10.3390/v11040373
http://doi.org/10.1073/pnas.1502619112
http://doi.org/10.1111/j.0105-2896.2006.00402.x
http://www.ncbi.nlm.nih.gov/pubmed/16824138
http://doi.org/10.1016/j.cell.2015.12.022
http://www.ncbi.nlm.nih.gov/pubmed/26806128
http://doi.org/10.1093/cid/ciaa721
http://www.ncbi.nlm.nih.gov/pubmed/32497196
https://www.sciencedirect.com/science/article/pii/S193131282030189X
https://www.sciencedirect.com/science/article/pii/S193131282030189X
http://doi.org/10.1016/j.molmed.2016.09.002
http://www.ncbi.nlm.nih.gov/pubmed/27756530
https://www.sciencedirect.com/science/article/pii/S2211124722000894
https://www.sciencedirect.com/science/article/pii/S2211124722000894
http://doi.org/10.1038/s42003-020-01526-8
http://doi.org/10.1038/s41467-021-23977-1


Pathogens 2022, 11, 800 33 of 42

76. Ellebedy, A.H.; Jackson, K.; Kissick, H.T.; Nakaya, H.; Davis, C.W.; Roskin, K.M.; McElroy, A.; Oshansky, C.M.; Elbein, R.;
Thomas, S.; et al. Defining antigen-specific plasmablast and memory B cell subsets in human blood after viral infection or
vaccination. Nat. Immunol. 2016, 17, 1226–1234. [CrossRef]

77. Frontiers | Vascular Damage, Thromboinflammation, Plasmablast Activation, T-Cell Dysregulation and Pathological Histiocytic
Response in Pulmonary Draining Lymph Nodes of COVID-19 | Immunology. Available online: https://www.frontiersin.org/
articles/10.3389/fimmu.2021.763098/full (accessed on 25 May 2022).

78. De Biasi, S.; Tartaro, D.L.; Meschiari, M.; Gibellini, L.; Bellinazzi, C.; Borella, R.; Fidanza, L.; Mattioli, M.; Paolini, A.; Gozzi, L.; et al.
Expansion of plasmablasts and loss of memory B cells in peripheral blood from COVID-19 patients with pneumonia. Eur. J.
Immunol. 2020, 50, 1283–1294. Available online: https://onlinelibrary.wiley.com/doi/10.1002/eji.202048838 (accessed on 25
May 2022). [CrossRef]

79. McElroy, A.K.; Akondy, R.S.; Mcllwain, D.R.; Chen, H.; Bjornson-Hooper, Z.; Mukherjee, N.; Mehta, A.K.; Nolan, G.; Nichol, S.T.;
Spiropoulou, C.F. Immunologic timeline of Ebola virus disease and recovery in humans. JCI Insight 2020, 5, e137260. [CrossRef]

80. Gaebler, C.; Wang, Z.; Lorenzi, J.C.C.; Muecksch, F.; Finkin, S.; Tokuyama, M.; Cho, A.; Jankovic, M.; Schaefer-Babajew, D.;
Oliveira, T.Y.; et al. Evolution of antibody immunity to SARS-CoV-2. Nature 2021, 591, 639–644. [CrossRef]

81. Dan, J.M.; Mateus, J.; Kato, Y.; Hastie, K.M.; Yu, E.D.; Faliti, C.E.; Grifoni, A.; Ramirez, S.I.; Haupt, S.; Frazier, A.; et al.
Immunological memory to SARS-CoV-2 assessed for up to 8 months after infection. Science 2021, 371, eabf4063. [CrossRef]
[PubMed]

82. Williamson, L.E.; Flyak, A.I.; Kose, N.; Bombardi, R.; Branchizio, A.; Reddy, S.; Davidson, E.; Doranz, B.J.; Fusco, M.L.;
Saphire, E.O.; et al. Early Human B Cell Response to Ebola Virus in Four, U.S. Survivors of Infection. J. Virol. 2019, 93, e01439-18.
[CrossRef] [PubMed]

83. Bebell, L.M.; Oduyebo, T.; Riley, L.E. Ebola virus disease and pregnancy: A review of the current knowledge of Ebola virus
pathogenesis, maternal, and neonatal outcomes. Birth Defects Res. 2017, 109, 353–362. Available online: https://onlinelibrary.
wiley.com/doi/full/10.1002/bdra.23558 (accessed on 25 May 2022). [CrossRef] [PubMed]

84. Corti, D.; Misasi, J.; Mulangu, S.; Stanley, D.A.; Kanekiyo, M.; Wollen, S.; Ploquin, A.; Doria-Rose, N.A.; Staupe, R.P.;
Bailey, M.; et al. Protective monotherapy against lethal Ebola virus infection by a potently neutralizing antibody. Science
2016, 351, 1339–1342. [CrossRef] [PubMed]

85. Natesan, M.; Jensen, S.M.; Keasey, S.L.; Kamata, T.; Kuehne, A.I.; Stonier, S.W.; Lutwama, J.J.; Lobel, L.; Dye, J.M.; Ulrich, R.G.
Human Survivors of Disease Outbreaks Caused by Ebola or Marburg Virus Exhibit Cross-Reactive and Long-Lived Antibody
Responses. Clin. Vaccine Immunol. 2016, 23, 717–724. [CrossRef]

86. Rimoin, A.W.; Lu, K.; Bramble, M.S.; Steffen, I.; Doshi, R.H.; Hoff, N.A.; Mukadi, P.; Nicholson, B.P.; Alfonso, V.H.; Olinger, G.; et al.
Ebola Virus Neutralizing Antibodies Detectable in Survivors of the Yambuku, Zaire Outbreak 40 Years after Infection. J. Infect.
Dis. 2017, 217, 223–231. [CrossRef]

87. Anti-SARS-CoV-2 Antibodies Persist for up to 13 Months and Reduce Risk of Reinfection | medRxiv. Available online:
https://www.medrxiv.org/content/10.1101/2021.05.07.21256823v3 (accessed on 25 May 2022).

88. Ebola Virus Antibody Decay–Stimulation in a High Proportion of Survivors | Nature. Available online: https://www.nature.
com/articles/s41586-020-03146-y (accessed on 25 May 2022).

89. Diallo, M.S.K.; Ayouba, A.; Keita, A.K.; Thaurignac, G.; Sow, M.S.; Kpamou, C.; Barry, T.A.; Msellati, P.; Etard, J.-F.;
Peeters, M.; et al. Temporal evolution of the humoral antibody response after Ebola virus disease in Guinea: A 60-month
observational prospective cohort study. Lancet Microbe 2021, 2, e676–e684. [CrossRef]

90. Woolsey, C.; Geisbert, T.W. Antibodies periodically wax and wane in survivors of Ebola. Nature 2021, 590, 397–398. [CrossRef]
91. Klein, S.L.; Flanagan, K.L. Sex differences in immune responses. Nat. Rev. Immunol. 2016, 16, 626–638. [CrossRef]
92. Tsverava, L.; Chitadze, N.; Chanturia, G.; Kekelidze, M.; Dzneladze, D.; Imnadze, P.; Gamkrelidze, A.; Lagani, V.; Khuchua, Z.;

Solomonia, R.; et al. Antibody profiling reveals gender differences in response to SARS-COVID-2 infection. AIMS Allergy Immunol.
2022, 6, 6–13. [CrossRef]

93. Gallian, P.; Pastorino, B.; Morel, P.; Chiaroni, J.; Ninove, L.; de Lamballerie, X. Lower prevalence of antibodies neutralizing
SARS-CoV-2 in group O French blood donors. Antivir. Res. 2020, 181, 104880. [CrossRef]

94. Binagwaho, A.; Mathewos, K. Infectious disease outbreaks highlight gender inequity. Nat. Microbiol. 2022, 7, 361–362. [CrossRef]
[PubMed]

95. Adachi, E.; Saito, M.; Nagai, H.; Ikeuchi, K.; Koga, M.; Tsutsumi, T.; Yotsuyanagi, H. Transient depletion of T cells dur-
ing COVID-19 and seasonal influenza in people living with HIV. J. Med. Virol. 2022, 94, 1789–1791. Available online:
https://onlinelibrary.wiley.com/doi/10.1002/jmv.27543 (accessed on 25 May 2022). [CrossRef] [PubMed]

96. Wauquier, N.; Becquart, P.; Padilla, C.; Baize, S.; Leroy, E.M. Human Fatal Zaire Ebola Virus Infection Is Associated with an
Aberrant Innate Immunity and with Massive Lymphocyte Apoptosis. PLoS Negl. Trop. Dis. 2010, 4, e837. Available online:
https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0000837 (accessed on 25 May 2022). [CrossRef] [PubMed]

97. Shrotri, M.; van Schalkwyk, M.C.I.; Post, N.; Eddy, D.; Huntley, C.; Leeman, D.; Rigby, S.; Williams, S.V.; Bermingham, W.H.;
Kellam, P.; et al. T cell response to SARS-CoV-2 infection in humans: A systematic review. PLoS ONE 2021, 16, e0245532.
[CrossRef]

98. Lucas, C.; Wong, P.; Klein, J.; Castro, T.B.R.; Silva, J.; Sundaram, M.; Ellingson, M.K.; Mao, T.; Oh, J.E.; Israelow, B.; et al.
Longitudinal analyses reveal immunological misfiring in severe COVID-19. Nature 2020, 584, 463–469. [CrossRef]

http://doi.org/10.1038/ni.3533
https://www.frontiersin.org/articles/10.3389/fimmu.2021.763098/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.763098/full
https://onlinelibrary.wiley.com/doi/10.1002/eji.202048838
http://doi.org/10.1002/eji.202048838
http://doi.org/10.1172/jci.insight.137260
http://doi.org/10.1038/s41586-021-03207-w
http://doi.org/10.1126/science.abf4063
http://www.ncbi.nlm.nih.gov/pubmed/33408181
http://doi.org/10.1128/JVI.01439-18
http://www.ncbi.nlm.nih.gov/pubmed/30728263
https://onlinelibrary.wiley.com/doi/full/10.1002/bdra.23558
https://onlinelibrary.wiley.com/doi/full/10.1002/bdra.23558
http://doi.org/10.1002/bdra.23558
http://www.ncbi.nlm.nih.gov/pubmed/28398679
http://doi.org/10.1126/science.aad5224
http://www.ncbi.nlm.nih.gov/pubmed/26917593
http://doi.org/10.1128/CVI.00107-16
http://doi.org/10.1093/infdis/jix584
https://www.medrxiv.org/content/10.1101/2021.05.07.21256823v3
https://www.nature.com/articles/s41586-020-03146-y
https://www.nature.com/articles/s41586-020-03146-y
http://doi.org/10.1016/S2666-5247(21)00170-1
http://doi.org/10.1038/d41586-020-03044-3
http://doi.org/10.1038/nri.2016.90
http://doi.org/10.3934/Allergy.2022002
http://doi.org/10.1016/j.antiviral.2020.104880
http://doi.org/10.1038/s41564-022-01075-2
http://www.ncbi.nlm.nih.gov/pubmed/35246657
https://onlinelibrary.wiley.com/doi/10.1002/jmv.27543
http://doi.org/10.1002/jmv.27543
http://www.ncbi.nlm.nih.gov/pubmed/34978090
https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0000837
http://doi.org/10.1371/journal.pntd.0000837
http://www.ncbi.nlm.nih.gov/pubmed/20957152
http://doi.org/10.1371/journal.pone.0245532
http://doi.org/10.1038/s41586-020-2588-y


Pathogens 2022, 11, 800 34 of 42

99. André, S.; Picard, M.; Cezar, R.; Roux-Dalvai, F.; Alleaume-Butaux, A.; Soundaramourty, C.; Cruz, A.S.; Mendes-Frias, A.;
Gotti, C.; Leclercq, M.; et al. T cell apoptosis characterizes severe Covid-19 disease. Cell Death Differ. 2022, 1–14. [CrossRef]

100. Iampietro, M.; Younan, P.; Nishida, A.; Dutta, M.; Lubaki, N.M.; Santos, R.I.; Koup, R.A.; Katze, M.G.; Bukreyev, A. Ebola virus
glycoprotein directly triggers T lymphocyte death despite of the lack of infection. PLoS Pathog. 2017, 13, e1006397. Available
online: https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1006397 (accessed on 26 May 2022). [CrossRef]

101. Tolerance and Exhaustion: Defining Mechanisms of T cell Dysfunction—Science Direct. Available online: https://www.
sciencedirect.com/science/article/abs/pii/S1471490613001543?via%3Dihub (accessed on 26 May 2022).

102. Frontiers | Reduction and Functional Exhaustion of T Cells in Patients with Coronavirus Disease 2019 (COVID-19) | Immunology.
Available online: https://www.frontiersin.org/articles/10.3389/fimmu.2020.00827/full (accessed on 26 May 2022).

103. Kusnadi, A.; Ramírez-Suástegui, C.; Fajardo, V.; Chee, S.J.; Meckiff, B.J.; Simon, H.; Pelosi, E.; Seumois, G.; Ay, F.;
Vijayanand, P.; et al. Severely ill patients with COVID-19 display impaired exhaustion features in SARS-CoV-2–reactive
CD8 + T cells. Sci. Immunol. 2021, 6. Available online: https://www.science.org/doi/10.1126/sciimmunol.abe4782 (accessed on
26 May 2022). [CrossRef]

104. Agrati, C.; Castilletti, C.; Casetti, R.; Sacchi, A.; Falasca, L.; Turchi, F.; Tumino, N.; Bordoni, V.; Cimini, E.; Viola, D.; et al.
Longitudinal characterization of dysfunctional T cell-activation during human acute Ebola infection. Cell Death Dis. 2016, 7, e2164.
[CrossRef]

105. Frontiers | T-Cell Exhaustion in Chronic Infections: Reversing the State of Exhaustion and Reinvigorating Optimal Protective
Immune Responses | Immunology. Available online: https://www.frontiersin.org/articles/10.3389/fimmu.2018.02569/full
(accessed on 26 May 2022).

106. Ruibal, P.; Oestereich, L.; Lüdtke, A.; Becker-Ziaja, B.; Wozniak, D.M.; Kerber, R.; Korva, M.; Cabeza-Cabrerizo, M.; Bore, J.A.;
Koundouno, F.R.; et al. Unique human immune signature of Ebola virus disease in Guinea. Nature 2016, 533, 100–104. [CrossRef]
[PubMed]

107. SARS-CoV-2 Infection: The role of PD-1/PD-L1 and CTLA-4 Axis—ScienceDirect. Available online: https://www.sciencedirect.
com/science/article/abs/pii/S0024320521001090?via%3Dihub (accessed on 26 May 2022).

108. Yaqinuddin, A.; Kashir, J. Innate immunity in COVID-19 patients mediated by NKG2A receptors, and potential treatment using
Monalizumab, Cholroquine, and antiviral agents. Med. Hypotheses 2020, 140, 109777. [CrossRef] [PubMed]

109. Modabber, Z.; Shahbazi, M.; Akbari, R.; Bagherzadeh, M.; Firouzjahi, A.; Mohammadnia-Afrouzi, M. TIM-3 as a potential
exhaustion marker in CD4 + T cells of COVID-19 patients. Immun. Inflamm. Dis. 2021, 9, 1707–1715. [CrossRef] [PubMed]

110. Distinctive Features of SARS-CoV-2-Specific T Cells Predict Recovery from Severe COVID-19—ScienceDirect. Available online:
https://www.sciencedirect.com/science/article/pii/S2211124721008275?via%3Dihub (accessed on 26 May 2022).

111. Frontiers | Analysis of Co-Inhibitory Receptor Expression in COVID-19 Infection Compared to Acute Plasmodium Falci-
parum Malaria: LAG-3 and TIM-3 Correlate with T Cell Activation and Course of Disease | Immunology. Available online:
https://www.frontiersin.org/articles/10.3389/fimmu.2020.01870/full (accessed on 26 May 2022).

112. Deen, G.F.; Broutet, N.; Xu, W.; Knust, B.; Sesay, F.R.; McDonald, S.L.; Ervin, E.; Marrinan, J.E.; Gaillard, P.; Habib, N.; et al. Ebola
RNA Persistence in Semen of Ebola Virus Disease Survivors—Final Report. N. Engl. J. Med. 2017, 377, 1428–1437. [CrossRef]
[PubMed]

113. Rodriguez, L.L.; De Roo, A.; Guimard, Y.; Trappier, S.G.; Sanchez, A.; Bressler, D.; Williams, A.J.; Rowe, A.K.; Bertolli, J.;
Khan, A.S.; et al. Persistence and Genetic Stability of Ebola Virus during the Outbreak in Kikwit, Democratic Republic of the
Congo, 1995. J. Infect. Dis. 1999, 179, S170–S176. [CrossRef]

114. Varkey, J.B.; Shantha, J.G.; Crozier, I.; Kraft, C.S.; Lyon, G.M.; Mehta, A.K.; Kumar, G.; Smith, J.R.; Kainulainen, M.H.;
Whitmer, S.; et al. Persistence of Ebola Virus in Ocular Fluid during Convalescence. N. Engl. J. Med. 2015, 372, 2423–2427.
[CrossRef]

115. Howlett, P.; Brown, C.; Helderman, T.; Brooks, T.; Lisk, D.; Deen, G.; Solbrig, M.; Lado, M. Ebola Virus Disease Complicated by
Late-Onset Encephalitis and Polyarthritis, Sierra Leone. Emerg. Infect. Dis. 2016, 22, 150–152. [CrossRef]

116. Assessment of the Risk of Ebola Virus Transmission from Bodily Fluids and Fomites | The Journal of Infectious Diseases | Oxford
Academic. Available online: https://academic.oup.com/jid/article/196/Supplement_2/S142/858852 (accessed on 26 May 2022).

117. A review on human body fluids for the diagnosis of viral infections: Scope for rapid detection of COVID-19: Expert Review of
Molecular Diagnostics: Vol 21, No 1. Available online: https://www.tandfonline.com/doi/abs/10.1080/14737159.2021.1874355?
journalCode=iero20 (accessed on 26 May 2022).

118. Kutti-Sridharan, G.; Vegunta, R.; Vegunta, R.; Mohan, B.P.; Rokkam, V.R.P. SARS-CoV2 in Different Body Fluids, Risks of
Transmission, and Preventing COVID-19: A Comprehensive Evidence-Based Review. Int. J. Prev. Med. 2020, 11, 97.

119. Keita, A.K.; Koundouno, F.R.; Faye, M.; Düx, A.; Hinzmann, J.; Diallo, H.; Ayouba, A.; Le Marcis, F.; Soropogui, B.; Ifono, K.; et al.
Resurgence of Ebola virus in 2021 in Guinea suggests a new paradigm for outbreaks. Nature 2021, 597, 539–543. [CrossRef]

120. Christie, A.; Davies-Wayne, G.J.; Cordier-Lasalle, T.; Blackley, D.J.; Laney, A.S.; Williams, D.E.; Shinde, S.A.; Badio, M.; Lo, T.;
Mate, S.E.; et al. Possible Sexual Transmission of Ebola Virus—Liberia, 2015. Morb. Mortal. Wkly. Rep. 2015, 64, 479–481.

121. Mate, S.E.; Kugelman, J.R.; Nyenswah, T.G.; Ladner, J.T.; Wiley, M.R.; Cordier-Lassalle, T.; Christie, A.; Schroth, G.P.; Gross, S.M.;
Davies-Wayne, G.J.; et al. Molecular Evidence of Sexual Transmission of Ebola Virus. N. Engl. J. Med. 2015, 373, 2448–2454.
[CrossRef] [PubMed]

http://doi.org/10.1038/s41418-022-00936-x
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1006397
http://doi.org/10.1371/journal.ppat.1006397
https://www.sciencedirect.com/science/article/abs/pii/S1471490613001543?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1471490613001543?via%3Dihub
https://www.frontiersin.org/articles/10.3389/fimmu.2020.00827/full
https://www.science.org/doi/10.1126/sciimmunol.abe4782
http://doi.org/10.1126/sciimmunol.abe4782
http://doi.org/10.1038/cddis.2016.55
https://www.frontiersin.org/articles/10.3389/fimmu.2018.02569/full
http://doi.org/10.1038/nature17949
http://www.ncbi.nlm.nih.gov/pubmed/27147028
https://www.sciencedirect.com/science/article/abs/pii/S0024320521001090?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0024320521001090?via%3Dihub
http://doi.org/10.1016/j.mehy.2020.109777
http://www.ncbi.nlm.nih.gov/pubmed/32344314
http://doi.org/10.1002/iid3.526
http://www.ncbi.nlm.nih.gov/pubmed/34499819
https://www.sciencedirect.com/science/article/pii/S2211124721008275?via%3Dihub
https://www.frontiersin.org/articles/10.3389/fimmu.2020.01870/full
http://doi.org/10.1056/NEJMoa1511410
http://www.ncbi.nlm.nih.gov/pubmed/26465681
http://doi.org/10.1086/514291
http://doi.org/10.1056/NEJMoa1500306
http://doi.org/10.3201/eid2201.151212
https://academic.oup.com/jid/article/196/Supplement_2/S142/858852
https://www.tandfonline.com/doi/abs/10.1080/14737159.2021.1874355?journalCode=iero20
https://www.tandfonline.com/doi/abs/10.1080/14737159.2021.1874355?journalCode=iero20
http://doi.org/10.1038/s41586-021-03901-9
http://doi.org/10.1056/NEJMoa1509773
http://www.ncbi.nlm.nih.gov/pubmed/26465384


Pathogens 2022, 11, 800 35 of 42

122. Diallo, B.; Sissoko, D.; Loman, N.; Bah, H.A.; Bah, H.; Worrell, M.C.; Conde, L.S.; Sacko, R.; Mesfin, S.; Loua, A.; et al. Resurgence
of Ebola Virus Disease in Guinea Linked to a Survivor with Virus Persistence in Seminal Fluid for More Than 500 Days. Clin.
Infect. Dis. 2016, 63, 1353–1356. [CrossRef] [PubMed]

123. Townsend, J.P.; Hassler, H.B.; Wang, Z.; Miura, S.; Singh, J.; Kumar, S.; Ruddle, N.H.; Galvani, A.P.; Dornburg, A. The durability
of immunity against reinfection by SARS-CoV-2: A comparative evolutionary study. Lancet Microbe 2021, 2, e666–e675. [CrossRef]
[PubMed]

124. IQureshi, A.I.; Baskett, W.I.; Huang, W.; Lobanova, I.; Naqvi, S.H.; Shyu, C.-R. Reinfection with Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) in Patients Undergoing Serial Laboratory Testing. Clin. Infect. Dis. 2021, 74, 294–300.
[CrossRef] [PubMed]

125. Mallapaty, S. COVID reinfections surge during Omicron onslaught. Nature 2022. [CrossRef]
126. Recurrence and Reinfection—A New Paradigm for the Management of Ebola Virus Disease—ScienceDirect. Available online:

https://www.sciencedirect.com/science/article/pii/S1201971215002921#bib0310 (accessed on 26 May 2022).
127. Gupta, M.; Mahanty, S.; Greer, P.; Towner, J.S.; Shieh, W.-J.; Zaki, S.R.; Ahmed, R.; Rollin, P.E. Persistent Infection with Ebola Virus

under Conditions of Partial Immunity. J. Virol. 2004, 78, 958–967. [CrossRef]
128. Qiu, X.; Audet, J.; Wong, G.; Fernando, L.; Bello, A.; Pillet, S.; Alimonti, J.B.; Kobinger, G.P. Sustained protection against Ebola

virus infection following treatment of infected nonhuman primates with ZMAb. Sci. Rep. 2013, 3, 3365. [CrossRef]
129. Kaech, S.M.; Ahmed, R. Memory CD8+ T cell differentiation: Initial antigen encounter triggers a developmental program in naïve

cells. Nat. Immunol. 2001, 2, 415–422. [CrossRef]
130. Tipton, T.R.W.; Hall, Y.; Bore, J.A.; White, A.; Sibley, L.S.; Sarfas, C.; Yuki, Y.; Martin, M.; Longet, S.; Mellors, J.; et al. Characterisa-

tion of the T-cell response to Ebola virus glycoprotein amongst survivors of the 2013–16 West Africa epidemic. Nat. Commun.
2021, 12, 1153. [CrossRef]

131. SARS-CoV-2-Specific T Cell Memory is Sustained in COVID-19 Convalescent Patients for 10 Months with Successful Development
of Stem Cell-Like Memory T Cells | Nature Communications. Available online: https://www.nature.com/articles/s41467-021-2
4377-1 (accessed on 26 May 2022).

132. Eggenhuizen, P.J.; Ng, B.H.; Chang, J.; Cheong, R.M.; Yellapragada, A.; Wong, W.Y.; Ting, Y.T.; Monk, J.A.; Gan, P.-Y.;
Holdsworth, S.R.; et al. Heterologous Immunity Between SARS-CoV-2 and Pathogenic Bacteria. Front. Immunol. 2022, 13,
821595. [CrossRef]

133. Kundu, R.; Narean, J.S.; Wang, L.; Fenn, J.; Pillay, T.; Fernandez, N.D.; Conibear, E.; Koycheva, A.; Davies, M.; Tolosa-
Wright, M.; et al. Cross-reactive memory T cells associate with protection against SARS-CoV-2 infection in COVID-19 contacts.
Nat. Commun. 2022, 13, 80. [CrossRef] [PubMed]

134. Gattinoni, L.; Speiser, D.E.; Lichterfeld, M.; Bonini, C. T memory stem cells in health and disease. Nat. Med. 2017, 23, 18–27.
[CrossRef] [PubMed]

135. Longitudinal Antibody and T Cell Responses in Ebola Virus Disease Survivors and Contacts: An Observational Cohort Study—
ScienceDirect. Available online: https://www.sciencedirect.com/science/article/abs/pii/S1473309920307362?via%3Dihub
(accessed on 26 May 2022).

136. Wendo, C. Caring for the survivors of Uganda’s Ebola epidemic one year on. Lancet 2001, 358, 1350. [CrossRef]
137. Scott, J.T.; Sesay, F.R.; Massaquoi, T.A.; Idriss, B.R.; Sahr, F.; Semple, M.G. Post-Ebola Syndrome, Sierra Leone. Emerg. Infect. Dis.

2016, 22, 641–646. [CrossRef] [PubMed]
138. Nalbandian, A.; Sehgal, K.; Gupta, A.; Madhavan, M.V.; McGroder, C.; Stevens, J.S.; Cook, J.R.; Nordvig, A.S.; Shalev, D.;

Sehrawat, T.S.; et al. Post-acute COVID-19 syndrome. Nat. Med. 2021, 27, 601–615. [CrossRef]
139. Fausther-Bovendo, H.; Qiu, X.; McCorrister, S.; Westmacott, G.; Sandstrom, P.; Castilletti, C.; Di Caro, A.; Ippolito, G.; Kobinger,

G.P. Ebola virus infection induces autoimmunity against dsDNA and HSP60. Sci. Rep. 2017, 7, srep42147. [CrossRef]
140. Rojas, M.; Rodríguez, Y.; Acosta-Ampudia, Y.; Monsalve, D.M.; Zhu, C.; Li, Q.-Z.; Ramírez-Santana, C.; Anaya, J.-M. Autoimmu-

nity is a hallmark of post-COVID syndrome. J. Transl. Med. 2022, 20, 129. [CrossRef]
141. Chang, S.E.; Feng, A.; Meng, W.; Apostolidis, S.A.; Mack, E.; Artandi, M.; Barman, L.; Bennett, K.; Chakraborty, S.; Chang, I.; et al.

New-onset IgG autoantibodies in hospitalized patients with COVID-19. Nat. Commun. 2021, 12, 5417. [CrossRef]
142. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected

with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]
143. Gazzaz, Z.J. Diabetes and COVID-19. Open Life Sci. 2021, 16, 297–302. [CrossRef]
144. Simpson-Yap, S.; De Brouwer, E.; Kalincik, T.; Rijke, N.; Hillert, J.A.; Walton, C.; Edan, G.; Moreau, Y.; Spelman, T.; Geys, L.; et al.

Associations of Disease-Modifying Therapies With COVID-19 Severity in Multiple Sclerosis. Neurology 2021, 97, e1870–e1885.
[CrossRef] [PubMed]

145. Frontiers | Effect of Different Disease-Modifying Therapies on Humoral Response to BNT162b2 Vaccine in Sardinian Multiple
Sclerosis Patients | Immunology. Available online: https://www.frontiersin.org/articles/10.3389/fimmu.2021.781843/full
(accessed on 26 May 2022).

146. Brodin, P. Immune determinants of COVID-19 disease presentation and severity. Nat. Med. 2021, 27, 28–33. [CrossRef] [PubMed]
147. Francesconi, P.; Yoti, Z.; Declich, S.; Onek, P.A.; Fabiani, M.; Olango, J.; Andraghetti, R.; Rollin, P.; Opira, C.; Greco, D.; et al.

Ebola Hemorrhagic Fever Transmission and Risk Factors of Contacts, Uganda. Emerg. Infect. Dis. 2003, 9, 1430–1437. [CrossRef]
[PubMed]

http://doi.org/10.1093/cid/ciw601
http://www.ncbi.nlm.nih.gov/pubmed/27585800
http://doi.org/10.1016/s2666-5247(21)00219-6
http://www.ncbi.nlm.nih.gov/pubmed/34632431
http://doi.org/10.1093/cid/ciab345
http://www.ncbi.nlm.nih.gov/pubmed/33895814
http://doi.org/10.1038/d41586-022-00438-3
https://www.sciencedirect.com/science/article/pii/S1201971215002921#bib0310
http://doi.org/10.1128/JVI.78.2.958-967.2004
http://doi.org/10.1038/srep03365
http://doi.org/10.1038/87720
http://doi.org/10.1038/s41467-021-21411-0
https://www.nature.com/articles/s41467-021-24377-1
https://www.nature.com/articles/s41467-021-24377-1
http://doi.org/10.3389/fimmu.2022.821595
http://doi.org/10.1038/s41467-021-27674-x
http://www.ncbi.nlm.nih.gov/pubmed/35013199
http://doi.org/10.1038/nm.4241
http://www.ncbi.nlm.nih.gov/pubmed/28060797
https://www.sciencedirect.com/science/article/abs/pii/S1473309920307362?via%3Dihub
http://doi.org/10.1016/S0140-6736(01)06467-4
http://doi.org/10.3201/eid2204.151302
http://www.ncbi.nlm.nih.gov/pubmed/26983037
http://doi.org/10.1038/s41591-021-01283-z
http://doi.org/10.1038/srep42147
http://doi.org/10.1186/s12967-022-03328-4
http://doi.org/10.1038/s41467-021-25509-3
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1515/biol-2021-0034
http://doi.org/10.1212/WNL.0000000000012753
http://www.ncbi.nlm.nih.gov/pubmed/34610987
https://www.frontiersin.org/articles/10.3389/fimmu.2021.781843/full
http://doi.org/10.1038/s41591-020-01202-8
http://www.ncbi.nlm.nih.gov/pubmed/33442016
http://doi.org/10.3201/eid0911.030339
http://www.ncbi.nlm.nih.gov/pubmed/14718087


Pathogens 2022, 11, 800 36 of 42

148. Dietz, P.M.; Jambai, A.; Paweska, J.T.; Yoti, Z.; Ksaizek, T.G. Epidemiology and Risk Factors for Ebola Virus Disease in Sierra
Leone—23 May 2014 to 31 January 2015. Clin. Infect. Dis. 2015, 61, 1648–1654. [CrossRef] [PubMed]

149. Rogers, K.J.; Shtanko, O.; Vijay, R.; Mallinger, L.N.; Joyner, C.J.; Galinski, M.R.; Butler, N.S.; Maury, W. Acute Plasmodium
Infection Promotes Interferon-Gamma-Dependent Resistance to Ebola Virus Infection. Cell Rep. 2020, 30, 4041–4051.e4. [CrossRef]
[PubMed]

150. Edwards, H.M.; Counihan, H.; Bonnington, C.; Achan, J.; Hamade, P.; Tibenderana, J.K. The impact of malaria coinfection on
Ebola virus disease outcomes: A systematic review and meta-analysis. PLoS ONE 2021, 16, e0251101. [CrossRef]

151. Rosenke, K.; Mercado-Hernandez, R.; Cronin, J.; Conteh, S.; Duffy, P.; Feldmann, H.; De Wit, E. The Effect of Plasmodium on the
Outcome of Ebola Virus Infection in a Mouse Model. J. Infect. Dis. 2018, 218, S434–S437. [CrossRef]

152. Paixao, E.S.; Harron, K.; Campbell, O.; Teixeira, M.G.; Costa, M.D.C.N.; Barreto, M.L.; Rodrigues, L.C. Dengue in pregnancy and
maternal mortality: A cohort analysis using routine data. Sci. Rep. 2018, 8, 9938. [CrossRef]

153. Susich, M.; Packer, C.H.; Chaiken, S.R.; Garg, B.; Caughey, A.B. 1115 A comparison of maternal and neonatal outcomes in acute
and chronic hepatitis B. Am. J. Obstet. Gynecol. 2021, 224, S687. [CrossRef]

154. Kreitchmann, R.; Li, S.X.; Melo, V.H.; Coelho, D.F.; Watts, D.H.; João, E.; Coutinho, C.M.; Alarcon, J.O.; Siberry, G.K. Predictors of
adverse pregnancy outcomes in women infected with HIV in Latin America and the Caribbean: A cohort study. BJOG Int. J.
Obstet. Gynaecol. 2014, 121, 1501–1508. Available online: https://obgyn.onlinelibrary.wiley.com/doi/10.1111/1471-0528.12680
(accessed on 26 May 2022). [CrossRef]

155. Foeller, M.E.; Valle, C.C.R.D.; Foeller, T.M.; Oladapo, O.T.; Roos, E.; Thorson, A.E. Pregnancy and breastfeeding in the context of
Ebola: A systematic review. Lancet Infect. Dis. 2020, 20, e149–e158. [CrossRef]

156. World Health Organization. Guidelines for the Management of Pregnant and Breastfeeding Women in the Context of Ebola Virus Disease;
World Health Organization: Geneva, Switzerland, 2020. Available online: https://apps.who.int/iris/handle/10665/330851
(accessed on 26 May 2022).

157. Kotlar, B.; Gerson, E.; Petrillo, S.; Langer, A.; Tiemeier, H. The impact of the COVID-19 pandemic on maternal and perinatal
health: A scoping review. Reprod. Health 2021, 18, 10. [CrossRef] [PubMed]

158. Lokken, E.M.; Taylor, G.G.; Huebner, E.M.; Vanderhoeven, J.; Hendrickson, S.; Coler, B.; Sheng, J.S.; Walker, C.L.; McCartney, S.A.;
Kretzer, N.M.; et al. Higher severe acute respiratory syndrome coronavirus 2 infection rate in pregnant patients. Am. J. Obstet.
Gynecol. 2021, 225, 75.e1–75.e16. [CrossRef] [PubMed]

159. Sutton, D.; Fuchs, K.; D’Alton, M.; Goffman, D. Universal Screening for SARS-CoV-2 in Women Admitted for Delivery. N. Engl. J.
Med. 2020, 382, 2163–2164. [CrossRef] [PubMed]

160. Liu, H.; Wang, L.-L.; Zhao, S.-J.; Kwak-Kim, J.; Mor, G.; Liao, A.-H. Why are pregnant women susceptible to COVID-19? An
immunological viewpoint. J. Reprod. Immunol. 2020, 139, 103122. [CrossRef]

161. Maternal and Perinatal Outcomes of Pregnant Women with SARS-CoV-2 Infection—2021—Ultrasound in Obstetrics &
Gynecology—Wiley Online Library. Available online: https://obgyn.onlinelibrary.wiley.com/doi/10.1002/uog.23107 (accessed
on 26 May 2022).

162. Characteristics and Outcomes of Pregnant Women Admitted to Hospital with Confirmed SARS-CoV-2 infection in UK: National
Population Based Cohort Study | The BMJ. Available online: https://www.bmj.com/content/369/bmj.m2107 (accessed on 26
May 2022).

163. Mattar, C.N.; Kalimuddin, S.; Sadarangani, S.P.; Tagore, S.; Thain, S.; Thoon, K.C.; Hong, E.Y.; Kanneganti, A.; Ku, C.W.; Chan,
G.M.; et al. Pregnancy Outcomes in COVID-19: A Prospective Cohort Study in Singapore. Ann. Acad. Med. Singapore 2020, 49,
857–869. [CrossRef]

164. Yang, R.; Mei, H.; Zheng, T.; Fu, Q.; Zhang, Y.; Buka, S.; Yao, X.; Tang, Z.; Zhang, X.; Qiu, L.; et al. Pregnant women with
COVID-19 and risk of adverse birth outcomes and maternal-fetal vertical transmission: A population-based cohort study in
Wuhan, China. BMC Med. 2020, 18, 330. [CrossRef]

165. Abedzadeh-Kalahroudi, M.; Sehat, M.; Vahedpour, Z.; Talebian, P. Maternal and neonatal outcomes of pregnant patients with
COVID-19: A prospective cohort study. Int. J. Gynecol. Obstet. 2021, 153, 449–456. [CrossRef]

166. Epelboin, S.; Labrosse, J.; De Mouzon, J.; Fauque, P.; Gervoise-Boyer, M.-J.; Levy, R.; Sermondade, N.; Hesters, L.; Bergère, M.;
Devienne, C.; et al. Obstetrical outcomes and maternal morbidities associated with COVID-19 in pregnant women in France: A
national retrospective cohort study. PLoS Med. 2021, 18, e1003857. [CrossRef]

167. Birindwa, E.K.; Mulumeoderhwa, G.M.; Nyakio, O.; Mbale, G.-Q.M.; Mushamuka, S.Z.; Materanya, J.M.; Kahasha, P.M.; Bisimwa,
Y.K.; Kampara, F.M.; Irenge, J.M.; et al. A case study of the first pregnant woman with COVID-19 in Bukavu, eastern Democratic
Republic of the Congo. Matern. Health Neonatol. Perinatol. 2021, 7, 6. [CrossRef]

168. Li, N.; Han, L.; Peng, M.; Lv, Y.; Ouyang, Y.; Liu, K.; Yue, L.; Li, Q.; Sun, G.; Chen, L.; et al. Maternal and Neonatal Outcomes
of Pregnant Women with Coronavirus Disease 2019 (COVID-19) Pneumonia: A Case-Control Study. Clin. Infect. Dis. 2020, 71,
2035–2041. [CrossRef]

169. Long, R.; Wu, D.; Lin, X.; Lv, D.; Wang, R.; Jin, L.; Liao, S.; Liu, W.; Deng, D. COVID-19 and Pregnancy: A Case Study. Glob. Chall.
2021, 5, 2000074. [CrossRef] [PubMed]

170. Fox, N.S.; Melka, S. COVID-19 in Pregnant Women: Case Series from One Large New York City Obstetrical Practice. Am. J.
Perinatol. 2020, 37, 1002–1004. [CrossRef] [PubMed]

http://doi.org/10.1093/cid/civ568
http://www.ncbi.nlm.nih.gov/pubmed/26179011
http://doi.org/10.1016/j.celrep.2020.02.104
http://www.ncbi.nlm.nih.gov/pubmed/32209467
http://doi.org/10.1371/journal.pone.0251101
http://doi.org/10.1093/infdis/jiy236
http://doi.org/10.1038/s41598-018-28387-w
http://doi.org/10.1016/j.ajog.2020.12.1139
https://obgyn.onlinelibrary.wiley.com/doi/10.1111/1471-0528.12680
http://doi.org/10.1111/1471-0528.12680
http://doi.org/10.1016/S1473-3099(20)30194-8
https://apps.who.int/iris/handle/10665/330851
http://doi.org/10.1186/s12978-021-01070-6
http://www.ncbi.nlm.nih.gov/pubmed/33461593
http://doi.org/10.1016/j.ajog.2021.02.011
http://www.ncbi.nlm.nih.gov/pubmed/33607103
http://doi.org/10.1056/NEJMc2009316
http://www.ncbi.nlm.nih.gov/pubmed/32283004
http://doi.org/10.1016/j.jri.2020.103122
https://obgyn.onlinelibrary.wiley.com/doi/10.1002/uog.23107
https://www.bmj.com/content/369/bmj.m2107
http://doi.org/10.47102/annals-acadmedsg.2020437
http://doi.org/10.1186/s12916-020-01798-1
http://doi.org/10.1002/ijgo.13661
http://doi.org/10.1371/journal.pmed.1003857
http://doi.org/10.1186/s40748-021-00127-5
http://doi.org/10.1093/cid/ciaa352
http://doi.org/10.1002/gch2.202000074
http://www.ncbi.nlm.nih.gov/pubmed/34178376
http://doi.org/10.1055/s-0040-1712529
http://www.ncbi.nlm.nih.gov/pubmed/32438425


Pathogens 2022, 11, 800 37 of 42

171. A Case Series on Critically Ill Pregnant or Newly Delivered Patients with Covid-19, Treated at Karolinska University Hospital,
Stockholm. Available online: https://www.hindawi.com/journals/criog/2021/8868822/ (accessed on 26 May 2022).

172. Qeadan, F.; Mensah, N.A.; Tingey, B.; Stanford, J.B. The risk of clinical complications and death among pregnant women with
COVID-19 in the Cerner COVID-19 cohort: A retrospective analysis. BMC Pregnancy Childbirth 2021, 21, 305. [CrossRef]

173. Association of SARS-CoV-2 Infection with Serious Maternal Morbidity and Mortality from Obstetric Complications | Infectious
Diseases | JAMA | JAMA Network. Available online: https://jamanetwork.com/journals/jama/fullarticle/2788985 (accessed
on 26 May 2022).

174. Pregnancy Outcomes Among Women with and Without Severe Acute Respiratory Syndrome Coronavirus 2 Infection | Global
Health | JAMA Network Open | JAMA Network. Available online: https://jamanetwork.com/journals/jamanetworkopen/
fullarticle/2773105 (accessed on 26 May 2022).

175. Taghavi, S.-A.; Heidari, S.; Jahanfar, S.; Amirjani, S.; Aji-Ramkani, A.; Azizi-Kutenaee, M.; Bazarganipour, F. Obstetric, maternal,
and neonatal outcomes in COVID-19 compared to healthy pregnant women in Iran: A retrospective, case-control study. Middle
East. Fertil. Soc. J. 2021, 26, 17. [CrossRef] [PubMed]

176. Maternal and Neonatal Morbidity and Mortality Among Pregnant Women with and Without COVID-19 Infection: The
INTERCOVID Multinational Cohort Study | Neonatology | JAMA Pediatrics | JAMA Network. Available online: https:
//jamanetwork.com/journals/jamapediatrics/fullarticle/2779182 (accessed on 26 May 2022).

177. Mupapa, K.; Mukundu, W.; Bwaka, M.A.; Kipasa, M.; De Roo, A.; Kuvula, K.; Kibadi, K.; Massamba, M.; Ndaberey, D.;
Colebunders, R.; et al. Ebola Hemorrhagic Fever and Pregnancy. J. Infect. Dis. 1999, 179, S11–S12. [CrossRef]

178. Muehlenbachs, A.; Vázquez, O.D.L.R.; Bausch, D.G.; Schafer, I.J.; Paddock, C.D.; Nyakio, J.P.; Lame, P.; Bergeron, E.;
McCollum, A.M.; Goldsmith, C.S.; et al. Ebola Virus Disease in Pregnancy: Clinical, Histopathologic, and Immunohistochemical
Findings. J. Infect. Dis. 2016, 215, 64–69. [CrossRef] [PubMed]

179. Kratz, T.; Roddy, P.; Oloma, A.T.; Jeffs, B.; Ciruelo, D.P.; De La Rosa, O.; Borchert, M. Ebola Virus Disease Outbreak in Isiro,
Democratic Republic of the Congo, 2012: Signs and Symptoms, Management and Outcomes. PLoS ONE 2015, 10, e0129333.
[CrossRef]

180. Akerlund, E.; Prescott, J.; Tampellini, L. Shedding of Ebola Virus in an Asymptomatic Pregnant Woman. N. Engl. J. Med. 2015,
372, 2467–2469. [CrossRef]

181. Dilemmas in Managing Pregnant Women with Ebola: 2 Case Reports | Clinical Infectious Diseases | Oxford Academic. Available
online: https://academic.oup.com/cid/article/62/7/903/2462754 (accessed on 26 May 2022).

182. Baggi, F.M.; Taybi, A.; Kurth, A.; Van Herp, M.; Di Caro, A.; Wölfel, R.; Günther, S.; Decroo, T.; Declerck, H.; Jonckheere, S.
Management of pregnant women infected with Ebola virus in a treatment centre in Guinea, June 2014. Eurosurveillance 2014,
19, 20983. [CrossRef]

183. Oduyebo, T.; Pineda, D.; Lamin, M.; Leung, A.; Corbett, C.; Jamieson, D. A Pregnant Patient with Ebola Virus Disease. Obstet.
Gynecol. 2015, 126, 1273–1275. [CrossRef] [PubMed]

184. Mpofu, J.J.; Soud, F.; Lyman, M.; Koroma, A.P.; Morof, D.; Ellington, S.; Kargbo, S.S.; Callaghan, W. Clinical presentation of
pregnant women in isolation units for Ebola virus disease in Sierra Leone, 2014. Int. J. Gynecol. Obstet. 2019, 145, 76–82. [CrossRef]
[PubMed]

185. Lyman, M.; Mpofu, J.J.; Soud, F.; Oduyebo, T.; Ellington, S.; Schlough, G.W.; Koroma, A.P.; McFadden, J.; Morof, D. Maternal and
perinatal outcomes in pregnant women with suspected Ebola virus disease in Sierra Leone, 2014. Int. J. Gynecol. Obstet. 2018, 142,
71–77. [CrossRef]

186. Okoror, L.; Kamara, A.; Kargbo, B.; Bangura, J.; Lebby, M. Transplacental Transmission: A Rare Case of Ebola Virus Transmission.
Infect. Dis. Rep. 2018, 10, 53–55. [CrossRef] [PubMed]

187. Henwood, P.C.; Bebell, L.M.; Roshania, R.; Wolfman, V.; Mallow, M.; Kalyanpur, A.; Levine, A.C. Ebola Virus Disease and
Pregnancy: A Retrospective Cohort Study of Patients Managed at 5 Ebola Treatment Units in West Africa. Clin. Infect. Dis. 2017,
65, 292–299. [CrossRef]

188. Pavlin, B.I.; Hall, A.; Hajek, J.; Raja, M.A.; Sharma, V.; Ramadan, O.P.; Mishra, S.; Rangel, A.; Kitching, A.; Roper, K.; et al. Atypical
clinical presentation of Ebola virus disease in pregnancy: Implications for clinical and public health management. Int. J. Infect.
Dis. 2020, 97, 167–173. [CrossRef]

189. Bower, H.; Brault, A.; Chege, E.; Saffa, G.; Seneca, D.; Salzer, J.S.; Grass, J.E.; Stroeher, U.; Belser, J.; Decroo, T.; et al. Delivery of an
Ebola Virus-Positive Stillborn Infant in a Rural Community Health Center, Sierra Leone, 2015. Am. J. Trop. Med. Hyg. 2016, 94,
417–419. [CrossRef]

190. First Newborn Baby to Receive Experimental Therapies Survives Ebola Virus Disease | The Journal of Infectious Diseases |
Oxford Academic. Available online: https://academic.oup.com/jid/article/215/2/171/2877903 (accessed on 26 May 2022).

191. Resta, L.; Vimercati, A.; Cazzato, G.; Mazzia, G.; Cicinelli, E.; Colagrande, A.; Fanelli, M.; Scarcella, S.; Ceci, O.; Rossi, R.
SARS-CoV-2 and Placenta: New Insights and Perspectives. Viruses 2021, 13, 723. [CrossRef]

192. Linehan, L.; O’Donoghue, K.; Dineen, S.; White, J.; Higgins, J.R.; Fitzgerald, B. SARS-CoV-2 placentitis: An uncommon
complication of maternal COVID-19. Placenta 2021, 104, 261–266. [CrossRef]

193. Huynh, A.; Sehn, J.K.; Goldfarb, I.T.; Watkins, J.; Torous, V.; Heerema-McKenney, A.; Roberts, D.J. SARS-CoV-2 Placentitis and
Intraparenchymal Thrombohematomas Among COVID-19 Infections in Pregnancy. JAMA Netw. Open 2022, 5, e225345. [CrossRef]

https://www.hindawi.com/journals/criog/2021/8868822/
http://doi.org/10.1186/s12884-021-03772-y
https://jamanetwork.com/journals/jama/fullarticle/2788985
https://jamanetwork.com/journals/jamanetworkopen/fullarticle/2773105
https://jamanetwork.com/journals/jamanetworkopen/fullarticle/2773105
http://doi.org/10.1186/s43043-021-00059-2
http://www.ncbi.nlm.nih.gov/pubmed/34149282
https://jamanetwork.com/journals/jamapediatrics/fullarticle/2779182
https://jamanetwork.com/journals/jamapediatrics/fullarticle/2779182
http://doi.org/10.1086/514289
http://doi.org/10.1093/infdis/jiw206
http://www.ncbi.nlm.nih.gov/pubmed/27226206
http://doi.org/10.1371/journal.pone.0129333
http://doi.org/10.1056/NEJMc1503275
https://academic.oup.com/cid/article/62/7/903/2462754
http://doi.org/10.2807/1560-7917.ES2014.19.49.20983
http://doi.org/10.1097/AOG.0000000000001092
http://www.ncbi.nlm.nih.gov/pubmed/26375715
http://doi.org/10.1002/ijgo.12775
http://www.ncbi.nlm.nih.gov/pubmed/30706470
http://doi.org/10.1002/ijgo.12490
http://doi.org/10.4081/idr.2018.7725
http://www.ncbi.nlm.nih.gov/pubmed/30631407
http://doi.org/10.1093/cid/cix290
http://doi.org/10.1016/j.ijid.2020.05.064
http://doi.org/10.4269/ajtmh.15-0619
https://academic.oup.com/jid/article/215/2/171/2877903
http://doi.org/10.3390/v13050723
http://doi.org/10.1016/j.placenta.2021.01.012
http://doi.org/10.1001/jamanetworkopen.2022.5345


Pathogens 2022, 11, 800 38 of 42

194. Shook, L.L.; Brigida, S.; Regan, J.; Flynn, J.P.; Mohammadi, A.; Etemad, B.; Siegel, M.R.; Clapp, M.A.; Li, J.Z.; Roberts, D.J.; et al.
SARS-CoV-2 Placentitis Associated with B.1.617.2 (Delta) Variant and Fetal Distress or Demise. J. Infect. Dis. 2022, 225, 754–758.
[CrossRef] [PubMed]

195. Lu-Culligan, A.; Chavan, A.R.; Vijayakumar, P.; Irshaid, L.; Courchaine, E.M.; Milano, K.M.; Tang, Z.; Pope, S.D.; Song, E.;
Vogels, C.B.; et al. Maternal respiratory SARS-CoV-2 infection in pregnancy is associated with a robust inflammatory response at
the maternal-fetal interface. Med 2021, 2, 591–610.e10. [CrossRef] [PubMed]

196. Bordt, E.A.; Shook, L.L.; Atyeo, C.; Pullen, K.M.; De Guzman, R.M.; Meinsohn, M.-C.; Chauvin, M.; Fischinger, S.; Yockey, L.J.;
James, K.; et al. Maternal SARS-CoV-2 infection elicits sexually dimorphic placental immune responses. Sci. Transl. Med. 2021, 13.
[CrossRef] [PubMed]

197. Cribiù, F.M.; Erra, R.; Pugni, L.; Rubio-Perez, C.; Alonso, L.; Simonetti, S.; Croci, G.A.; Serna, G.; Ronchi, A.; Pietrasanta, C.; et al.
Severe SARS-CoV-2 placenta infection can impact neonatal outcome in the absence of vertical transmission. J. Clin. Investig. 2021,
131, e145427. [CrossRef]

198. Olgun, N.S. Viral Infections in Pregnancy: A Focus on Ebola Virus. Curr. Pharm. Des. 2018, 24, 993–998. [CrossRef]
199. Kliman, H.J. From Trophoblast to Human Placenta; p. 23, 2006. Available online: https://medicine.yale.edu/obgyn/kliman/

placenta/research/trophoblast%20to%20placenta%20eor_163163_284_18220_v1.pdf (accessed on 1 July 2022).
200. Ouyang, Y.; Bagalkot, T.; Fitzgerald, W.; Sadovsky, E.; Chu, T.; Martínez-Marchal, A.; Brieño-Enríquez, M.; Su, E.J.; Margolis, L.;

Sorkin, A.; et al. Term Human Placental Trophoblasts Express SARS-CoV-2 Entry Factors ACE2, TMPRSS2, and Furin. mSphere
2021, 6, e00250-21. Available online: https://journals.asm.org/doi/10.1128/mSphere.00250-21 (accessed on 26 May 2022).
[CrossRef]

201. Vivanti, A.J.; Vauloup-Fellous, C.; Prevot, S.; Zupan, V.; Suffee, C.; Do Cao, J.; Benachi, A.; De Luca, D. Transplacental transmission
of SARS-CoV-2 infection. Nat. Commun. 2020, 11, 3572. [CrossRef]

202. Dong, L.; Tian, J.; He, S.; Zhu, C.; Wang, J.; Liu, C.; Yang, J. Possible Vertical Transmission of SARS-CoV-2 From an Infected
Mother to Her Newborn. JAMA 2020, 323, 1846–1848. [CrossRef]

203. Fenizia, C.; Biasin, M.; Cetin, I.; Vergani, P.; Mileto, D.; Spinillo, A.; Gismondo, M.R.; Perotti, F.; Callegari, C.; Mancon, A.; et al.
Analysis of SARS-CoV-2 vertical transmission during pregnancy. Nat. Commun. 2020, 11, 5128. [CrossRef]

204. Atyeo, C.; Pullen, K.M.; Bordt, E.A.; Fischinger, S.; Burke, J.; Michell, A.; Slein, M.D.; Loos, C.; Shook, L.L.; Boatin, A.A.; et al.
Compromised SARS-CoV-2-specific placental antibody transfer. Cell 2020, 184, 628–642.e10. [CrossRef]

205. Yuan, J.; Qian, H.; Cao, S.; Dong, B.; Yan, X.; Luo, S.; Zhou, M.; Zhou, S.; Ning, B.; Zhao, L. Is there possibility of vertical
transmission of COVID-19: A systematic review. Transl. Pediatr. 2021, 10, 423–434. [CrossRef] [PubMed]

206. Tolu, L.B.; Ezeh, A.; Feyissa, G.T. Vertical transmission of Severe Acute Respiratory Syndrome Coronavirus 2: A scoping review.
PLoS ONE 2021, 16, e0250196. [CrossRef] [PubMed]

207. Pace, R.M.; Williams, J.E.; Järvinen, K.M.; Belfort, M.B.; Pace, C.D.W.; Lackey, K.A.; Gogel, A.C.; Nguyen-Contant, P.;
Kanagaiah, P.; Fitzgerald, T.; et al. COVID-19 and human milk: SARS-CoV-2, antibodies, and neutralizing capacity. medRxiv 2020.
[CrossRef]

208. Krogstad, P.; Contreras, D.; Ng, H.; Tobin, N.; Chambers, C.D.; Bertrand, K.; Bode, L.; Aldrovandi, G.M. No infectious SARS-CoV-2
in breast milk from a cohort of 110 lactating women. Pediatr. Res. 2022, 1–6. [CrossRef]

209. Medina-Rivera, M.; Centeno-Tablante, E.; Finkelstein, J.L.; Rayco-Solon, P.; Peña-Rosas, J.P.; Garcia-Casal, M.N.; Rogers, L.;
Ridwan, P.; Martinez, S.S.; Andrade, J.; et al. Presence of Ebola virus in breast milk and risk of mother-to-child transmission:
Synthesis of evidence. Ann. N. Y. Acad. Sci. 2020, 1488, 33–43. [CrossRef]

210. Nordenstedt, H.; Bah, E.I.; De La Vega, M.-A.; Barry, M.; N’Faly, M.; Barry, M.; Crahay, B.; DeCroo, T.; Van Herp, M.; Ingelbeen, B.
Ebola Virus in Breast Milk in an Ebola Virus–Positive Mother with Twin Babies, Guinea, 2015. Emerg. Infect. Dis. 2016, 22, 759–760.
[CrossRef]

211. Rapid Outbreak Sequencing of Ebola Virus in Sierra Leone Identifies Transmission Chains Linked to Sporadic Cases | Virus
Evolution | Oxford Academic. Available online: https://academic.oup.com/ve/article/2/1/vew016/1753554 (accessed on 26
May 2022).

212. Keita, A.K.; Vidal, N.; Toure, A.; Diallo, M.S.K.; Magassouba, N.; Baize, S.; Mateo, M.; Raoul, H.; Mely, S.; Subtil, F.; et al. A
40 months follow-up of Ebola virus disease survivors in Guinea (Postebogui) reveals longterm detection of Ebola viral RNA in
semen and breast milk. Open Forum Infect. Dis. 2019, 6, ofz482. [CrossRef]

213. Ebola Virus Localization in the Macaque Reproductive Tract during Acute Ebola Virus Disease—ScienceDirect. Available online:
https://www.sciencedirect.com/science/article/pii/S0002944017309501?via%3Dihub (accessed on 26 May 2022).

214. Liu, W.J.; Sesay, F.R.; Coursier, A.; Knust, B.; Marrinan, J.E.; Whitmer, S.; McDonald, S.L.R.; Gaillard, P.; Liu, Y.; Su, Q.; et al.
Comprehensive Clinical and Laboratory Follow-up of a Female Patient with Ebola Virus Disease: Sierra Leone Ebola Virus
Persistence Study. Open Forum Infect. Dis. 2019, 6, ofz068. [CrossRef]

215. Khoiwal, K.; Kalita, D.; Kumari, R.; Dhundi, D.; Shankar, R.; Kumari, R.; Gaurav, A.; Bahadur, A.; Panda, P.K.; Tomy, A.; et al.
Presence of SARS-CoV -2 in the lower genital tract of women with active COVID-19 infection: A prospective study. Int. J. Gynecol.
Obstet. 2022, 157, 744–747. [CrossRef]

216. Barber, E.; Kovo, M.; Leytes, S.; Sagiv, R.; Weiner, E.; Schwartz, O.; Mashavi, M.; Holtzman, K.; Bar, J.; Engel, A.; et al. Evaluation
of SARS-CoV-2 in the Vaginal Secretions of Women with COVID-19: A Prospective Study. J. Clin. Med. 2021, 10, 2735. [CrossRef]

http://doi.org/10.1093/infdis/jiac008
http://www.ncbi.nlm.nih.gov/pubmed/35024844
http://doi.org/10.1016/j.medj.2021.04.016
http://www.ncbi.nlm.nih.gov/pubmed/33969332
http://doi.org/10.1126/scitranslmed.abi7428
http://www.ncbi.nlm.nih.gov/pubmed/34664987
http://doi.org/10.1172/JCI145427
http://doi.org/10.2174/1381612824666180130121946
https://medicine.yale.edu/obgyn/kliman/placenta/research/trophoblast%20to%20placenta%20eor_163163_284_18220_v1.pdf
https://medicine.yale.edu/obgyn/kliman/placenta/research/trophoblast%20to%20placenta%20eor_163163_284_18220_v1.pdf
https://journals.asm.org/doi/10.1128/mSphere.00250-21
http://doi.org/10.1128/mSphere.00250-21
http://doi.org/10.1038/s41467-020-17436-6
http://doi.org/10.1001/jama.2020.4621
http://doi.org/10.1038/s41467-020-18933-4
http://doi.org/10.1016/j.cell.2020.12.027
http://doi.org/10.21037/tp-20-144
http://www.ncbi.nlm.nih.gov/pubmed/33708529
http://doi.org/10.1371/journal.pone.0250196
http://www.ncbi.nlm.nih.gov/pubmed/33886645
http://doi.org/10.1101/2020.09.16.20196071
http://doi.org/10.1038/s41390-021-01902-y
http://doi.org/10.1111/nyas.14519
http://doi.org/10.3201/eid2204.151880
https://academic.oup.com/ve/article/2/1/vew016/1753554
http://doi.org/10.1093/ofid/ofz482
https://www.sciencedirect.com/science/article/pii/S0002944017309501?via%3Dihub
http://doi.org/10.1093/ofid/ofz068
http://doi.org/10.1002/ijgo.14153
http://doi.org/10.3390/jcm10122735


Pathogens 2022, 11, 800 39 of 42

217. Qiu, L.; Liu, X.; Xiao, M.; Xie, J.; Cao, W.; Liu, Z.; Morse, A.; Xie, Y.; Li, T.; Zhu, L. SARS-CoV-2 Is Not Detectable in the Vaginal
Fluid of Women with Severe COVID-19 Infection. Clin. Infect. Dis. 2020, 71, 813–817. [CrossRef] [PubMed]

218. Frontiers | Cesarean Section or Vaginal Delivery to Prevent Possible Vertical Transmission from a Pregnant Mother Confirmed
With COVID-19 to a Neonate: A Systematic Review | Medicine. Available online: https://www.frontiersin.org/articles/10.3389/
fmed.2021.634949/full (accessed on 26 May 2022).

219. Lopian, M.; Kashani-Ligumsky, L.; Czeiger, S.; Cohen, R.; Schindler, Y.; Lubin, D.; Olteanu, I.; Neiger, R.; Lessing, J.B.; Somekh, E.
Safety of vaginal delivery in women infected with COVID-19. Pediatr. Neonatol. 2020, 62, 90–96. [CrossRef] [PubMed]

220. Ferrazzi, E.; Frigerio, L.; Savasi, V.; Vergani, P.; Prefumo, F.; Barresi, S.; Bianchi, S.; Ciriello, E.; Facchinetti, F.; Gervasi, M.; et al.
Vaginal Delivery in SARS-CoV-2-infected Pregnant Women in Northern Italy: A Retrospective Analysis. Obstet. Anesthesia Dig.
2021, 41, 82. [CrossRef]

221. Martínez-Perez, O.; Vouga, M.; Melguizo, S.C.; Acebal, L.F.; Panchaud, A.; Muñoz-Chápuli, M.; Baud, D. Association Between
Mode of Delivery Among Pregnant Women with COVID-19 and Maternal and Neonatal Outcomes in Spain. JAMA 2020, 324,
296–299. [CrossRef] [PubMed]

222. Mor, G.; Cardenas, I. The Immune System in Pregnancy: A Unique Complexity. Am. J. Reprod. Immunol. 2010, 63, 425–433.
[CrossRef]

223. Frontiers | Innate Immune Responses to Acute Viral Infection During Pregnancy | Immunology. Available online:
https://www.frontiersin.org/articles/10.3389/fimmu.2020.572567/full (accessed on 26 May 2022).

224. Frontiers | Immune Response to COVID-19 During Pregnancy | Immunology. Available online: https://www.frontiersin.org/
articles/10.3389/fimmu.2021.675476/full (accessed on 26 May 2022).

225. Seery, V.; Raiden, S.C.; Algieri, S.C.; Grisolía, N.A.; Filippo, D.; De Carli, N.; Di Lalla, S.; Cairoli, H.; Chiolo, M.J.;
Meregalli, C.N.; et al. Blood neutrophils from children with COVID-19 exhibit both inflammatory and anti-inflammatory markers.
eBioMedicine 2021, 67, 103357. [CrossRef]

226. Maternal-Fetal Immune Responses in Pregnant Women Infected with SARS-CoV-2 | Nature Communications. Available online:
https://www.nature.com/articles/s41467-021-27745-z (accessed on 26 May 2022).

227. Andrikopoulou, M.; Madden, N.; Wen, T.; Aubey, J.J.; Aziz, A.; Baptiste, C.D.; Breslin, N.; D’Alton, M.E.; Fuchs, K.M.;
Goffman, D.; et al. Symptoms and Critical Illness Among Obstetric Patients with Coronavirus Disease 2019 (COVID-19) Infection.
Obstet. Gynecol. 2020, 136, 291–299. [CrossRef]

228. Juttukonda, L.J.; Wachman, E.M.; Boateng, J.; Jain, M.; Benarroch, Y.; Taglauer, E.S. Decidual immune response following
COVID-19 during pregnancy varies by timing of maternal SARS-CoV-2 infection. J. Reprod. Immunol. 2022, 151, 103501. [CrossRef]

229. Rizk, J.G.; Kalantar-Zadeh, K.; Mehra, M.R.; Lavie, C.J.; Rizk, Y.; Forthal, D.N. Pharmaco-Immunomodulatory Therapy in
COVID-19. Drugs 2020, 80, 1267–1292. [CrossRef]

230. Lurie, N.; Saville, M.; Hatchett, R.; Halton, J. Developing Covid-19 Vaccines at Pandemic Speed. N. Engl. J. Med. 2020, 382,
1969–1973. [CrossRef]

231. Jeyanathan, M.; Afkhami, S.; Smaill, F.; Miller, M.S.; Lichty, B.D.; Xing, Z. Immunological considerations for COVID-19 vaccine
strategies. Nat. Rev. Immunol. 2020, 20, 615–632. [CrossRef] [PubMed]

232. Vaccines—COVID19 Vaccine Tracker. Available online: https://covid19.trackvaccines.org/vaccines/ (accessed on 26 May 2022).
233. Woolsey, C.; Geisbert, T.W. Current state of Ebola virus vaccines: A snapshot. PLoS Pathog. 2021, 17, e1010078. Available

online: https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1010078 (accessed on 26 May 2022). [CrossRef]
[PubMed]

234. Chan, R.W.Y.; Liu, S.; Cheung, J.Y.; Tsun, J.G.S.; Chan, K.C.; Chan, K.Y.Y.; Fung, G.P.G.; Li, A.M.; Lam, H.S. The Mucosal and
Serological Immune Responses to the Novel Coronavirus (SARS-CoV-2) Vaccines. Front. Immunol. 2021, 12, 744887. [CrossRef]
[PubMed]

235. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.;
Zerbini, C.; et al. Safety and efficacy of the BNT162b2 mRNA COVID-19 vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef]
[PubMed]

236. Prakash, S. Development of COVID 19 vaccine: A summarized review on global trials, efficacy, and effectiveness on variants.
Diabetes Metab. Syndr. Clin. Res. Rev. 2022, 16, 102482. [CrossRef]

237. Danthu, C.; Hantz, S.; Dahlem, A.; Duval, M.; Ba, B.; Guibbert, M.; El Ouafi, Z.; Ponsard, S.; Berrahal, I.; Achard, J.-M.; et al.
Humoral Response after SARS-CoV-2 mRNA Vaccination in a Cohort of Hemodialysis Patients and Kidney Transplant Recipients.
J. Am. Soc. Nephrol. 2021, 32, 2153–2158. [CrossRef]

238. Magnus, M.C.; Örtqvist, A.K.; Dahlqwist, E.; Ljung, R.; Skår, F.; Oakley, L.; Macsali, F.; Pasternak, B.; Gjessing, H.K.;
Håberg, S.E.; et al. Association of SARS-CoV-2 Vaccination During Pregnancy with Pregnancy Outcomes. JAMA 2022, 327, 1469.
[CrossRef]

239. Collier, A.-R.Y.; McMahan, K.; Yu, J.; Tostanoski, L.H.; Aguayo, R.; Ansel, J.; Chandrashekar, A.; Patel, S.; Bondzie, E.A.;
Sellers, D.; et al. Immunogenicity of COVID-19 mRNA Vaccines in Pregnant and Lactating Women. JAMA 2021, 325, 2370.
[CrossRef]

240. De Rose, D.U.; Salvatori, G.; Dotta, A.; Auriti, C. SARS-CoV-2 Vaccines during Pregnancy and Breastfeeding: A Systematic
Review of Maternal and Neonatal Outcomes. Viruses 2022, 14, 539. [CrossRef]

http://doi.org/10.1093/cid/ciaa375
http://www.ncbi.nlm.nih.gov/pubmed/32241022
https://www.frontiersin.org/articles/10.3389/fmed.2021.634949/full
https://www.frontiersin.org/articles/10.3389/fmed.2021.634949/full
http://doi.org/10.1016/j.pedneo.2020.10.010
http://www.ncbi.nlm.nih.gov/pubmed/33218936
http://doi.org/10.1097/01.aoa.0000744132.34888.e5
http://doi.org/10.1001/jama.2020.10125
http://www.ncbi.nlm.nih.gov/pubmed/32511673
http://doi.org/10.1111/j.1600-0897.2010.00836.x
https://www.frontiersin.org/articles/10.3389/fimmu.2020.572567/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.675476/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.675476/full
http://doi.org/10.1016/j.ebiom.2021.103357
https://www.nature.com/articles/s41467-021-27745-z
http://doi.org/10.1097/AOG.0000000000003996
http://doi.org/10.1016/j.jri.2022.103501
http://doi.org/10.1007/s40265-020-01367-z
http://doi.org/10.1056/NEJMp2005630
http://doi.org/10.1038/s41577-020-00434-6
http://www.ncbi.nlm.nih.gov/pubmed/32887954
https://covid19.trackvaccines.org/vaccines/
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1010078
http://doi.org/10.1371/journal.ppat.1010078
http://www.ncbi.nlm.nih.gov/pubmed/34882741
http://doi.org/10.3389/fimmu.2021.744887
http://www.ncbi.nlm.nih.gov/pubmed/34712232
http://doi.org/10.1056/NEJMoa2034577
http://www.ncbi.nlm.nih.gov/pubmed/33301246
http://doi.org/10.1016/j.dsx.2022.102482
http://doi.org/10.1681/ASN.2021040490
http://doi.org/10.1001/jama.2022.3271
http://doi.org/10.1001/jama.2021.7563
http://doi.org/10.3390/v14030539


Pathogens 2022, 11, 800 40 of 42

241. Citu, I.M.; Citu, C.; Gorun, F.; Sas, I.; Tomescu, L.; Neamtu, R.; Motoc, A.; Gorun, O.M.; Burlea, B.; Bratosin, F.; et al. Immuno-
genicity Following Administration of BNT162b2 and Ad26.COV2.S COVID-19 Vaccines in the Pregnant Population during the
Third Trimester. Viruses 2022, 14, 307. [CrossRef]

242. Hammerschmidt, S.I.; Thurm, C.; Bošnjak, B.; Bernhardt, G.; Reinhold, A.; Willenzon, S.; Ritter, C.; Reinhold, D.; Schraven, B.;
Förster, R. Robust induction of neutralizing antibodies against the SARS-CoV-2 Delta variant after homologous Spikevax or
heterologous Vaxzevria-Spikevax vaccination. Eur. J. Immunol. 2022, 52, 356–359. [CrossRef] [PubMed]

243. Jiménez, M.; Roldán, E.; Naval, C.F.; Villacampa, G.; Martinez-Gallo, M.; Medina-Gil, D.; Peralta-Garzón, S.; Pujadas, G.;
Hernández, C.; Pagès, C.; et al. Cellular and humoral immunogenicity of the mRNA-1273 SARS-CoV-2 vaccine in patients with
hematologic malignancies. Blood Adv. 2022, 6, 774–784. [CrossRef] [PubMed]

244. Li, Q.; Wang, J.; Tang, Y.; Lu, H. Next-generation COVID-19 vaccines: Opportunities for vaccine development and challenges in
tackling COVID-19. Drug Discov. Ther. 2021, 15, 118–123. [CrossRef]

245. Sharma, O.; Sultan, A.A.; Ding, H.; Triggle, C.R. A Review of the Progress and Challenges of Developing a Vaccine for COVID-19.
Front. Immunol. 2020, 11, 585354. [CrossRef] [PubMed]

246. Cucchiari, D.; Egri, N.; Bodro, M.; Herrera, S.; Del Risco-Zevallos, J.; Casals-Urquiza, J.; Cofan, F.; Moreno, A.; Rovira, J.;
Banon-Maneus, E.; et al. Cellular and humoral response after MRNA-1273 SARS-CoV-2 vaccine in kidney transplant recipients.
Am. J. Transplant. 2021, 21, 2727–2739. [CrossRef]

247. Hillus, D.; Schwarz, T.; Tober-Lau, P.; Vanshylla, K.; Hastor, H.; Thibeault, C.; Jentzsch, S.; Helbig, E.T.; Lippert, L.J.;
Tscheak, P.; et al. Safety, reactogenicity, and immunogenicity of homologous and heterologous prime-boost immunisation with
ChAdOx1 nCoV-19 and BNT162b2: A prospective cohort study. Lancet Respir. Med. 2021, 9, 1255–1265. [CrossRef]

248. Voysey, M.; Clemens, S.A.C.; Madhi, S.A.; Weckx, L.Y.; Folegatti, P.M.; Aley, P.K.; Angus, B.; Baillie, V.L.; Barnabas, S.L.;
Bhorat, Q.E.; et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: An interim analysis of
four randomised controlled trials in Brazil, South Africa, and the UK. Lancet 2021, 397, 99–111. [CrossRef]

249. Barouch, D.H.; Stephenson, K.E.; Sadoff, J.; Yu, J.; Chang, A.; Gebre, M.; McMahan, K.; Liu, J.; Chandrashekar, A.; Patel, S.; et al.
Durable Humoral and Cellular Immune Responses 8 Months after Ad26.COV2.S Vaccination. N. Engl. J. Med. 2021, 385, 951–953.
[CrossRef]

250. Rahman, M.; Masum, H.U.; Wajed, S.; Talukder, A. A comprehensive review on COVID-19 vaccines: Development, effectiveness,
adverse effects, distribution and challenges. VirusDisease 2022, 33, 1–22. [CrossRef]

251. Paixao, E.S.; Wong, K.L.M.; Alves, F.J.O.; Oliveira, V.D.A.; Cerqueira-Silva, T.; Júnior, J.B.; Machado, T.M.; Junior, E.P.P.;
Boaventura, V.S.; Penna, G.O.; et al. CoronaVac vaccine is effective in preventing symptomatic and severe COVID-19 in pregnant
women in Brazil: A test-negative case-control study. BMC Med. 2022, 20, 146. [CrossRef]

252. Netto, L.C.; Ibrahim, K.Y.; Picone, C.M.; Alves, A.P.P.S.; Aniceto, E.V.; Santiago, M.R.; Parmejani, P.S.S.; Aikawa, N.E.; Medeiros-
Ribeiro, A.C.; Pasoto, S.G.; et al. Safety and immunogenicity of CoronaVac in people living with HIV: A prospective cohort study.
Lancet HIV 2022, 9, e323–e331. [CrossRef]

253. Medeiros-Ribeiro, A.C.; Aikawa, N.E.; Saad, C.G.S.; Yuki, E.F.N.; Pedrosa, T.; Fusco, S.R.G.; Rojo, P.T.; Pereira, R.M.R.; Shinjo, S.K.;
Andrade, D.C.O.; et al. Immunogenicity and safety of the CoronaVac inactivated vaccine in patients with autoimmune rheumatic
diseases: A phase 4 trial. Nat. Med. 2021, 27, 1744–1751. [CrossRef]

254. Kumar, N.P.; Banurekha, V.V.; Girish Kumar, C.P.; Nancy, A.; Padmapriyadarsini, C.; Mary, A.S.; Devi, K.R.U.; Murhekar, M.;
Babu, S. Prime-Boost Vaccination with Covaxin/BBV152 Induces Heightened Systemic Cytokine and Chemokine Responses.
Front. Immunol. 2021, 12, 752397. [CrossRef] [PubMed]

255. Prasad, N.; Yadav, B.; Singh, M.; Gautam, S.; Bhadauria, D.; Patel, M.; Kushwaha, R.; Yadav, D.; Singh, A.; Yachha, M.; et al.
Humoral Immune Response of SARS-CoV-2 Infection and Anti-SARS-CoV-2 Vaccination in Renal Transplant Recipients. Vaccines
2022, 10, 385. [CrossRef] [PubMed]

256. Joudi, M.; Binabaj, M.M.; Porouhan, P.; PeyroShabany, B.; Tabasi, M.; Fazilat-Panah, D.; Khajeh, M.; Mehrabian, A.; Dehghani, M.;
Welsh, J.S.; et al. A Cohort Study on the Immunogenicity and Safety of the Inactivated SARS-CoV-2 Vaccine (BBIBP-CorV) in
Patients with Breast Cancer; Does Trastuzumab Interfere with the Outcome? Front. Endocrinol. 2022, 13, 798975. [CrossRef]

257. Javadinia, S.A.; Dehghani, M.; Ariamanesh, M.; Roudsarabi, Z. 212P A cohort study on the immunogenicity and safety of the
inactivated SARS-CoV-2 vaccine (BBIBP-CorV) in patients with breast cancer: Does trastuzumab interfere with the outcome?
Anna. Oncol. 2022, 33 (Suppl. S3). Available online: https://www.annalsofoncology.org/article/S0923-7534(22)00612-3/fulltext
(accessed on 26 May 2022). [CrossRef]

258. Shams, P.; Ali, J.; Saadia, S.; Khan, A.H.; Sultan, F.A.T.; Tai, J. COVID-19 BBIBP-CorV vaccine and transient heart block—A
phenomenon by chance or a possible correlation—A case report. Ann. Med. Surg. 2021, 71, 102956. [CrossRef]

259. Keech, C.; Albert, G.; Cho, I.; Robertson, A.; Reed, P.; Neal, S.; Plested, J.S.; Zhu, M.; Cloney-Clark, S.; Zhou, H.; et al. Phase 1–2
Trial of a SARS-CoV-2 Recombinant Spike Protein Nanoparticle Vaccine. N. Engl. J. Med. 2020, 383, 2320–2332. [CrossRef]

260. Hillson, K.; Clemens, S.C.; Madhi, S.A.; Voysey, M.; Pollard, A.J.; Minassian, A.M. Fertility rates and birth outcomes after
ChAdOx1 nCoV-19 (AZD1222) vaccination. Lancet 2021, 398, 1683–1684. [CrossRef]

261. Wolf, J.; Jannat, R.; Dubey, S.; Troth, S.; Onorato, M.; Coller, B.-A.; Hanson, M.; Simon, J. Development of Pandemic Vaccines:
ERVEBO Case Study. Vaccines 2021, 9, 190. [CrossRef]

http://doi.org/10.3390/v14020307
http://doi.org/10.1002/eji.202149645
http://www.ncbi.nlm.nih.gov/pubmed/34870322
http://doi.org/10.1182/bloodadvances.2021006101
http://www.ncbi.nlm.nih.gov/pubmed/34844263
http://doi.org/10.5582/ddt.2021.01058
http://doi.org/10.3389/fimmu.2020.585354
http://www.ncbi.nlm.nih.gov/pubmed/33163000
http://doi.org/10.1111/ajt.16701
http://doi.org/10.1016/S2213-2600(21)00357-X
http://doi.org/10.1016/S0140-6736(20)32661-1
http://doi.org/10.1056/NEJMc2108829
http://doi.org/10.1007/s13337-022-00755-1
http://doi.org/10.1186/s12916-022-02353-w
http://doi.org/10.1016/S2352-3018(22)00033-9
http://doi.org/10.1038/s41591-021-01469-5
http://doi.org/10.3389/fimmu.2021.752397
http://www.ncbi.nlm.nih.gov/pubmed/34721425
http://doi.org/10.3390/vaccines10030385
http://www.ncbi.nlm.nih.gov/pubmed/35335017
http://doi.org/10.3389/fendo.2022.798975
https://www.annalsofoncology.org/article/S0923-7534(22)00612-3/fulltext
http://doi.org/10.1016/j.annonc.2022.03.233
http://doi.org/10.1016/j.amsu.2021.102956
http://doi.org/10.1056/NEJMoa2026920
http://doi.org/10.1016/S0140-6736(21)02282-0
http://doi.org/10.3390/vaccines9030190


Pathogens 2022, 11, 800 41 of 42

262. Piszczatoski, C.R.; Gums, J.G. Ervebo (Ebola Zaire vaccine, live/rVSV∆G-ZEBOV-GP): The first licensed vaccine for the prevention
of Ebola virus disease. J. Pharmacy Tech 2020, 36, 243–250. Available online: https://journals.sagepub.com/doi/abs/10.1177/87
55122520950692 (accessed on 26 May 2022). [CrossRef]

263. Lappala, A.; Nishima, W.; Miner, J.; Fenimore, P.; Fischer, W.; Hraber, P.; Zhang, M.; McMahon, B.; Tung, C.-S. Structural Transition
and Antibody Binding of EBOV GP and ZIKV E Proteins from Pre-Fusion to Fusion-Initiation State. Biomolecules 2018, 8, 25.
[CrossRef] [PubMed]

264. Booster Vaccination to Reduce SARS-CoV-2 Transmission and Infection | Infectious Diseases | JAMA | JAMA Network. Available
online: https://jamanetwork.com/journals/jama/fullarticle/2788105 (accessed on 26 May 2022).

265. Singh, K.; Marasini, B.; Chen, X.; Ding, L.; Wang, J.-J.; Xiao, P.; Villinger, F.; Spearman, P. A Bivalent, Spherical Virus-Like
Particle Vaccine Enhances Breadth of Immune Responses against Pathogenic Ebola Viruses in Rhesus Macaques. J. Virol. 2020,
94, e01884-19. [CrossRef] [PubMed]

266. Callendret, B.; Vellinga, J.; Wunderlich, K.; Rodriguez, A.; Steigerwald, R.; Dirmeier, U.; Cheminay, C.; Volkmann, A.; Brasel, T.;
Carrion, R.; et al. A prophylactic multivalent vaccine against different filovirus species is immunogenic and provides protection
from lethal infections with Ebolavirus and Marburgvirus species in non-human primates. PLoS ONE 2018, 13, e0192312. [CrossRef]

267. Ewer, K.; Rampling, T.; Venkatraman, N.; Bowyer, G.; Wright, D.; Lambe, T.; Imoukhuede, E.B.; Payne, R.; Fehling, S.K.;
Strecker, T.; et al. A Monovalent Chimpanzee Adenovirus Ebola Vaccine Boosted with MVA. N. Engl. J. Med. 2016, 374, 1635–1646.
[CrossRef]

268. Effectiveness of COVID-19 Booster Vaccines Against COVID-19-Related Symptoms, Hospitalization and Death in England |
Nature Medicine. Available online: https://www.nature.com/articles/s41591-022-01699-1 (accessed on 26 May 2022).

269. Fourth Dose of COVID-19 Vaccines in Israel—The Lancet Respiratory Medicine. Available online: https://www.thelancet.com/
journals/lanres/article/PIIS2213-2600(22)00010-8/fulltext (accessed on 26 May 2022).

270. Mallapaty, S. Fourth dose of COVID vaccine offers only slight boost against Omicron infection. Nature 2022. [CrossRef]
271. Krause, P.R.; Fleming, T.R.; Peto, R.; Longini, I.M.; Figueroa, J.P.; Sterne, J.A.C.; Cravioto, A.; Rees, H.; Higgins, J.P.T.;

Boutron, I.; et al. Considerations in boosting COVID-19 vaccine immune responses. Lancet 2021, 398, 1377–1380. [CrossRef]
272. Effectiveness of 2-Dose Vaccination with mRNA COVID-19 Vaccines Against COVID-19–Associated Hospitalizations Among

Immunocompromised Adults—Nine States, January–September 2021 | MMWR. Available online: https://www.cdc.gov/mmwr/
volumes/70/wr/mm7044e3.htm?s_cid=mm7044e3_w (accessed on 26 May 2022).

273. Khoury, D.S.; Cromer, D.; Reynaldi, A.; Schlub, T.E.; Wheatley, A.K.; Juno, J.A.; Subbarao, K.; Kent, S.J.; Triccas, J.A.;
Davenport, M.P. Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2
infection. Nat. Med. 2021, 27, 1205–1211. [CrossRef]

274. Almendro-Vázquez, P.; Laguna-Goya, R.; Ruiz-Ruigomez, M.; Utrero-Rico, A.; Lalueza, A.; de la Calle, G.M.; Delgado, P.;
Perez-Ordoño, L.; Muro, E.; Vila, J.; et al. Longitudinal dynamics of SARS-CoV-2-specific cellular and humoral immunity after
natural infection or BNT162b2 vaccination. PLoS Pathog. 2021, 17, e1010211. [CrossRef]

275. Favresse, J.; Bayart, J.-L.; Mullier, F.; Elsen, M.; Eucher, C.; Van Eeckhoudt, S.; Roy, T.; Wieers, G.; Laurent, C.; Dogné, J.-M.; et al.
Antibody titres decline 3-month post-vaccination with BNT162b2. Emerg. Microbes Infect. 2021, 10, 1495–1498. [CrossRef]

276. Koch, T.; Rottstegge, M.; Ruibal, P.; Gomez-Medina, S.; Nelson, E.V.; Escudero-Pérez, B.; Pillny, M.; Ly, M.L.; Koundouno, F.R.;
Bore, J.A.; et al. Ebola Virus Disease Survivors Show More Efficient Antibody Immunity than Vaccines Despite Similar Levels of
Circulating Immunoglobulins. Viruses 2020, 12, 915. [CrossRef] [PubMed]

277. Sariol, C.A.; Pantoja, P.; Serrano-Collazo, C.; Rosa-Arocho, T.; Armina-Rodríguez, A.; Cruz, L.; Stone, E.T.; Arana, T.; Climent, C.;
Latoni, G.; et al. Function Is More Reliable than Quantity to Follow Up the Humoral Response to the Receptor-Binding Domain
of SARS-CoV-2-Spike Protein after Natural Infection or COVID-19 Vaccination. Viruses 2021, 13, 1972. [CrossRef] [PubMed]

278. Stamatatos, L.; Czartoski, J.; Wan, Y.-H.; Homad, L.J.; Rubin, V.; Glantz, H.; Neradilek, M.; Seydoux, E.; Jennewein, M.F.;
MacCamy, A.J.; et al. mRNA vaccination boosts cross-variant neutralizing antibodies elicited by SARS-CoV-2 infection. Science
2021, 372, 1413–1418. [CrossRef] [PubMed]

279. Hall, V.; Foulkes, S.; Insalata, F.; Kirwan, P.; Saei, A.; Atti, A.; Wellington, E.; Khawam, J.; Munro, K.; Cole, M.; et al. Protection
against SARS-CoV-2 after Covid-19 Vaccination and Previous Infection. N. Engl. J. Med. 2022, 386, 1207–1220. [CrossRef]

280. COVID-19: The Significance of India’s Emerging ‘Hybrid Immunity’ | The BMJ. Available online: https://www.bmj.com/
content/375/bmj.n3047 (accessed on 26 May 2022).

281. Nordström, P.; Ballin, M.; Nordström, A. Risk of SARS-CoV-2 reinfection and COVID-19 hospitalisation in individuals with
natural and hybrid immunity: A retrospective, total population cohort study in Sweden. Lancet Infect. Dis. 2022, 22, 781–790.
[CrossRef]

282. Sidik, S.M. COVID vaccine plus infection can lead to months of immunity. Nature 2022. [CrossRef]
283. Kant, S.; Kronbichler, A.; Salas, A.; Bruchfeld, A.; Geetha, D. Timing of COVID-19 Vaccine in the Setting of Anti-CD20 Therapy: A

Primer for Nephrologists. Kidney Int. Rep. 2021, 6, 1197–1199. [CrossRef]
284. Troldborg, A.; Thomsen, M.K.; Bartels, L.E.; Andersen, J.B.; Vils, S.R.; Mistegaard, C.E.; Johannsen, A.D.; Hermansen, M.-L.F.;

Mikkelsen, S.; Erikstrup, C.; et al. Time Since Rituximab Treatment Is Essential for Developing a Humoral Response to COVID-19
mRNA Vaccines in Patients with Rheumatic Diseases. J. Rheumatol. 2022, 49, 644–649. [CrossRef]

285. COVID-19 Vaccination and Antirheumatic Therapy | Rheumatology | Oxford Academic. Available online: https://academic.
oup.com/rheumatology/article/60/8/3496/6169010 (accessed on 26 May 2022).

https://journals.sagepub.com/doi/abs/10.1177/8755122520950692
https://journals.sagepub.com/doi/abs/10.1177/8755122520950692
http://doi.org/10.1177/8755122520950692
http://doi.org/10.3390/biom8020025
http://www.ncbi.nlm.nih.gov/pubmed/29748487
https://jamanetwork.com/journals/jama/fullarticle/2788105
http://doi.org/10.1128/JVI.01884-19
http://www.ncbi.nlm.nih.gov/pubmed/32075939
http://doi.org/10.1371/journal.pone.0192312
http://doi.org/10.1056/NEJMoa1411627
https://www.nature.com/articles/s41591-022-01699-1
https://www.thelancet.com/journals/lanres/article/PIIS2213-2600(22)00010-8/fulltext
https://www.thelancet.com/journals/lanres/article/PIIS2213-2600(22)00010-8/fulltext
http://doi.org/10.1038/d41586-022-00486-9
http://doi.org/10.1016/S0140-6736(21)02046-8
https://www.cdc.gov/mmwr/volumes/70/wr/mm7044e3.htm?s_cid=mm7044e3_w
https://www.cdc.gov/mmwr/volumes/70/wr/mm7044e3.htm?s_cid=mm7044e3_w
http://doi.org/10.1038/s41591-021-01377-8
http://doi.org/10.1371/journal.ppat.1010211
http://doi.org/10.1080/22221751.2021.1953403
http://doi.org/10.3390/v12090915
http://www.ncbi.nlm.nih.gov/pubmed/32825479
http://doi.org/10.3390/v13101972
http://www.ncbi.nlm.nih.gov/pubmed/34696403
http://doi.org/10.1126/science.abg9175
http://www.ncbi.nlm.nih.gov/pubmed/33766944
http://doi.org/10.1056/NEJMoa2118691
https://www.bmj.com/content/375/bmj.n3047
https://www.bmj.com/content/375/bmj.n3047
http://doi.org/10.1016/S1473-3099(22)00143-8
http://doi.org/10.1038/d41586-022-00961-3
http://doi.org/10.1016/j.ekir.2021.03.876
http://doi.org/10.3899/jrheum.211152
https://academic.oup.com/rheumatology/article/60/8/3496/6169010
https://academic.oup.com/rheumatology/article/60/8/3496/6169010


Pathogens 2022, 11, 800 42 of 42

286. Furer, V.; Eviatar, T.; Zisman, D.; Peleg, H.; Paran, D.; Levartovsky, D.; Zisapel, M.; Elalouf, O.; Kaufman, I.; Meidan, R.; et al.
Immunogenicity and safety of the BNT162b2 mRNA COVID-19 vaccine in adult patients with autoimmune inflammatory
rheumatic diseases and in the general population: A multicentre study. Ann. Rheum. Dis. 2021, 80, 1330–1338. [CrossRef]

287. Rubin, R. Pregnant People’s Paradox—Excluded from Vaccine Trials Despite Having a Higher Risk of COVID-19 Complications.
JAMA 2021, 325, 1027–1028. [CrossRef]

288. Gomes, M.F.; De La Fuente-Núñez, V.; Saxena, A.; Kuesel, A.C. Protected to death: Systematic exclusion of pregnant women from
Ebola virus disease trials. Reprod. Health 2017, 14, 47–55. [CrossRef] [PubMed]

289. Ayhan, S.G.; Oluklu, D.; Atalay, A.; Beser, D.M.; Tanacan, A.; Tekin, O.M.; Sahin, D. COVID-19 vaccine acceptance in pregnant
women. Int. J. Gynecol. Obstet. 2021, 154, 291–296. [CrossRef] [PubMed]

http://doi.org/10.1136/annrheumdis-2021-220647
http://doi.org/10.1001/jama.2021.2264
http://doi.org/10.1186/s12978-017-0430-2
http://www.ncbi.nlm.nih.gov/pubmed/29297366
http://doi.org/10.1002/ijgo.13713
http://www.ncbi.nlm.nih.gov/pubmed/33872386

	Introduction 
	A Comparative Look at the Pathogenic RNA Viruses—SARS-CoV-2 and Ebola Virus 
	Host Anti-Viral Immune Response in SARS-CoV-2 and EBOV Infections 
	Defining Innate Immunity 
	Alterations in Adaptive Immune Response 
	Overview of the Humoral Immune Response 
	Landscapes in T-Cell-Mediated Immune Response 
	Long Term Anti-Viral Immunity 

	Risk Factors That May Influence the Immune Mechanism 

	Impact of COVID-19 and EVD on Pregnancy 
	Maternal and Neonatal Outcomes Associated with COVID-19 and EVD 
	Effects of COVID-19 and EVD on Placenta and Vertical Transmission 
	Alterations in Immune Response in Pregnant Women with SARS-CoV-2 and EBOV Infections 

	Immunomodulatory Approaches for Combating COVID-19 and EVD 
	Vaccines against SARS-CoV-2 and EBOV 
	Vaccination in Pregnant Women against COVID-19 and EVD 

	Conclusions 
	References

