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Abstract

Since the beginning of the Coronavirus disease (COVID)-19 pandemic in December 2019, the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has been responsible for more than 600 million infections and 6.5 million deaths
worldwide. Given the persistence of SARS-CoV-2 and its ability to develop new variants, the implementation of an effective
and long-term herd immunity appears to be crucial to overcome the pandemic. While a vast field of research has focused on
the role of humoral immunity against SARS-CoV-2, a growing body of evidence suggest that antibodies alone only confer
a partial protection against infection of reinfection which could be of high importance regarding the strategic development
goals (SDG) of the United Nations (UN) and in particular UN SDG3 that aims towards the realization of good health and
well being on a global scale in the context of the COVID-19 pandemic.

In this review, we highlight the role of humoral immunity in the host defense against SARS-CoV-2, with a focus on highly
neutralizing antibodies. We summarize the results of the main clinical trials leading to an overall disappointing efficacy of
convalescent plasma therapy, variable results of monoclonal neutralizing antibodies in patients with COVID-19 but outstand-
ing results for the mRNA based vaccines against SARS-CoV-2. Finally, we advocate that beyond antibody responses, the
development of a robust cellular immunity against SARS-CoV-2 after infection or vaccination is of utmost importance for
promoting immune memory and limiting disease severity, especially in case of (re)-infection by variant viruses.
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Introduction Hopkins Coronavirus Resource Center [2]. Pneumonia is the
most severe presentation of SARS-CoV-2 infection, leading
Since December 2019, the severe acute respiratory syn-  to acute respiratory failure in up to 20% of symptomatic

drome coronavirus 2 (SARS-CoV-2) pandemic [1] is being  patients at the beginning of the pandemic before vaccines
responsible for more than 609 million infections and 6.5  development and the emergence of variants [3]. However,
million deaths as of September 2022, according to the Johns ~ SARS-CoV-2 infection is also responsible for a wide range
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of clinical presentations including coagulopathy, cardiac or
kidney injury, thrombotic events suggesting that endothelial
injury and inflammation may be the cornerstone of the dis-
ease [4-6]. SARS-CoV-2 is an enveloped single-stranded
RNA betacoronavirus. It belongs to the same family than
the SARS-CoV, also responsible for an outbreak between
2002 and 2004 with no re-emergence since then [7]. It is also
related to the Middle East Respiratory Syndrome (MERS)
coronavirus, which causes mild to severe acute respiratory
illness with up to 35% case-fatality rate and is responsi-
ble for outbreaks since 2012. In addition to these viruses
responsible for severe diseases, four different coronaviruses
(HCoV-0C43, HCoVHKU1, HCoV-NL63, and HCoV-
229E) are commonly responsible for common colds.

The clearance of cytopathic viruses is highly mediated by
the humoral immune response, which also prevents reinfec-
tion [8]. Thus, individuals recovering from viral infections
typically develop virus-specific antibody responses that
provide protective immunity against re-exposure. However,
waning immunity or immune escape may increase the risk
of reinfection [9]. While SARS-CoV-2 infection seems to
confer an effective but not lasting immunity in most indi-
viduals [10], the role played by the antibodies in this pro-
tection remains unclear. Since the beginning of the recent
Coronavirus disease 2019 (COVID-19) outbreak, SARS-
CoV-2 humoral immunity has been extensively studied [11,
12]. Understanding what protection confer antibodies to
SARS-CoV-2 and how long lasts this protection is a major
issue with implications for public health politics and vac-
cine or therapeutic antibodies development. To answer to
this question, our strategy of literature review used Pub-
med and Bioxiv as data bases and the following keywords:
SARS-CoV-2, with either Vaccine, Antibodies, Serology or
Convalescent Plasma.

Overall, while the vaccine anti-SARS-CoV-2 appear to
be very efficient [13], we highlight in this work the lack
of definitive evidence that natural antibodies produced
after SARS-CoV-2 infection are fully protective by them-
selves. This reinforces the need to a better understanding
of the immune response to SARS-CoV-2 infection and, as
requested by the SDG of the UN and the SDG3, the need to
increase the worldwide distribution of an efficient vaccine
to reach the herd immunity.

There is No Clear Association Between a SARS-CoV-2
Serologic Response and a Protection Against Severe
Cases

Coronaviruses have four structural proteins: the spike protein
(S), the nucleocapsid (N), the envelope protein (E), and the
membrane protein (M). The S protein allows the virus entry
into the cell by interacting with the cell receptor angiotensin-
converting enzyme 2 (ACE2). The S protein is composed
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by two sub-units: the S1 protein, which contains the highly
immunogenic receptor-binding domain (RBD) and the S2
protein, which mediates cell membrane fusion [14—16]. The
N protein is also immunogenic and participate in genome
encapsidation and enhance viral transcription and assembly
[17, 18]. Serological responses to SARS-CoV-2 infection
against S and N proteins have been extensively studied. In
the literature, the large majority of patients develop S and
N-specific immunoglobulins (Ig) G, IgM and IgA within
15 to 20 days after symptoms onset [19-21]. An interesting
point is that the three types of antibodies are almost devel-
oped at the same time following SARS-CoV-2 infection [22,
23]. The IgG and IgM levels have been found to be higher in
severe SARS-CoV-2 patients than in asymptomatic or mild
cases (Fig. 1a) [19, 20] This is a major difference with the
infections caused by SARS-CoV and MERS where delayed
and weak antibodies responses seemed to be associated with
more severe outcomes [24-26].

According to the literature, the median time to detection
by Enzyme Linked Immunoabsorbent Assay (ELISA) across
different antibodies in SARS-CoV-2 infection is 11 days
(Interquartile range 7—-14 days) and severity appears to be
associated with a longer time to detection of IgG [20, 27].
However, the consequence of this increased persistence of
the antibodies after severe infections is difficult to inter-
pret as pathogen-specific antibodies might be produced in
response to infection without conferring any direct protec-
tion. In the case of the SARS-CoV-2 infections several argu-
ments could favor this hypothesis. First, high titers of IgG
antibodies in patients’ sera have not been reported to have
a faster recovery compared to borderline antibody response
[28]. Second, several studies have reported that viral clear-
ance did not differ between asymptomatic and symptomatic
patients and was not correlated to antibodies titers [21, 29].
Third, SARS-CoV-2 RNA could be detected for a very long
period in patients who produce virus-specific IgG antibod-
ies, with two cases for up to 50 days [30]. In the same study,
Wang et al. also reported the case of a patient who cleared
the virus in 46 days, although no anti-SARS-CoV-2 IgG
was detected in his plasma. These data may suggest that
humoral immunity is neither sufficient nor essential to obtain
viral clearance and clinical recovery [30]. Furthermore, in
patients with agammaglobulinemia (lacking of B lympho-
cytes), mild disease course with full recovery has been
described confirming that B-cell responses and antibodies
participate but are not mandatory to recover from a SARS-
CoV-2 infection (Fig. 1b) [31, 32].

To better determine the protection induced by natural
antibodies against SARS-CoV-2, retroviral particles and
pseudovirus-based neutralizing assays have been performed
in several studies [12, 20, 33]. Rijkers et al. showed that
in 24 COVID-19 non-hospitalized healthcare profession-
als with mild symptoms, 75% of the population produced
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Fig. 1 How protective are
antibodies to SARS-CoV2? a) a)
Viral load and levels of natural
antibodies are not correlated
with the severity of the disease.
b) Patients with agammaglobu-
linemia do not have more severe
SARS-CoV2 clinical presenta-
tion. Moreover, convalescent
plasma therapy does not protect
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antibodies to SARS-CoV-2. However, neutralization assays
demonstrated low or absent virus neutralization [23]. In con-
trast, a stronger neutralizing antibody response was present
in severe COVID-19 patients. Wang et al. found the same
result and demonstrated that patients with a worse clinical
classification had higher neutralizing antibody titers [34].

There is No Clear Evidence in Favor of the Use
of Convalescent Plasma for the Treatment
of the Infection Caused By the SARS-CoV-2

Trying to correlate clinical protection and the neutralizing
abilities of the natural antibodies against the S-protein and
SARS-CoV-2 has been a major driver behind the use of con-
valescent plasma as a potential therapeutic against SARS-
CoV-2 infections.

Therefore, the transfusion of plasma collected from
individuals who recovered from COVID-19 to currently
infected patients has been widely tested at a time when no
vaccine against the virus was available. Some initial reports
may have seemed positive, however, this therapeutic never
reached the level of expected success.

The first published series of 5 critically-ill patients with
COVID-19 and acute respiratory distress syndrome treated
with convalescent plasma containing neutralizing antibodies
showed an improvement in their clinical status [35], however
no control group was included in this initial study. Another

uncontrolled case series suggested that late administration
of convalescent plasma treatment could end the SARS-
CoV-2 shedding with no significant effect on mortality in
critically end-stage COVID-19 patients [36]. Since these
preliminary reports, different randomized controlled trials
or controlled non-randomized trials analyzed the clinical
effects of convalescent plasma in severe COVID-19 patients
[37-42]. In randomized trials of convalescent plasma in
patients with COVID-19 focusing on hospitalized patients
who were already moderately to severely ill, no evidence of
improvement in clinical condition nor mortality has been
proved after the administration of convalescent plasma
therapy. These results were confirmed in a Cochrane meta-
analysis including 19 studies, which demonstrated uncer-
tainty whether convalescent plasma decreased mortality
and highlighted little to no difference in improvement of
clinical symptoms at day 7 [43]. However, when focusing
on older adults with mild SARS-CoV-2 symptoms, Libster
et al. reported that early administration (within 72 h fol-
lowing the onset of symptoms) of high-titer convalescent
plasma against SARS-CoV-2 might reduce the progression
of COVID-19, with severe respiratory disease seemingly less
developed in patients who received the convalescent plasma
(relative risk 0.52 -95% confidence interval (CI) 0.29-0.94-
p=0.03) [42].

Results from the major clinical trial RECOVERY, that
used only plasma with a cut-off of antibodies targeting the
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S glycoprotein with neutralizing antibody titers of > 1:100,
confirmed previous data regarding the inefficacy of conva-
lescent plasma therapy in SARS-CoV-2 patients. The trial
was conducted at 177 National Health Service (NHS) hospi-
tal organizations in the United Kingdom. In this study, 5795
patients were randomly allocated to receive convalescent
plasma and 5763 received usual care alone. No significant
difference in 28-day mortality between the two groups was
found: 1398 (24%) in the treated group and 1408 (24%) in
the standard of care died within 28 days (rate ratio 1.00 -95%
CI10.93-1.07- p=0.95) [44].

In a recent multicenter, double-bind, randomised trial
including 1225 outpatients, of whom more than 80% were
unvaccinated, Sullivan et al. demonstrated that patients
receiving plasma therapy within 9 days after the onset
of symptoms had a 54% relative risk reduction of hospi-
talization compared to those having received placebo [45].
However, numerous other studies have proven no effect of
convalescent plasma therapy in COVID-19 patients [46—48]
(Table 1 and Fig. 1b). While the time of the convalescent
plasma administration, the antibodies titers and the severity
of the disease might all be factors influencing the efficacy
of the convalescent plasma therapy approach, overall, these
studies did not reinforce the hypothesis that natural antibod-
ies against SARS-CoV-2 had a protective role on their own.

Yet, convalescent plasma therapy could be an efficient
therapy in specific populations. Szwebel et al. reported that
an HIV-1 infected patient treated with anti-CD20 mono-
clonal antibody for a B-cell lymphoma and diagnosed with
protracted SARS-CoV-2 infection was successfully treated
with convalescent plasma therapy with full clinical recovery
and SARS-CoV-2 plasma clearance [49]. Moreover, Hueso
et al. described in two studies that in patients with B-cell
lymphopenia or neoplasm, convalescent plasma with anti-
SARS-CoV-2 antibodies might be a promising and beneficial
therapy [50, 51].

There is Only a Small Subpopulation of Highly
Neutralizing Antibodies Generated After Infection
By the SARS-CoV-2

These results reported from the plasma therapy led us to
consider the possibility that while antibodies naturally pro-
duced after being infected by the SARS-CoV-2 might not be
as protective as expected, a subpopulation within these anti-
bodies might be significantly more protective. Being able to
identify and characterize these highly neutralizing antibod-
ies could help at different levels. First, in our understanding
of the disease pathophysiology: the huge variability of the
clinical pattern for patients infected by the SARS-CoV-2
may be related to the host immune response and its ability
to generate this subpopulation of antibodies. Second, in opti-
mizing the design of anti-SARS-CoV-2 vaccines.

@ Springer

Indeed, Robbiani et al. reported that most convalescent
plasma samples obtained from individuals having recovered
from a SARS-CoV-2 infection (median 39 days following
infection) did not contain high levels of neutralizing activ-
ity [52]. Interestingly, the authors found through antibody
sequencing that closely related antibodies were expressed in
different individuals. These rare populations of RBD-anti-
bodies displayed efficient antiviral activity with a neutral-
izing activity raising from 1:50 to 1:5000. Thus, the authors
suggested that designing a vaccine which could specifically
elicit the clonal expansion of these antibodies would be sig-
nificantly more effective than the natural immune response
[52]. This subpopulation of highly neutralizing antibod-
ies was reported in different other studies. Liu et al. iso-
lated nineteen potent SARS-CoV-2-neutralizing antibodies
in vitro, obtained from five severe COVID-19 patients. Of
those, only nine antibodies, directed against the RBD or
the S protein, displayed extremely high neutralization with
very low 50% virus-inhibitory concentrations [53]. Seydoux
et al. described how they isolated S-specific B cells from
one COVID-19 patient and generated 45 S-specific mono-
clonal antibodies. Only two antibodies seemed to efficiently
neutralize the virus with the more potent directed against
the RBD, suggesting that monoclonal antibodies targeting
the RBD could be more efficient in preventing or treating
SARS-CoV-2 infection [54]. Kreer et al. in a longitudinal
study also isolated from 12 SARS-CoV-2 patients 255 anti-
bodies of which 28 potently neutralized SARS-CoV-2. More
importantly, they highlighted that adequate vaccination
could quickly elicit highly effective antibodies production
as naive B cells from healthy individuals sampled before the
pandemic displayed potential precursor sequences of these
neutralizing antibodies [55]. Finally, Rogers et al. used a
high-throughput antibody generation pipeline to isolate
potent neutralizing antibodies, mostly directed against the
RBD. Two of the neutralizing antibodies were tested in Syr-
ian hamsters and provided protection against SARS-CoV-2
infection [56].

All these results support that highly effective natural
antibodies could be developed as monoclonal antibodies
or that COVID-19 vaccines could also aim to elicit these
antibodies production to be broadly effective in the popu-
lation (Fig. 1c). These studies also enlighten that all anti-
bodies are not equal and that only low amounts of them
seem to be very efficient and protective during SARS-
CoV-2 infection.

The Role of Anti-SARS-CoV-2 IgM and IgA

Seow et al. demonstrated that S and RBD-IgM and IgA
could neutralize SARS-CoV-2 even before an IgG response
was detected by ELISA [33]. Indeed, secretory IgA are the
first immune defense in protecting mucosal surfaces by
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Table 1 (continued)
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28 days
e No prevention in disease progression

blue treated CP
o “High-titer” of IgG anti-SARS-CoV-2

o Non hospitalized

placebo-controlled

e Mild and moderate COVID-19

from mild to severe illness
o Study interruption for safety: 85% of

with ELISA (EUROIMMUN ratio > 6)

symptoms
e 188 CP

the target population had received a

COVID-19 vaccine
e Decreased risk of disease progression

e 188 placebo

o One infusion 250 mL CP

o Outpatients over 18 years

Multicenter, double-blind, randomised,

Sullivan et al. (45)

and hospitalisation within 28 days

e “High-titer” of anti SARS-CoV-2 IgG

e 17% partially or fully vaccinated

® 592 CP

controlled trial

specifically defined after July 2021

(EUROIMMUN ratio > 3,5)
e Versus control plasma

e 589 control plasma

CP convalescent plasma, /gG Immunoglobulin G, NAbs Neutralizing antibodies

neutralizing respiratory or intestinal viruses or preventing
their adhesion to the epithelium. In mice, intranasal vac-
cination by SARS-CoV proteins provides a better protec-
tion and decreases the viral load in the lungs compared to
intramuscular administrations, suggesting that mucosal-
induced IgA could mediate local protection against viruses
[57]. Usually, IgM are the first antibodies to be produced
during the humoral response. However, in different studies
on COVID-19, IgA were dominant at the early phase of the
SARS-CoV-2-specific humoral response [58—61]. Accord-
ing to Klingler et al. serum IgA1 exhibited neutralizing
properties at a lower potency than IgG1 and IgM [58], but
these results were not confirmed in Sterlin et al. study. The
authors demonstrated that anti-RBD IgA had a higher virus
neutralization activity than IgG. However, anti-RBD IgA
decreased quickly in the plasma and persisted for a longer
time in the saliva. In this study, IgA were also detected in
broncho-alveolar lavages of severe COVID-19 patients and
exhibited neutralizing properties [60]. Cervia et al. high-
lighted that SARS-CoV-2-exposed healthcare workers with
negative SARS-CoV-2-specific IgA and IgG serum titers
had detectable SARS-CoV-2-specific IgA antibodies in their
nasal fluids and tears, suggesting the mounting of an efficient
local immune response [59].

However, different authors also suggested that IgA
response might be responsible for the severity of the
COVID-109. In Cervia et al. study, IgA were significantly
increased in severe COVID-19 patients and increased
production correlated with severe acute respiratory dis-
tress syndrome [60]. Yu et al. described a significant posi-
tive association between SARS-CoV-2 specific IgA level
and the APACHE-II score (severity score) in COVID-19
critically-ill patients. The authors hypothesized that severe
COVID-19 might be at least in part an IgA-mediated dis-
ease related to IgA deposition and vasculitis, and that IgA
deposition could participate in the pathophysiology of the
disease and the occurrence of complications as myocardial
ischemia, acute pulmonary embolism, kidney injury [61].
In another cohort of 64 patients with COVID-19, elevated
anti-cardiolipin IgA and anti-B2-Glucoprotein-1 IgA were
detected in severe SARS-CoV-2 patients, suggesting that
autoimmunity in COVID-19 patients might be triggered by
IgA-response [62].

The Autoimmunity Caused By the SARS-CoV-2
Infection

Pathogenic autoantibodies targeting phospholipids and
phospholipid-binding proteins (aPL antibodies) have been
detected in patients by the SARS-CoV-2, a study even found
that half of patients hospitalized with COVID-19 become at
least transiently positive for aPL antibodies and that these
autoantibodies are potentially pathogenic [63]. However, the
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clinical relevance of the aPL antibodies antibodies and their
absence of specificity is now clearly demonstrated. Indeed,
a recent study by another group found that patients with
COVID-19 had an increased prevalence in lupus anticoagu-
lant (LAC) positivity but in this case this positivity while
associated with biologic markers of inflammation was not
associated with higher risks of venous thromboembolism
and/or in-hospital mortality [64]. These results have been
confirmed and reviewed by APS-ACTION, an international
aPL research network [65]. Antibody-mediated procoagu-
lant platelets could be another explanation of the increased
thromboembolic risk found in ICU COVID-19 patients.
Indeed, immunoglobulin G fractions that could induce an
Fcy receptor IIA-dependent platelet apoptosis was found
in COVID-19 patients [66]. Another important class of
autoantibodies has been described during the SARS-CoV-2
infections: the autoantibodies against type I interferons [67].
These autoantibodies were found in 101 patients of 987 with
life-threatening infection by SARS-CoV-2, while they were
absent from 663 patients with non-severe infections. Interest-
ingly, these autoantibodies were also found to be associated
with an increased risk of critical influenza pneumonia [68].

The Place of Neutralizing Monoclonal Antibodies
in the Treatment Against SARS-CoV-2 Infections

Fully human monoclonal antibodies (MAbs) may represent
a promising class of therapeutics against SARS-CoV-2. To
date, numerous studies have described the characterization
of potent neutralizing MAbs, usually targeting the S-protein
of the virus [53, 69, 70]. A cocktail of two fully human
antibodies REGN10933 (Casirivimab) and REGN10987
(Imdevimab), called REGN-COV2, binding to distinct
and non-overlapping regions of the RBD displayed potent
neutralizing activity and did not result in the outgrowth of
escape mutants. According to the authors, using a cocktail
of antibodies decreases the risk of mutants selection as
escape would need multiple and simultaneous viral mutation
occurring in distinct genetic sites [71]. The firm Regeneron
obtained the FDA approval to use this antibody cocktail in
COVID-19 patients. In an interim analysis of an ongoing,
double-blind, phase 1-3 trial REGN-COV2 antibody cock-
tail seemed able to reduce the viral load, however, clinically,
time to alleviation of symptoms was not strongly associated
with the treatment [72]. A randomized, placebo-controlled
trial published in August 2021 found that a subcutaneous
administration of 1200 mg of REGEN-COV (previously
REGN-COV2) could prevent symptomatic and asympto-
matic SARS-CoV-2 in previously non-infected participants
with household COVID-19 contacts (relative risk reduction
81.4%; P<0.001) [73]. In a phase 1, randomized, placebo-
controlled trial, a monthly subcutaneous administration of
Casirivimab and Imdevimab for a maximum of 6 months

in non-infected volunteers significantly decreased the
risk for COVID-19 infection compared to placebo during
the treatment period (relative risk reduction 92.4%; odds
ratio 0.07- 95% CI 0.01-0,27- nominal P-value <0.001)
[74]. LY-CoV555 (Bamlanivimab) developed by Lilly, a
potent anti-S protein neutralizing antibody that binds with
high affinity to the RBD, was derived from a convalescent
plasma obtained from a hospitalized patient with COVID-
19 [75]. The results of an interim analysis of the ongoing
phase 2 trial involving outpatients with mild or moderate
SARS-CoV-2 infection have been published [76]. Chen et al.
included 467 patients (150 placebo and 317 LY-CoV555)
and tested different doses of LY-CoV555 (700 mg, 2800 mg,
7000 mg). Each patient received a single infusion of anti-
body. Only the 2800 mg dose appeared to accelerate the
viral load decline over time [76]. Another study included
314 hospitalized patients without invasive ventilation nor
end-stage organ failure. 163 patients received a single infu-
sion of 7000 mg of LY-CoV555 and 151 patients received
placebo. In this study, hospitalized patients with COVID-
19 who received LY-CoV555 did not have better clinical
outcomes at day 5 than those who received placebo [77].
In a recent published paper, it has been demonstrated that
having received an administration of Bamlanivimab not sig-
nificantly decreased anti-S antibodies production following
COVID-19 vaccination, with minimal reduction in inhibi-
tory potency of endogenous antibodies [78]. However, all
these studies were mainly conducted when the Omicron
variant was not the predominant one. Since then, the WHO
strongly advised against Casirivimab-Imdevimab and Sotro-
vimab for COVID-19 patients, as they are not likely to work
against currently circulating variants [79]. Thus, different
studies demonstrated that the BA.1 and BA.2 lineages of the
Omicron variant exhibited decreased sensitivity to mono-
clonal antibodies than previous variants [80, 81]. However,
Bebtelovimab, a RBD-specific antibody, has been shown to
display potent neutralizing activity against all known SARS-
CoV-2 variants [81-83].

Thus, MAbs might be a promising therapy, however
inconsistencies and the emergence of new variants may
damper the initial enthusiasm and their use in daily clinical
practice.

The Emergence of New Vaccines and New
SARS-CoV-2 Variants

To overcome this pandemic, safe and efficient vaccines remain
the best way to build protection and reduce disease spread. To
date, 199 candidate vaccines are in pre-clinical phase and 172
in clinical phase, according to the World Health Organization
(WHO) COVID-19 vaccine tracker [84].
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Different strategies have been considered for the devel-
opment of vaccines against SARS-CoV-2. One approach
to vaccine development has been the use of viral vector,
like the Oxford-AstraZeneca ChAdOx1-S vaccine. In the
literature, the efficacy of this vaccine is about 70% [85, 86].
However, this vaccine can result in the rare development of
immune thrombotic thrombocytopenia mediated by platelet-
activating antibodies against PF4, which clinically mimics
autoimmune heparin-induced thrombocytopenia, mostly in
young adults [87-90]. Others adenovirus-derived vaccines
against the SARS-CoV-2 infection were also associated with
vaccine-induced immune thrombotic thrombocytopenia: the
Janssen vaccine Ad26.COV2.S [91] and more recently the
Sputnik V vaccine that uses a heterologous recombinant
adenovirus approach in two injections (a prime by rAD26
and booster with rAd5) [92].

In parallel, a new approach has emerged: nucleic acid
mRNA based-vaccines, like the Pfizer-BioNTech’s mRNA
BNT162b2 and the Moderna mRNA-1273 vaccines. This
technology has been shown in a recent meta-analysis to
have a 94.6% (95% CI 0.936-0.954) efficacy [93] in a total
of 34.041 cases in phase II/III randomized controlled trials
[94-98]. These results have been confirmed in very large or
nationwide studies [13, 99]. Although antibodies production
has been investigated as the major mechanism of protec-
tion in pre-clinical and clinical studies, it has also be shown
that mRNA vaccines could elicit efficient T cell-responses,
which participate in severe infection protection [100, 101]
(Fig. 1c).

Parallel to this unique success in vaccine development,
a new threat seemed to have emerged at the end of 2020,
approximatively one year after the first reports of the dis-
ease: the emergence and dissemination of variant that may
be more fit, more able to escape to the immune response
and may also be associated with an increased mortality.
In microbiology, the emergence of mutants more fit, more
virulent and more resistant to either the immune response
or the antimicrobial drugs is often considered as the worst
case scenario.

The first major variant reported was the variant D614G,
which became dominant compared to the wild type virus
both in primary airway epithelial cells and in an animal
model because of more efficient infection and replication
[102]. In hamsters, this variant increased the viral load in
the upper respiratory tract and enhanced transmission [102,
103].

The second major variant, the alpha variant (B1.1.7) was
first reported after animal studies and showed increased
infectivity in mice. Increased virulence was secondary to
the rapid emergence of adaptive mutations [104]. After
spreading in the UK, this variant has then been detected in
different parts of the world [105], was estimated to be asso-
ciated with 50-70% more transmissibility [106] and might
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also be associated with more lethality [107]. However, this
variant did not appear able to escape the immune response
[108] but showed modest resistance to convalescent plasma
(threefold) and vaccinee sera (twofold) [109]. Another study
reported 39 SARS-CoV-2 breakthrough infections, mostly
mild or asymptomatic, among 1497 fully vaccinated health-
care workers with the B.1.1.7 (alpha) variant found in 85%
of samples tested [110].

By contrast, the beta variant (B.1.351) first described in
South Africa emerged independently of N501Y. V1. It shares
some RBD mutations with the N501.V1 variant and con-
tains also additional mutations. It seems to have significant
abilities to escape neutralizing antibodies including from
plasma of convalescent patients and vaccinated sera, includ-
ing mRNA based vaccine [111-113] and against the Mabs
developed by Regeneron [114]. In addition to these in vitro
data, a multicenter, double-blind, randomized, placebo-
controlled trial was conducted in South Africa to assess
the safety and efficacy of the ChAdOx1 nCoV-19 vaccine
(AZD1222). It included 2026 HIV-negative adults and dem-
onstrated an efficacy against the V2 variant (analyzed as a
secondary end point) of 10.4% (95% CI, -76.8 to 54.8) [115].

The delta variant (B.1.617 lineage), known as the indian
variant, has been originally described in India in October
2020. Once again, the delta variant exhibited enhanced
resistance to convalescent sera and vaccinated sera, although
vaccinated sera still could neutralize the variant [116, 117].
In the United Kingdom, the effectiveness of two doses
of BNT162b2 was 88% (95%CI: 85.3 to 90.1) and with
ChAdOx]1, the two doses effectiveness was 67% (95%CI:
61.3 to 71.8) [118], with significant decrease in hospital
admission for both vaccines [119].

However, the B1.617 variant seem also able to confer
escape from HLA-A24-restricted cellular immunity [120].
As COVID-19 vaccines efficacy seems to be partially
driven by cellular immunity, these resistance mechanisms
could lead to viral evolution and new pandemic cycles
[120, 121].

The omicron variant (B.1.1.529) is the last one declared
variant of concern by the WHO on November 26, 2021.
It presents with a high amount of mutations, most likely
responsible for its high infectivity and transmissibility [122,
123]. According to the WHO, omicron is currently the
dominant variant worldwide, representing over 98% of the
sequences shared on GISAID (Global Initiative on Sharing
Avian Influenza Data) after February 2022 [124]. However,
this new variant does not seem to induce more mortality, but
this might be due to vaccination [125—-127]. Numerous sub-
lineages of Omicron have been described since its appear-
ance [128], and these subvariants are under close monitoring
by the WHO. These subvariants do not display the same
fitness [129], infectivity, exhibit different resistance pro-
files to vaccination and monoclonal antibodies [130, 131].
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In a recent study, including 134 435 participants vaccinated
with two doses of vaccine, 16 087 symptomatic patients
had a RT-PCR positive for Omicron. The estimated vaccine
effectiveness against symptomatic omicron cases was 36%
(95% CI 24%-45%) until two months following the second
dose then decreased to 1% (95% -8%-10%). Howeyver, in this
study, the third dose of mRNA vaccine induced, after seven
days, an increase in protection up to 61% (95%CI 56%-65%)
[132]. Moreover, Amano et al. demonstrated in 32 health
care workers at risk of developing severe COVID-19 that
a fourth dose of BNT162b2 could restore the neutralizing
activity of vaccinated sera against BA.2 and BA.5 omicron
subvariants, however, it could not increase the humoral
response induced by the third dose [133].

Finally, the duration of vaccines’ effectiveness has also to
be understood. In a company-funded study, the BNT162b2
vaccine’s effectiveness was the strongest at 96.2%, between
one week and two months and then declined with a vaccine
efficacy from 4 to 6 months at 83.7% (95% CI [74.7-89.9])
[134]. Buchan et al. confirmed the weaning of protection
against symptomatic omicron cases from 36 to 1% after two
months following the second dose of vaccine [132]. These
findings were then confirmed in other studies for the differ-
ent types of vaccines [135, 136].

Regarding the evolution of the antibody levels, a study
on anti-SARS-CoV-2 Spike RBD IgG levels in 587 health-
care workers who completed BNT162b2 vaccination found
that the average antibody titer 3 weeks after the first dose in
COVID-19-naive participants was 873.5 AU/mL (median).
This was followed with a significant increase after 1 month
(median 9927.2 AU/mL). However, exponential decreases
were found at 3 and 6 months after complete vaccination
(median 2976.7 AU/mL and 966.0 AU/mL respectively)
[135].

A Possible Reason for the Inconsistent

Protection Efficacy of the Convalescent Plasma

and the Synthesized Monoclonal Antibodies:

The Cellular Immunity Has a Crucial Role

in the Protection Against the SARS-CoV-2 Infections

Owing to variable levels of affinity, serum antibody titers
only partially reflect the extent of protection against
SARS-CoV-2. Conversely, low or waning concentrations
of plasma antibodies after SARS-CoV-2 infection or vac-
cination do not necessarily mean an absence of immune
memory.

While antibodies against SARS-CoV-2 represent the
most easily measurable part of the humoral immune
response, their production relies on the development of
an efficient B cell response, which itself requires support
from an efficient T-cell response in order to produce anti-
bodies with the highest affinity. In addition, the induction

of SARS-CoV-2-specific effector and memory B-cells and
T-cells is essential for short and long-term protection [137].
As such, the development of a robust cellular immune
response is essential for the onset of an efficient defense
against active infection and for the implementation of long-
term protection against reinfection.

The establishment of a durable protective immunity after
SARS-CoV-2 infection or vaccination requires the genera-
tion of affinity-matured plasma cells and memory B cells.
This process relies on the formation of germinal centers
(GC) within lymphoid organs [138]. This so-called “GC
response” gives rise to affinity-matured memory B cells and
long-lived plasma cells (Fig. 2).

The infection of respiratory epithelial cells by SARS-
CoV-2 is followed by the uptake of antigens by antigen-
presenting cells (APCs). After migration to draining lymph
nodes, presentation of antigens to B- and T-cells initiates
the GC response. B cells that encounter their cognate anti-
gen become activated. Second signals provided by follicu-
lar helper T-cells (Tgy) trigger B-cell division and somatic
hypermutation, finally giving rise to memory B-cells and
plasma cells. Memory B-cells migrate to mucosal tissues and
persist for several months after infection [139]. Upon antigen
re-encounter, memory B cells differentiate into antibody-
producing plasma cells mediating early viral clearance, or
re-enter GCs to undergo further affinity maturation. SARS-
CoV-2-specific plasma cells derived from the GC response
are terminally differentiated cells which migrate to the bone
marrow where they persist between 7 and 11 months after
infection and serve as a first line of defense against reinfec-
tion through rapid and constitutive secretion of antibodies
[139] (Fig. 2).

SARS-Cov-2 infection induces a T cell response, the
amplitude of which is important for the control of primary
infection [140]. The induction of type I interferons by infec-
tion promotes differentiation of effector T-cells producing
cytokines and cytotoxic mediators, and CD4 + Tgy cells,
which stimulate the differentiation of B cells into plasma
cells secreting high affinity antibodies (Fig. 2). SARS-CoV-
2-specific T cells persist and remain polyfunctional for at
least 6 months following infection [141]. Of note, T cell
responses restimulation are minimally impacted by variant
mutations, suggesting that T-cell immunity might contribute
to limit disease severity after infection by variant viruses
[142, 143].

Similar to infection, both mRNA- and adenovirus-
based vaccines have been shown to be effective in induc-
ing T- and B-cell responses [142]. Single-stranded RNA
contained within lipid nanoparticles of mRNA-based vac-
cines acts both as immunogen (encoding viral proteins
and stimulating B-cell responses), and adjuvant owing
to the intrinsic immunostimulatory properties of RNA.
Engulfment of nanoparticles by dendritic cells lead to the
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Fig.2 B and T cell responses following SARS-CoV-2 infection and
vaccination. Infection of respiratory epithelial cells by SARS-CoV-2
or vaccination are followed by the uptake of antigens by antigen-pre-
senting cells (APCs). After migration to draining lymph nodes, pres-
entation of antigens to B- and T-cells initiates T-cell differentiation
and B-cell maturation through the germinal center (GC) response.
The induction of type I interferons promotes differentiation of effec-

production and presentation of spike antigens to T cells
for activation of the adaptive immune response [143]. The
viral particles of adenovirus-based vaccines also contain
inherent adjuvant properties and induce secretion of type I
interferon by antigen presenting cells through stimulation
of multiple pattern-recognition receptors [144].

Conclusion

The development and distribution of an efficient anti
SARS-CoV-2 vaccine has been a major focus to fight the
COVID-19 pandemic with the hope to be able to reach
herd immunity. A few states were considering letting the
natural infection by the virus of a majority of their pop-
ulation to get to this point but the cost of human lives
would have been significantly greater than the current
one without any insurance that the herd immunity would
have been reached. The success of the vaccines based on
a new mRNA based approach are very promising [13,
145]. Moreover, a recent report analyzing the incidence
of SARS-CoV-2 infection in vaccinated and unvaccinated
nursing home residents demonstrated that the incidence
of infections decreased over time in both vaccinated and
unvaccinated residents suggesting a protection of unvac-
cinated residents by a robust vaccine-coverage among resi-
dents and staff [146].
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tor T-cells and T follicular helper (Tgy) cells, which stimulate B-cell
differentiation. B cells that encounter their cognate antigen become
activated and initiate the formation of GCs. Second signals provided
by follicular helper T-cells (Tgy) trigger B-cell division and somatic
hypermutation, finally giving rise to affinity-matured memory B-cells
and long-lived plasma cells

Other approaches, vector based for instance, were also
able to reach the main goal of their phase 3 clinical trial
[85, 147].

Other benefits have been liked to the COVID-19 vaccina-
tion, in particular the decrease morbidities associated with
both the venous [148] and arterial thromboses [149].

The main threats for the vaccine strategy are either bio-
logical, with the emergence of variants, or technical, mainly
the inability to vaccinate the population due to distribution
issues, lack of compliance or inequal access to vaccination.

In this review, we opted for a less than usual optimistic
approach point of view, underlining the inconsistence of
protection conferred by natural antibodies against SARS-
CoV-2 reported to date. Combining the clinical success of
the vaccine against the COVID-19 and the hypothesis that
natural antibodies might not be as protective as expected
against SARS-CoV-2 might appear to constitute a paradox,
but we propose that it might also be a key to get a better
understanding of the clinical successes that were registered.

Several mechanisms of actions could be involved. First,
neutralizing antibodies (produced either by vaccination of
after a natural infection) may be more efficient as prophy-
lactic agents than therapeutic ones. This hypothesis could
explain the lack of success of convalescent plasma therapy
and the mitigated one with the monoclonal antibodies. Sec-
ond, antibodies raised by these vaccines may be similar to
the super-neutralizing antibodies discussed in this review
and that are only rarely found after a natural infection. Thus,
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Cavanaugh et al. demonstrated in a case—control study that
being unvaccinated was associated with 2.34 times the odds
of reinfection with SARS-CoV-2 compared with being fully
vaccinated [150]. Finally, other components of the immune
system could be triggered by the vaccination. A success-
ful T-cell response for instance was consistently reported
and exploring further this response may be of major impor-
tance in developing new therapeutic or preventive strategies
(Fig. 1c) [151].

Overall, by showing and discussing reports about the
potential lack of clinical protection conferred by natural
antibodies against SARS-CoV-2, this review mainly aims
to highlight the need to have a better understanding of (i)
the immune response generated during and after the SARS-
CoV-2 infection and of (ii) the mechanism of action of the
anti-COVID-19 vaccines, in particular if new variants lead
to new pandemic cycles.
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