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ABSTRACT

Many recent studies have reported the onset of a robust antibody response to SARS-CoV-2
infection and highlighted produced antibodies’ specific qualitative and quantitative aspects,
relevant for developing antibody-based diagnostic and therapeutic options. In this review,
firstly we will report main information acquired so far regarding the humoral response to
COVID-19; we will concentrate, in particular, upon the observed levels and the kinetics, the
specificity spectrum and the neutralizing potential of antibodies produced in infected
patients. We will then discuss the implication of humoral response’s characteristics in the
development and correct use of serologic tests, as well as the efficacy and safety of
convalescent plasma therapy and of neutralizing monoclonal antibodies for treating infected
patients and preventing new infections. An update of the list of newly isolated specific
neutralizing antibodies and suggestions for vaccine evaluation and development will be
also provided
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SARS-CoV-2 infection could induce a humoral
response, including neutralizing antibodies,
useful for developing....
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1. Introduction

In March 2020, WHO declared Severe Acute
Respiratory Syndrome CoronaVirus 2 (SARS-CoV-2)
infection to be a worldwide pandemic, originating
from Wuhan in China in late 2019. After about one
year, precisely in late April 2021, WHO reported

148,329,348 confirmed cases worldwide, including
3,128,962 deaths. This pulmonary disease, named
Coronavirus disease 2019 (COVID-19), is proving to
be a major global health burden [1].

COVID-19 shows a complex profile with many
different clinical manifestations. Patients may be
asymptomatic, or may experience a variety of mild
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to severe symptoms, sometimes along with pneumo-
nia. A substantial proportion of cases progress to
severe disease, where approximately 5% of patients
require intensive care and over 20% of such cases
prove fatal [2].

Attempting to limit the rapid spread of the
infection, many countries have implemented vari-
ous forms of lockdown, with unavoidable economic
and social consequences. In the meantime, the
scientific community as a whole is exerting a great
deal of effort to combat the infection by employing
the maximum resources in order to study the
infection spread modalities, virus characteristics,
immunopathogenesis and patients’ immune
responses.

A full understanding of all these aspects is a pre-
requisite, first for early diagnosis, second for effective
treatment particularly of those patients suffering from
the severe form of the disease and third for adequate
prevention of new transmissions.

As in many other viral infections, specific antibod-
ies play a central role in the infection; in addition to
being an important protective tool for the immune
system, they do represent the most easily identifiable
elements for diagnostic purposes. In this review, we
summarize the studies that show the contribution of
antibodies in the main fight areas against the
COVID-19 pandemic:

1. early diagnosis: knowledge of the humoral
response in different types of patients is essen-
tial for the implementation of serological tests.
Even if to date antigenic rapid tests are pre-
ferred for rapid diagnosis, serologic tests have
been developed as first most rapid tool to mon-
itor the evolution of the pandemic at its start.
Now, serologic tests are also an essential tool
for monitoring the response to vaccines.

2. effective therapeutic treatment: convalescent
plasma therapy and specific neutralizing mono-
clonal antibodies (mAbs), both synthetic and
derived from patient B cell clones, can be
developed as therapeutics for patients with
severe disease. Some neutralizing mAbs are
already approved by regulatory agencies;

3. evaluation of the response to new vaccines and
the design of more broadly effective ones. The
measure of neutralizing antibodies titers can be
used as correlate of protection against original
SARS-CoV-2 and its variants, while the analysis
of specific neutralizing antibodies epitopes could
be useful for the identification of key SARS-CoV-2
antigenic regions useful for vaccine design.

2. Antibody response to SARS-CoV-2 infection

In last few months, many studies have analyzed the
antibody response in various type of patients. Here we
summarize the most common observations (Figure
1A). Almost all COVID-19 patients mounted IgA, IgM
and IgG responses to SARS-CoV-2, which are espe-
cially directed against nucleocapsid (N) and spike (S)
proteins. N is the virus nucleocapsid protein, is highly
immunogenic and abundantly expressed in vivo after
the virus infects human being. S is responsible for
binding the virus to the human angiotensin converting
enzyme 2 (ACE2) and its subsequent cellular
uptake [3-5].

2.1. The antibody response and its kinetics

Stronger total antibodies, as well as single Ig classes
IgA, IgM and IgG responses are all reported in both
severe patients and non-severe patients [6-8].
Importantly, these clinical observations are indepen-
dent of the SARS-CoV-2 antigens used for the immu-
noassay, that include Region-binding Domain (RBD),
S1 subunits, full-length S or N proteins [4-7, 9].
However, some studies that went into the details of
the quality of humoral response, revealed that some
features could be associated to a more severe disease
or death.Firstly, it seems that an antibody response
directed mostly versus N antigen in respect to S anti-
gen may predict the disease progression toward a
more severe illness. A study [10] which analyzed 38
patients divided in Intensive Care Unit (ICU) (=11)
and non-ICU patients (=27), reported lower anti-S
IgG titers in the 3™ week after symptom onset and a
higher anti-N IgG/anti-S IgG ratio during all the
weeks analyzed (1, 2 and 3 weeks after symptom
onset) in ICU patients than in non-ICU patients. In
addition, anti-N IgG and anti-N IgM were higher in
ICU patients in respect to non-ICU patients at all-time
points; anti-S-IgG positively correlated with the
decrease of C-reactive protein (CRP) in non-ICU
patients, while anti-N IgG did not. Another more
recent study [11] which analyzed 22 hospitalized
patients, all recruited within the first 20 days following
symptom onset, showed a N-focused humoral response
in patients who ultimately deceased and an S-focused
response, in particular implying an S-specific antibody
dependent complement deposition and phagocytosis,
in patients who survived. They validated this obser-
vation in a larger cohort of acutely infected patients
and found that the higher ratio of S/N antibody
response was significantly associated to a protection
against severe disease.
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Figure 1. Humoral response against SARS-CoV-2 and its implication: key messages. A. SARS-CoV-2 is a single-stranded positive-sense
RNA virus which infects human cells expressing ACE2 receptor through its trimeric surface spike (S). Glycoprotein Nucleocapsid
(N) protein is a highly immunogenic structural protein which participate in RNA package and virus particle release. The most
common observations regarding the humoral response mounted by SARS-CoV-2 infected patients are summarized. B. Different
serologic tests have been promptly implemented for the diagnosis of SARS-CoV-2 infection diagnosis. At present, serum anti-
bodies against S and N proteins are the ones mainly detected. Potentialities and drawbacks of this kind of assay are summarized.
C. Antibody response against SARS-CoV-2 has been used for the implementation of convalescent plasma therapy (up) and the
isolation and characterization of neutralizing mAbs for therapy (down). Salient points concerning these two treatment options
are reported. D. Both analysis of neutralizing response against SARS-CoV-2 and epitope characterization of isolated monoclonal
Nabs are useful for vaccine design. Focal points of the design of a vaccine aimed to induce an effective antibody response are

highlighted.

Secondly, regarding the Ig subclasses induced by
the infection, de Campos Mata L et al. [5], inter-
estingly showed how patients with a more pro-
nounced IgA2 response, in particular RBD-specific
more than N-specific, respect to RBD-IgG1 and IgG3
response, experienced a more favorable clinical
course, with shorter hospitalization time and lower
inflammation markers. These patients also experi-
enced more gut-associated symptoms, suggesting the
possible involvement of the more tolerogenic gut
immune system.

Regarding the kinetics of antibody response, stud-
ies have generally observed an increase of both IgG
and IgM during the first 3 weeks post-symptoms onset
(pso); at 3-4weeks pso almost all patients presented
seroconversion while both antibodies types reach the
peak [10]. After the third week, IgM begin to
decrease, while IgG remain stable for longer time and
sustained levels were detected until 6-7 months so far,
even if a great variability was observed among patients

[9, 12-16]. However, interestingly, some studies that
focused on the analysis of patients’ serum starting
from first days pso, have reported that most
SARS-CoV-2 infected patients mount an early anti-
body response. Both IgG and IgM seroconversion was
detected during the first week pso. In another recent
study on 38 samples from 13 COVID-19 patients with
known date of symptom onset, 33% of patients sero-
converted for IgG between 3rd and 7th day pso [17].
Although, in this regard, some studies didn't report
any significant difference among different type of
patients (asymptomatic, pre-symptomatic, and symp-
tomatic) [10, 12, 18], another two analytic studies
underlined a major proportion of early responders
among hospitalized [6, 19] and severe patients [20].
In particular Iyer et al. [19] reported that the median
time to seroconversion to SARS-CoV-2 RBD was, on
average,4 days earlier for ospitalized patients compared
with non-hospitalized patients, suggesting an associ-
ation between antibody kinetics and disease severity.
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Another interesting aspect of the anti-SARS-CoV-2
Ab response is the common early IgM to IgG class
switching, as suggested by the rapid appearance of IgG,
often synchronous to the IgM seroconversion or, some-
times, even earlier [13]. Interestingly, Sun et al. [10]
showed that non-ICU patients had a faster and higher
IgM to IgG class switch than ICU patients. Moreover,
in ICU patients, anti-S IgM maintained a stable high
levels, while anti-S IgG appeared to increase slowly
compared to anti- N IgG levels. Observations on
asymptomatic carriers have shown that these patients
had constantly low levels of IgM, but high levels of
IgG, together with an earlier viral clearance. Very early
class switching was also detected in the pediatric pop-
ulation, characterized by milder symptoms and better
recovery rate than adults. These observations suggest
that high and persistent IgM played a negative role in
SARS-CoV-2 infection, while efficient and rapid IgM
to IgG class switch, especially for S-specific antibodies
is important for viral clearance.

Significantly, there are cases of patients that experi-
ence no seroconversion, as for 4 out 5 cases of asymp-
tomatic patients reported by Zhang Yongchen et al. [20],
with no humoral response up to 4weeks of observation.
It is not known whether they become seropositive later.
Such seronegative asymptomatic carriers may have
resulted from low level of viral load. Likewise, Quan-Xin
Long et al. [13] reported the case of a mother and a
daughter of 11years who maintained IgG and IgM sero-
negative status during hospitalization and other cases
where IgM or IgG response are lacking [3, 6, 21]. Again,
Ger Rijkers et al. [6] reported two cases of patients
with severe disease who failed to show an IgG response
at day 21 after disease onset (although the total anti-
body assay was positive). These patients, 69 and 87 years
of age, had persistently positive PCR test results, respec-
tively, on day 28 and day 37 after disease onset. The
authors hypothesize that patients with an inadequate
IgG antibody response may exhibit prolonged viral
shedding, and thus longer periods of infectivity

2.2. Neutralizing humoral response profiling

Many studies analyzed in particular anti-S-RBD anti-
bodies for their putative pivotal involvement in neu-
tralizing activity of serum [3-5].

Recently, with the attempt to isolate and charac-
terize B cell clones expressing neutralizing antibod-
ies (NAbs) from recovered infected patients, many
researchers have identified interesting data regarding
the sequences of SARS-CoV-2 specific antibodies.
With some exceptions, the data agree firstly that

humoral immune response is driven by a small num-
ber of B clones [22-25], and secondly that, heavy
(VH) and light (VL) variable gene classes utilized
are often shared among different patients [23, 26].
These clones have been referred as public clonotypes
and are associated to different Abs classes in refer-
ence to the portion of S-protein that is recognized
[27]. Variability was observed in somatic hypermu-
tations and complementarity determining region 3
(CDR3) lengths, even though there are indications
that longer CDR3 sequences were represented in
SARS-CoV-2 infections [22, 24]. In particular,
Kuri-Cervantes L et al. [22], analyzed these charac-
teristics in relation to the severity of the disease.
They found a significant expansion of plasmablasts
during severe COVID-19; this is directly correlated
with an oligoclonal expansion of antibody clones
within the overall B cell repertoire, suggesting that
many of these large clonal expansions reside within
the plasmablast pool. By contrast, mild patients,
with one exception, showed a reduced clone expan-
sion with more diverse repertoires. Moreover, the
analysis of antibody sequences of the largest B cell
clones in severe COVID-19 individuals were sur-
prisingly variable in terms of somatic hypermutation
levels, although they consistently had long CDR3
regions compared to healthy donors and those with
moderate COVID-19.

It is already known that there is a great variability
in neutralization potential of antibody response [28].
A study on 175 COVID-19 recovered patients with
mild symptoms reported about 17%, 39%, and 14% of
medium-low (ID50: 500-999), medium-high (ID50:
1000-2500), and high (ID50: > 2500) NAb titers,
respectively [29]. The remaining 30% of analyzed con-
valescent patients generated a very low level of NAb
titers, this suggesting that other immune responses,
including T cells or cytokines, may contribute to over-
coming the infection. How these patients recover with-
out the help of NAbs and whether they are at risk of
re-infection of SARS-CoV-2 should be explored further.
The same observations were reported also by Ling Ni
et al. who found a variability in NAD titers of serum
from 14 analyzed patients [3], with one patient remain-
ing completely negative, and by Robbiani et al. [23],
who measured a half-maximal NAb titer (NT50) less
than 50 in 33% of cases and below 1,000 in 79% with
only 2 individuals reaching NT50s above 5,000.

Regarding the link between SARS-CoV-2-specific
NADs titers and levels of S-binding antibodies target-
ing RBD, S1, and S2 subunities, different studies
reported various degrees of correlation that range



from strong [21] (r=0,9) to moderate (r=0,4/0,5) [3,
14, 18], but not with levels of anti-N IgG [3].

Interestingly, a study analyzing the rapid generation
of NAb in a cohort of 44 acutely infected patients,
focused the attention on anti-RBD antibody levels;
they found that the majority of patients develop Nabs
as well as anti-RBD antibodies around 8days pso
(many patients also between 2-6 days); class-switching,
that is dominated by RBD-specific IgGl and IgG3
responses, occurs early during infection. In the obser-
vation period of the study, both RBD-specific IgM
and IgA responses were detected at relatively lower
levels as compared to IgG and the magnitude of
RBD-specific IgG titers correlated positively with neu-
tralization titers (r2=0,9) [18].

In parallel with overall humoral responses, neutral-
ization titer is surprisingly higher in severe patients
[30]; the actual effect on disease progression of NAbs
and binding antibodies, even the latter potentially
involved in viral clearance through antibody-dependent
cellular phagocytosis (ADCP), complement-dependent
cytotoxicity (CDC) or antibody-dependent cellular
cytotoxicity (ADCC), should be subject to deeper
comprehensive in further studies evaluating the dif-
ferent aspects of the disease and of the overall immune
response in critical patients. Finally, Ling Ni et al. [3]
described one case of a patient who exhibited no
significant serum virus-neutralizing (VN) activity. This
patient, though with anti-N and S-RBD IgM, did not
have significant IgG or IgG1 production. Interestingly,
the same patient had detectable virus-specific T cell
function.

3. Serologic antibody tests for SARS-CoV-2
infection detection

Since almost all SARS-CoV-2 infection patients
develop an antibody response, serologic tests (in par-
ticular CLIA and ELISA methods) for detecting
SARS-CoV-2 have been promptly implemented for
the diagnosis of the infection.

Based on the knowledge regarding the kinetics and
the dynamic of the antibody response against
SARS-CoV-2 infection, we would like to highlight
some aspects of the relevant tests, in order to better
understand the potentialities and the drawbacks of
this kind of assay (Figure 1B).

3.1. Serologic tests for early diagnosis?

Even if IgM and IgG ELISA have been found to be
positive even as early as the fourth day after symptom
onset, the use of RT-PCR remains more suitable for
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diagnosing an early acute SARS-CoV-2 infection.
Serologic tests, in fact, represent an indirect measure
of the host response to the infection that can be vari-
able among individuals, in terms of kinetics, as well
as of antibody levels at peaks and targeted antigens.
Generally, SARS-CoV-2 antibodies (both IgM and
IgG) reach the peak between the 2" and the 3™ week
pso. Differently from other infections, where IgM/IgG
detection is used for establish a recent or past infec-
tion, the dynamic of appearance of these two classes
of antibodies is quite similar in SARS-CoV-2 infec-
tion. Indeed, IgG production occurs concurrently to
or sometimes before IgM antibodies, the latter
decreasing after the 4" week pso. Therefore, serologic
assays can be useful to support and confirm molecular
diagnosis of infection, especially after 5.5days pso
[31]. They are unable, however, to establish the actual
infectious status of the patient: negative result does
not exclude a recent infection, while a positive result
does not indicate if the patient has stopped viral shed-
ding or not (RT-PCR is a necessary complement assay
in this case).

3.2. Sensibility and specificity of serologic tests

Like all other diagnostic tests, also serologic antibody
tests should be sensitive and specific. Various studies
report that the detection of anti-N antibodies is more
sensitive respect to anti-S and anti-RBD antibodies,
due to the higher abundancy of N protein during the
infection [32, 33]. For example, Bubelo PB et al. [32],
analyzed samples from PCR+confirmed COVID-19
cases and showed that seropositive N- antibodies were
detected in a major number of samples collected both
at >14 days after onset of symptoms (35/35 for anti-N
antibodies, 100% sensitivity, and 32/35 for anti-S anti-
bodies, 91% sensitivity) and at <14 days after onset
of symptoms (33/65 for anti-N antibodies, 51% sen-
sitivity, and 28/65 for anti-S antibodies, 43% sensitiv-
ity). This suggests that anti-N antibodies appear
earlier than anti-S antibodies and are present at more
elevated levels. Interestingly, the authors also analyzed
five immunocompromised patients, who showed a
general delayed production of antibodies and sero-
positivity for anti-N antibodies even when anti-S anti-
bodies were undetected.

Moreover, it is clear that a sensitive test needs to
detect both IgG and IgM classes of antibodies, against
at least two specific antigens, especially if samples are
taken during the first two weeks of infection. In their
analytic study of ICU and non -ICU patients, Sun
et al. [10] showed that the combined detection of N
and specific IgM and IgG could identify up to 75%
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of SARS-CoV-2 infected patients in the first week and
94,7% in the first two weeks, while single and double
antibody classes or specificities produced minor sero-
positive rates.

Regarding the serologic tests’ specificity, to avoid
false positive results it is important to take into
account the eventual cross- reactivity of antibodies
specific for other endemic human CoV infections
including alpha-CoV (229E and NL63) and other
beta-CoV (OC42 and HKU1), against SARS-CoV-2
antigens. Multiple groups have shown limited or no
cross-reactivity of antibodies to NL63, 229E, OC42
and HKU1 CoV against recombinant forms of
SARS-CoV-2 N, S and RBD proteins by Western blot
or ELISA analysis [34]. In this regard, Phipps WS
et al. [17] in their recent study analyzed 23 cyto-
megalovirus IgG positive samples, several cases asso-
ciated with prior influence A+ (n=28) and influence
B+ (n=7) viruses, respiratory syncytial virus +
(n=6), and all 4 types of human CoV (n=47); none
of these patients were COVID-19 IgG positive. They
also tested samples from patients with multiple auto-
antibodies, obtaining the same results. Generally,
almost all recent studies confirmed negligible
cross-reactivity [21, 35] of antibodies specific for
common human CoVs, whereas cross-reactivity it is
observed with SARS-CoV and, at lesser extent,
MERS-CoV infection because of the higher similarity
and the phylogenetic affinity between these two other
CoVs and SARS-CoV-2. In particular, considering
the 90% similarity of SARS-CoV and SARS-CoV-2
N proteins, cross-reactivity for this antigen is very
high, while cross-reactivity with MERS-CoV infection
was not observed (49% of homology between N pro-
teins) in different studies [21, 35]. By contrast, when
anti-S or S1, S2, RBD antibodies were individually
detected, Nisreen M.A. Okba et al. [33], observed
cross-reactivity of SARS-CoV-2 antibodies against
SARS-CoV S and S1 proteins, and to a lesser extent
with MERS-CoV S protein, but not with the
MERS-CoV S1 protein. More importantly, the authors
analyzed sera from healthy blood donors,
PCR-confirmed acute respiratory non-CoV infections,
acute to convalescent PCR-confirmed alpha- and
beta-HCoV infections, and PCR-confirmed
MERS-CoV and SARS-CoV infections. None of these
sera were reactive against SARS-CoV-2 S1 protein,
RBD antigen and N protein except for SARS-CoV
sera. This cross-reactivity pattern is not unexpected
if we consider the higher homology levels of S and
S1 proteins between SARS-CoV-2 and SARS-CoV
that reach 77% for the entire S, 66% for the S1 por-
tion and 73% for the restricted RBD region (for

MERS-CoV homology were respectively 33%, 25%
and 16%) [18]. S2 region is more conserved with
90% similarity with SARS-CoV and 43% with
MERS-CoV. It is therefore likely that this portion of
the protein is responsible for the cross-reactivity
observed with MERS-CoV patients’ sera. On the
other hand, recently Ng K et al. [35] have reported
cases (5 of 34 SARS-CoV-2-uninfected individuals
with recent HCoV infection, as well as in 1 out of
31 individuals without recent HCoV infection) of
weak preexisting humoral immunity in uninfected
and unexposed humans to the new CoV. This phe-
nomenon was particularly prevalent in children and
adolescents, predominantly for the IgG class and
targeted the S2 subunit and N protein, but not with
the S1 subunit or the RBD of S. Notably, these sera
also exhibited specific neutralizing activity against
SARS-CoV-2 and SARS-CoV-2S pseudotypes, accord-
ing to levels of SARS-CoV-2S-binding IgG and with
efficiencies comparable to those of COVID-19 patient
sera. In the same way, Morgenlander et al. [36],
showed that a small minority of pre-COVID plasma
contain antibodies reactive to CoV2 FP peptide,
which represents a pan-CoV conserved antibody
epitope.

All these data suggest that using an Sl1
subunit-based immunoassay may be more specific
than the entire S antigen for diagnosing SARS-CoV-2
infections. That said, considering that SARS-CoV,
which is the major source of cross-reactive anti-
gens, has not circulated in the human population
since 2003, and studies reported an undetectable
level of anti-SARS-CoV antibodies in 91% of SARS
infected patients after 6years after infection,
false-positive results of SARS-CoV-2 serologic tests
are unlikely.

Differently, a remarkable issue arises from the
confirmed cross-reactivity between SARS-CoV-2 and
Dengue virus (DV) antigens and vice versa. Even if
the two viruses belong to different families, two
cases in Singapore with confirmed SARS-CoV-2
infection and false positive in DV serological tests
[37] have been reported. At the same time, also the
reverse scenario was reported with 5 out of 30 DV
positive sample found to produce false-positive in
SARS-CoV-2 rapid test serologic test. This
cross-reactivity seems to be linked to S protein: a
very interesting study by Nath et al. [38] showed
how DV Envelope antibodies could recognize
SARS-CoV-2S§ protein, and in particular the RBD
amino acids residues.

The last point to be noted regarding specificity of
antibody tests is that, even if IgA are produced at



higher levels and their detection is more sensitive,
they are also less specific [34, 39].

Clearly, all these considerations on sensibility and
specificity and test performances are subordinate to
the correct interpretation of results (especially weak
signals); therefore, along with development of robust
serologic tests, guidelines for appropriate utilization
and interpretation of clinical and epidemiological data,
are essential.

3.3. Serologic tests can predict the level
of protection to re-infection?

Another important focus of the serologic tests is
their possible use for establishing if patient is pro-
tected from re-infection. It had even been thought
that a plan for large scale serological testing could
provide results upon which governments could for-
mulate both social policies and the return to work.
However, this information needs to be backed up
by further research as we will discuss later and also
by NAbs measurement. Currently, the only assay
able to establish if a patient serum contains NAb
(and in which quantity), and as such usable as a
correlate of protective immunity, is the plaque
reduction neutralization test (PRNT); unfortunately,
the test demands biosafety level 3 (BSL3) contain-
ment facilities and therefore is impracticable by
clinical laboratories. On the other hand, as already
previously discussed in this review, the presence of
NAb is high variable among patients, even if almost
all of them develop an antibody response against
SARS-CoV-2. In this context different studies
focused on the possible correlations between PRNT
results and levels of SARS-CoV-2 specific antibod-
ies. Since the protein S, in particular the S1 region,
RBD, was implicated in the binding to the cellular
angiotensin converting enzyme 2 receptor for viral
entry, some antibodies specific for these antigens
are supposed to be neutralizing. Accordingly, var-
ious studies found correlations between the neu-
tralizing power of sera and the levels of anti-S
antibodies. Ni L et al. [3] analyzed 14 patients’
sera: 13 presented various degrees of neutralizing
capabilities with 5 patients displaying high titers of
NAb, with a significant correlation between NT50
and area under the curve (AUC) (calculated per-
forming serum diluitions/OD ELISA curves) of
anti-S-RBD IgG, but not of anti-N IgG. Wu F et al.
[29], through plasma analysis from 175 discharged
patients, interestingly observed that NAbs titers
moderately correlated with S- binding antibodies
targeting RBD (r=0.51, p<0.0001), S1 (r=0.42,
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p<0.0001), and also S2 (r=0.435, p<0.0001). This
suggests that the S2 region could also be targeted
by NAD, although this region is not directly involved
in virus-cellular receptor interaction. Finally, Suthar
MS et al. [18] analyzed the range of anti-RBD-
specific and Nab responses across their cohort of
44 acutely infected COVID-19 patients and found
a positive correlation between the magnitude of
this two measures (r2=0.7; p<0.0001). Subsequently,
robust validation of this RBD-specific IgG ELISA
by high-throughput testing at the Emory Medical
Laboratories, on 231 PCR-confirmed COVID-19
patient serum samples demonstrated that this test
also resulted highly sensitive and specific (97.5%
and 98%, respectively), and perfectly discriminatory,
above all for group of patients on day 7 or later
after PCR confirmation (AUC of 1.00 (n=83)).
Another very interesting study [40] conducted on
68 COVID-19 patients, confirmed a strong positive
correlation between both plasma anti-S ectodomain
(ECD) IgG titers and, better, anti-RBD and in vitro
VN titer. The same study also establishes that the
probability of a VN titer =160 (the titer firstly
recommended by FDA for convalescent plasma
therapy) was 80% or greater when anti-RBD or
anti-ECD titers are 21:1350. This is further evi-
dence that anti-RBD IgG and anti-ECD IgG titers
measured by ELISA serve as a very reliable surro-
gate of VN.

As a whole, all the above data suggest that
future studies could make it possible to develop
serologic tests allowing the measure of neutralizing
power of sera without performing more compli-
cated neutralization tests with clinically isolated
virus or pseudovirus. This will pave the way for a
series of important objectives: e.g. to evaluate the
general protection to re-infection on large popu-
lation basis, to promptly evaluate the usability of
convalescent plasma for quickly available therapy
and to evaluate efficacy of the different newly
developed vaccines.

Clearly, to achieve information on the possibility
of re-infection, a validated serologic test, but also
the actual PRNT, should derive form a deeper
knowledge of Nabs’ real capacity (also in relation
to their titers) to protect the recovered patient and,
if so, for how long. Regarding Nabs’ ability to pro-
tect patients from re-infection, currently we lack
the data to answer this question, even if prelimi-
nary results from studies in Rhesus Macaques show
a lack of re-infection after SARS-CoV-2 re-challenge
in animals recovered from first infection [41].
Whether persons can be reinfected with SARS-CoV
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and MERS-CoV is unknown; SARS has not
reemerged since 2004 and MERS cases remain spo-
radic. However, at present, NAbs titer necessary to
confer protective immunity is unknown; thus future
studies are required to determine which titer has
therapeutic benefit. Finally, as yet, stable per-
sistence of Nab, mainly IgG, has been described
up to a variable time from four to seven months
[14-16] and SARS-CoV-2 re-infection is estimated
as a rare event [14]. However, due to the high
similarity between the two diseases, lessons can be
reasonable drawn from SARS-CoV and MERS
infections, for which concentrations of IgG
remained high for approximately 4 to 5months
before declining slowly over the next 2 to 3years
[42, 43].

4. Implications for SARS-CoV-2 THERAPY

4.1. Convalescent plasma and hyperimmune
globulins

All data regarding the neutralizing power of sera
from convalescent and recovered patients in vitro,
have paved the way for the use of convalescent sera
and hyper immune globulins for the treatment of
severe COVID-19 cases (Figure 1C). Certainly, pas-
sive administration of antibodies is not new. The
first example dates back to 1890 when antimicrobial
therapies were unknown. Its utility was successively
demonstrated during other outbreaks such as polio-
myelitis, measles, mumps, and influenza (clearly
with variable outcomes depending on the virus and
the study), even if the treatment was not always
associated with the measurement of NAb titers and
the knowledge of viral sierotypes [31]. More
recently, convalescent serum was used during Ebola
(2013) and H5N1(2007) outbreaks and also in the
cases of the two CoV infections, SARS-CoV and
MERS-CoV, demonstrating its real efficacy espe-
cially if administered during the disease’s early
stages [44-46].

In August, the FDA has allowed the treatment with
convalescent plasma with an “expanded access-program”
[47] for patients at high risk of developing a severe
form of the disease and various clinical trials are
being carried out on COVID-19 patients worldwide.
Primary endpoints of all these studies are mostly
homogenous; this will facilitate comparison and
meta-analysis of data, while diversity in secondary
endpoints will allow the individual studies to answer
more specific questions about the use of convalescent
plasma in COVID-19 treatment [48].

Critical factors to be considered for analysis of
results should include the severity of patients’ illness,
timing of administration (taking into account also the
seroconversion timing and the titers of endogenous
Nabs developed by the patient himself), severity ill-
ness of the donor, timing for the donation and last
but not least, the NAbs titers of the donor. Obviously,
the aspect of Ab titers needs to be clarified by future
efficacy studies, taking into account that serum anti-
bodies can fight infection not only by direct inhibition
of the virus attachment to the host cells receptor
(presumably the mode of action of anti-RBD antibod-
ies), but also by ADCC and activation of the com-
plement system (Figure 2).

Results from different interesting studies about the
clinical use of plasma from convalescent donors are
summarized in Table 1.

Beyond the limitations of the single study, it
seems clear that the timing of transfusion (more
precisely within 72hr since the symptoms onset)
and the titer of nAbs in convalescent plasma used
for transfusions (that should be at least >1:640) are
crucial elements for the efficacy of convalescent
plasma treatment to prevent severe disease progres-
sion in hospitalized patients. On the contrary, scarse
efficacy in terms of patients’ survival and disease
progression was found when convalescent plasma is
administered later in the course of the infection.
This is true even if the antiviral activity is present,
probably because the infection has already led to
the exacerbation of immune response and to even-
tual multiorgan damage.

Importantly, all these results do serve to stimulates
ideas for implementation of the future clinical trials
with a specific target population (severe patients),
selection of convalescent plasma with specific NAb
titers and earlier administration times.

Alongside efficacy, the safety is another priority.
In general, possible risks due to administration of
convalescent plasma are those known to be associ-
ated to the transfusion of blood derived substances;
they notoriously include potential infections or
host’s immunological reactions, but also theorical
risks such as the antibody dependent enhancement
(ADE), that means inflammatory and dangerous
mechanisms mediated by pathogen specific antibod-
ies, mostly of low quality, non-neutralizing or with
low concentrations through Fcy-receptors on
immune cells or via complement activation [1,53,54]
(Figure 2). Since the phenomenon of ADE is
described for other CoV, including SARS-CoV and
MERS-CoV, the possibility that this mechanism
could also intensify SARS-CoV-2 infection cannot
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POSSIBLE DRAWBACK

Antigen binding site Antibody Dependent
.g. s ¢ IgG enhancement of virus infection
« Binding specificity (ADE)

/ * Neutralization acitivity

Virus

\V Different neutralizing mAb classes:

- Binding to RBD and competing with
ACE2 site

- Binding to RBD outer the ACE2 site

- Non-RBD binding site (N-terminal
region or quaternary structures of
the trimer)

eV 4
Virus-specific non

neutralizing antibodies
Fc receptor

~HT
Y

Immune complex
formation

=)

Immune cell

Fc (constant domain)
* Clq binding & complement activation (CDC)

Virus spread #* 2 vy
* FcyR binding & cell mediated immune defense (ADCC)

* 7
B ¥ R
* FcRn binding & improvement of serum half-life
SUITABLE COUNTERMEASURES

SCHEMATIC STRUCTURE - Mab

— insertion of LALA mutations

- Vaccines — identification and exclusion
of ADE-associated epitopes

Figure 2. Antibody structure and function. A. Protective functions of antibodies are summarized. Antibodies are able to deploy
a plethora of effector functions over the course of an infection: the antigen binding site of a neutralizing mAb is specifically
directed against the viral surface antigen and directly interferes with virus-cell receptor interaction (on the top); human IgGs,
particularly IgG1 and IgG3, bound to to the viral antigen exposed on the target cell, can subsequently interact through their
Fc region with FcyRs expressed by effector cells or with complement component 1q, potentially supporting the destruction of
target cells through ADCC or CDC, respectively. In addition, the Fc region of IgG can bind the salvage receptor FcRn after
fluid-phase uptake by vascular endothelial cells and other cells, an interaction that contributes to the long (~21day) half-life of
human IgG. B. The ADE phenomenon is illustrated as a possible adverse event that could occur with some antibodies. ADE has
been documented to occur through two distinct mechanisms in viral infections: by enhanced antibody-mediated virus uptake
into FcyR-expressing phagocytic cells leading to increased viral infection and replication, or by excessive antibody Fc-mediated
effector functions or immune complex formation causing enhanced inflammation and immunopathology. Both ADE pathways
can occur when non-neutralizing antibodies or antibodies at sub-neutralizing levels bind to viral antigens without blocking or
clearing the infection. Identification and exclusion of ADE-associated epitopes in vaccine design or modification of the amino
acid sequence of IgG reducing the interaction with one or more binding partners (for example by inserting LALA mutations)
could be promising strategies to improve the clinical potential of antibodies.

be excluded. However, provided that donor sera
selection is carefully evaluated for the presence of
high titer of NAbs, this risk could be considered
negligible.

Regarding convalescent plasma safety, a large study
on 5000 COVID-19 patients was conducted in USA,
it reporting a final incidence of serious adverse events
<1% in the first four hours after transfusion and the
seven-day incidence of mortality was 14.9%.
Considering the large population of critically-ill
patients included in these analyses (for which mor-
tality rate is 15-20% for hospitalized cases and 57%
for ICU admitted cases), the mortality rate does not
appear excessive. The authors conclude that

transfusion of convalescent plasma is safe in hospi-
talized patients with COVID-19 [55].

In the two clinical trials previously cited [49, 56],
a minimum number of patients experienced minor
adverse events due to convalescent plasma transfusion.
In three patients, mortality was possibly linked to
transfusion [47].

Next to convalescent plasma, there is also the use
of hyperimmune globulins concentrated from a pool
of convalescent plasma and purified for IVIG use; this
would probably prove more safe and more effective
because of specific and accurately defined NAD titers.
Moreover, IVIG are not subjected to ABO match blood
groups, and the infusion volume would be lower.



—
<
[
[T}
o
=z
<
—
=
<
=
<

“(100'0>d ‘shepy’LL
'sA sKep €'y1) s]o11u0d uey)
dnoib d) ul uabuoj sem Aeis jo yibua)
3yl (20'0=d “Aep L ‘sh
skept ueipaw) dnoib ¢ ul souadns
SeM Jle WOOJ 0] BJNUUED [eSEU WOJ)
uonIsuRI] UOISNJSURI) IDUIS Y7/ DY
‘dnoib 135 ul syusned
J0 96| ul pue dnoib 4) ul
syuaned Jo %6
Ul Pa1IN0 (S3W0IN0 3say} Jo Aue Jo
‘Yresp
pue ‘ssauj|l dIWalsAs [edNLd ‘dseasip
Kiojeaidsas Bujuaiearyy-ayl)
1UdA3 Julod-pus Aiepuodas
paulquo)

wJe 110 yum pasedwod wie
dD ul 4aybry Ajpuedyiubis sem 7 Aep 1e
VNY Z-A0D-SYYS JO UOISISAUOD dA1RHIN
ybnod
pue J9A3) JO UOIIN|OSAI Ul SIDUIYPIP ON
!/ Kep 1e anbiiey pue yieaiq
JO SSBULIOYS JO UOIIN|OSAI PIMOYS
dnoib ¢ ui syuaned jo uorniodoid saybiH

sinoyz/

18 100 >d ‘dnoib 11> ul %S LE SA %T'/8

dnoib ) ul ¥Ydd aAnebau jo ey
abieydsip Jo awn pue

sep gz 1e 91 AJjerIow Ul SdUIRYIP ON

(10'0=d '%9'€T
‘SA 9%8'71) SAep| 1e panujuod
pue (L00°0>d ‘%8'61) S|0auU0d uey)
(%1'6) dnoib dd oy Jo119q Ajjednsnes
sem Ayjeriow Aep-/ *(90°'0=d
‘05/7) $|013U0d 0} pasedwod (9%5'ST)
dnoib ) ul uaas sem Ayjeriow
Kep-gz ul 9duaIayIp |ed11s1Iels ON
00Z€:L > 4313 DB| ST-A0D-SHYS
YUM ¢ yum paeasd siualed
JO %% LE SnsIaA Buluasiom QIA0D
JO ¥SlI padnNpal B Pamoys Q0ZE:L
Z 1313 96| ST-N0D-SYYS Yum dd
yum pajeasy syuaned ¢/ ‘dnoib ¢ uj
'c0’‘0=d ‘dnoib 1>
ul %1€ snsidan dnolb ) ul sased 99|
ul padojanap aseasip Alolelidsas 31aA3S
‘(8¥0'0=d)ewse|d
ob| moj jo syuaididal Ioy
%'l “ewsejd Hb| wnipaw jo uaididal
10} 9%9'L| ‘ewseid ob| ybiy jo syuaididas
%6'8 sem Aujeriow skep-/
10000 >d ‘%£°9C
'SA 9%9°LZ Yyum Kyjeyow skep og 10y
SUO[1BAI9SCO dwes (L00°0 > d) sisoubelp
191ye sAep asow I0 { pasnjsuesy syusned
ur 9%6°LL Inq sisoubelp 61-AINOD
Jo sAep € ulyum pasnjsuesy sjuaied
ul 9%/'8 sem aies Ayjerow skep /

uofiedynens
SI9}) SQYU J9)je S} Nsal awes
‘dnoib usamiaq
2dUBYIP |ed1ISIIeIS Ou ‘sAep 87
1e A)jeyow pue uojssaiboid aseasiqg
syuaned |1 Ajjeard
Buipnpxa 0’0 <d dnoib 110 ul %789
pue dnoib 4 ul %¢€°L6 Ul paydeas
0d :A111aA3s 3seasip o) payiiess §|
aouedyiubis
|edonsiiels ou ‘dnoib 41> 9yl Ul %L €Y
snsian dnoib ¢) %6°LS Ul paAIasqo
sep 8z ulyum uawanoidwi [ed1ul])

saullPpinb yag4 ayx buipiodxde
dD JO |w QT JO S9SOp oM} 4O dUQ

uoisnjsuei}
JO 3w} 9y} 38 UMOUY J0U J3)} sqyu

950p |W0SZ BUQ

payads 10N

swoldwAs
61-p1rod pjiw jo

‘00011 < 4333 DB| S-1IUY 13sUO 3y} JdYe sinoyz/

"3S0p dUO ISB3| 1R ‘W 00T
uoisnysuesy
JO 3WI1 By} 1B UMOUY 10U I} SqYU

Jede s1ypz “JW Q0T JO SISOP om|
‘uoisnysuely
JO 3WI1 By} 1B UMOUY 10U I} SQYU

Jede siypz “JW Q0T JO SISOP om|
's1911 56| Qgy-S 1ue Jo Oy9:L T dD

‘siskjeue paynens
10§ Pasn sem awi}
uonesIuIWpY "d|geep

payiads 10N

paynads 10N

sJ1Isua1deIRYD [RDIUID
pue abe Japuab Aq paydiew
D0S buialedas sjonuod €97
pue D0S+dd Yum pajeant €9¢
"UOI1D3)Ul SINJB UBASS YIM
A1 < synpe pazijendsoy 9/

uonipuod busixaod pauyap
9UO 15e3| 1B YUM

Ay, > pue §9< 10

g/ < sianed Japjo 091

Juswieal] 4) buiadal

||e uoissaiboid aseasip 219AIS
4O st yBIy yum uondayul
9INdE JUBAIS YUM AQ|

< s)npe pazijendsoy zze'se

SVENT=EN

D0S yum siuaned 67¢

pue juawieal JOS+dD Yum
swusned GEz :uoljezjwopuey
syuaned |1 djeIdpPOW YIM
A1 < synpe pazijendsoy 9

judaWIeal]

J0S Yum siuaned 1§
pue-+juawieal JOS+d) Yum
suaned gg :uoljezjwopuey
‘9SEISIP AIBAIS YUM

A8l < synpe pazijendsoy €01

Apnis

|0J3U0> paydiew

9A1303ds0119Y
‘[¢s] "|e 32 v Aouays

[e1) pul|g-3|qnop
‘paziwopuey
‘[1S] "Je 33 'y 4335Q17

Apnis
|9qe| uado ‘synsal
syuow 331y} dv3

1181 |e 32 W sauhor

paziwopues
‘lell AIDVY1d
[0S] e 32 [emieby

_m_b _QWN_EO_ucmm
l6¥] "l 18 bur]

ejep sawodino ?.mt:Ou@m

eiep (0d) awodno Alewtd

SI9M1 SQYU 4D pue sasoq

3wy uonessiuwpy

sdnoib juswieasy
pue saisualdeleyd swueddiied

dnsuRIRYD
|el] pue 3duaIaRY

's)Insal pue sonsualdeleyd Adesayy ewsejd JUIISI|RAUOD UO SIIPNIS [EIIUID L dqel



However, IVIG takes more months to prepare and to
distribute among clinics and hospitals [44, 57, 58].
In conclusion, given the current absence of selec-
tive drugs against SARS-CoV-2 infection as well as
the uncertainty about the long-term protection of
newly approved vaccines and their effect on emerging
viral variants, convalescent plasma could represent a
treatment option in combination with standard of
care protocols, whose use made feasible by the high
number of convalescent and infected patients.
However, it is necessary to test and, if possible, opti-
mize a series of clinical and laboratory aspects.

4.2. Neutralizing monoclonal antibodies

4.2.1. Structure of the spike protein

Considering convalescent seras ability to inhibit
SARS-CoV-2 infections, and the well-established clin-
ical use of mAbs for therapeutic and prophylactic
purposes, various research groups have isolated and
characterized mAbs neutralizing SARS-CoV-2 infec-
tion (Figure 1C). These studies have also clarified
structural aspects of SARS-CoV and SARS-CoV-
2 S-proteins.

Both SARS-CoV and SARS-CoV2 S-proteins are
glycoproteins of the viral surface that mediate the
viral entry into the host cell and are active in trimeric
form [59, 60]. S protein is composed of two subuni-
ties, named S1 and S2, the first of which binds the
cellular receptor ACE2, thus promoting the cleavage
of the S2 subunit into $2° and S2” by cell-surface
proteases; this in turn enables fusion and internaliza-
tion of the virus. When the trimer is in the closed
conformation, the three RBDs sites located at S1 level
are inaccessible and, the S1 opening is clearly neces-
sary for receptor binding.

Cryo-EM structures of the trimer have revealed
the presence of multiple conformational states of
SARS-CoV-2S corresponding to distinct organization
of the S1 RBD domains with a prevalence of the state
harboring one of the three S1 RBD domains in
receptor-accessible conformation. Stochastic RBD
movements were observed also in MERS-CoV and
SARS-CoV, for which, by contrast, two of three S1
RBD domains seem to be prevalently in an open
conformation.

Receptor binding to the exposed RBD leads to an
unstable three-RBD up conformation of S1 and initiate
subsequent conformational changes that precede S1/
S2 and then S2°/S2” cleavages by host proteases; these,
in turn, have been proposed as activating the protein
for membrane fusion via extensive irreversible con-
formational changes in the S2 subunits.
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Clearly, all these conformational movements tran-
siently hide or expose epitopes that can be targeted
by neutralizing mAbs, both in S1 and in S2 domains.

4.2.2. Anti-S neutralizing monoclonal antibodies
SARS-CoV-2S and SARS-CoV full-length S share 75%
sequence homology (73% for the single RBD site and
88% for the S2 subunit), and are structurally similar.
On the basis of these considerations, in order to speed
the isolation of mAbs for therapeutic and prophylactic
use against COVID-19, scientists promptly screened
a number of SARS-CoV specific antibodies and sera
from SARS-CoV patients for the ability to recognize
SARS-CoV-2S protein and neutralize SARS-CoV-2
infection.

However, despite the elevated homology between
the two spike proteins, most of mAbs targeting
SARS-CoV RBD did not exhibit evident binding to
SARS-CoV-2 RBD [61] and, even when they did, they
did not show protective activity. Noteworthy in this
regard is the case of CR3022 mAb, that despite being
able to strongly bind to SARS-CoV-2 RBD, it did not
neutralize SARS-CoV-2 at the highest concentration
tested [62]. Pursuing this interesting observation,
structural modeling demonstrated that the binding
epitope can only be accessed by CR3022 when at least
two RBDs on the same trimeric S protein are in the
“up” conformation and slightly rotated. These results
provide molecular explanation about CR3022 behavior
against SARS-CoV-2.

From these studies, interesting data has emerged
on the different exposition of neutralizing epitopes
between the S proteins of the two viruses and the
effective utility of SARS-CoV specific mAbs against
SARS-CoV-2 infection.

Table 2 summarizes the characteristics of the two
mADs isolated from SARS-CoV infected patients that
are also active against SARS-CoV-2 infection.

Successively, much effort was and is being focused
on isolating SARS-CoV-2 specific mAbs from both
convalescent patients and synthetic antibody libraries.

Many neutralizing mAbs have been isolated that
differ also for the region of S protein that is recognized.

Table 3 reports some examples of neutralizing
mAbs isolated against SARS-CoV-2, divided according
to the recognized region.

The ability of isolate new antibodies against dif-
ferent regions of S protein is extremely important in
view of the emerging viral variants that can affect the
therapeutic efficacy. Cocktails of antibodies against
different regions of the S-proteins will be crucial to
avoid the escape mutations of the virus (Figure 2).



12 (&) A MALLANOETAL.

Table 2. SARS-CoV cross-reactive monoclonal antibodies.

Reference Name Isolation Epitope information Functionality Clinical study level
Pinto et al. [63]  S309 SARS-CoV infected patient RBD-not competing with  Neutralization Phase 2/3

(VIR-7831 or ACE2 receptor-highly ~ ADCC

GSK4182136 was obtained conserved, glycan ADCP

engineering S309 to
improve its
pharmacokinetics
properties)

47D11 SARS-CoV -S immunized
transgenic mouse
expressing human VH

Wang et al. [64]

containing epitope
accessible in both
open and closed S
states

Conserved epitope on S1
subunity, external to
RBD

Neutralization Phase | (fully human
version of the

antibody)

and VL domains and
rat constant regions

Color of lines distinguishes mAbs for the region of S-protein recognized.

Table 3. SARS-CoV-2 specific monoclonal antibodies.

Reference of

isolation Name Isolation Epitope information Functionality Clinical study level
Jones et al. [65] Ly-CoV555 SARS-CoV-2 convalescent RBD- competing with  Neutralization Phase 3
patients ACE2 receptor

Shi et al. [66]

Hansen et al. [67]

Rogers et al. [25]

Zost et al. [26]

Cao et al. [68]

Miersh et al. [69]
Gai et al. [70]
Barnes et al. [71]

Hansen et al. [67]

Wu et al. [72]
Barnes et al. [71]
Chi et al. [73]
Liu et al. [74]

Liu et al. [74]

(B-6

CB-6-LALA version is
also known as
JS016 or Ly-CoV016
or Etesevimab

REGN10933

CC12.1, CC6.29, CC6.30

COV2196, COV-2130

BD-368-2

lgG 15033
Nb11-59
C121 and others

REGN10987

n3088, n3031 and
others
C135 and others

4A8
5-7, 5-24, 2-17 and

others
2-43

SARS-CoV-2 convalescent
patients

Joined approach using
both immunized
humanized mice and B
cells from convalescent
patients

SARS-CoV-2 convalescent
patients

SARS-CoV-2 convalescent
patients

SARS-CoV-2 convalescent
patients

Human Fab phage library

Phage library of camelid
nanobodies

SARS-CoV-2 convalescent
patients

Joined approach using
both immunized
humanized mice and B
cells from convalescent
patients

naive library of human 3
66*01 human VH genes

SARS-CoV-2 convalescent
patients

SARS-CoV-2 convalescent
patients

SARS-CoV-2 convalescent
patients

SARS-CoV-2 convalescent
patients

RBD-epitope partially
overlapping with
ACE2 receptor

RBD- competing with
ACE2 receptor

RBD- competing with
ACE2 receptor
RBD- competing with

ACE2 receptor-two

different epitopes
RBD- competing with

ACE2 receptor

RBD- competing with
ACE2 receptor
RBD- competing with
ACE2 receptor
RBD- competing with
ACE2 receptor
RBD- not competing
with ACE2 receptor

RBD- not competing
with ACE2 receptor
RBD- not competing
with ACE2 receptor
S1 NTD

S1 NTD

Quaternary epitope of
S1 trimer

Neutralization

Neutralization
ADCC
ADCP

Neutralization

Neutralization,
synergistic activity

Neutralization

Neutralization

Neutralization, stable
after nebulization

Neutralization

Neutralization

ADCC

ADCP

Neutralization

Neutralization

Neutralization

Neutralization

Neutralization

Phase 2/3 (Etesevimab) in
combination therapy

Phase 3

Preclinical for therapeutic
efficacy (for CC12.1)
Preclinical for therapeutic
and prophylactic
efficacy

Preclinical for therapeutic
and prophylactic
efficacy

NA

NA

NA

Phase 3

NA
NA
NA
NA

NA

Color of lines distinguishes mAbs for the region of S-protein that is recognized.

The list of anti SARS-CoV-2 mAbs is not exhaus-
tive, but it gives a good idea of the effort that
researchers are putting into this field. Several anti-
bodies have already been isolated and tested very
quickly and many other are in early stage of
development.

Currently, data are already available from most
advanced clinical trials on LY-CoV555 antibody iso-
lated by AbCellera (Vancouver, British Columbia,
Canada) and the NIAID Vaccine Research Center, and
developed by Eli Lilly and Company and the
REGN10933 + REGN10987 antibody cocktail,



sponsored jointly by NIAID and Regeneron
Pharmaceuticals.

LY-CoV555 (Bamlanivimab) was evaluated in phase
3 study BLAZE-1 [75] at three different concentrations
(700, 2800 and 7000mg) and in combination with
Ly-Cov016 (Etesevimab) at 2800 mg, administered in
patients with mild and moderate symptoms within a
median of 4days of symptoms onset. Chen et al,
reported decreased viral loads at day 11 in treated
patients versus placebo, interestingly showing that the
antiviral activity was highest in the middle dose.
However, the most promising data is the 70% reduc-
tion of COVID-19 related hospitalization in Ly-CoV555
treated patients, in particular at 700 mg dose. Both
antiviral activity and reduced hospitalizations were
significantly higher in combination group. Ely Lilly
and company also announced preliminary results of
BLAZE-4 with lower doses of antibodies in combina-
tion which seem to have the same results than the
combination doses in BLAZE-1 study.

First results with REGN10933 (Casirivimab)+REGN10987
(Imdevimab) antibody cocktail (REGN-CoV-2) are referred
to 275 symptomatic not hospitalized patients divided into
those who received 2,4g or 8g of REGN-CoV-2 and those
who received placebo [76]. Patients received treatments
within 72hours since positive molecular test and no more
than 7days since the symptoms onset. The main result is
a significant reduced viral load in REGN-CoV-2 groups
in patients who were seronegative at baseline. Moreover,
the patients who had higher viral loads obtained better
results from the treatment. Same observations were
obtained for the secondary endpoint which was at least
one COVID-19 related medical visit at day 29.

Actually, FDA has approved REGN-Cov-2 for
emergency use in USA in patients who are at high
risk for progressing to severe COVID-19 and/or hos-
pitalization, while Lilly has requested revocation of
emergency use authorization for Ly-Cov555 alone to
complete transition to bamlanivimab and etesevimab
together for treatment of COVID-19 in the U.S.

As mentioned earlier, an extremely important issue
is to understand how emerging viral variant can affect
the neutralization efficacy of the mAbs isolated so
far. Different studies are being conducted and other
have already provided first indications [27, 77]. The
interesting study of Wang et al. [77], has shown, for
example, how the efficacy of Ly-CoV555 and
REGN10933 are remarkably affected by the SAA9
variant, while 2-7 [74], REGN10987 and S309 (all of
them binding the external side of RBD without com-
petition with ACE2) are still active against both UKAS8
and SAA variants. The authors also evaluated the
impact of single mutations found in the two variants
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and mapped the most relevant ones. For example, for
the UkA8 variant deletion at the position 144 affects
the efficacy of anti-NTD mAbs such as 5-24, 4-8,
4A8, but not 5-7 [74] (Table 3); for the SAA9 variant,
mutations in RBD portion K417N and E484K affect
the efficacy of Ly-CoV555 and REGN10933, while
mutations in NTD portion Del242-244 and R2461
affect anti-NTD mAbs such as 5-24, 4-8, 4A8, but
not 5-7 [74] (Table 3) as the UK variant.

The identification of antibodies that are active
against all variants is extremely important, and the
usage of one or other antibody cocktail shall be care-
fully evaluated also in relation to the territorial dif-
fusion of known strains. In this perspective an
interesting study [78] describes the development of a
bispecific antibody in IgG1-like format containing two
neutralizing antibodies directed against non -overlap-
ping regions of RBD and isolated from convalescent
patients (Table 3); C121 directly competes with ACE2
receptor binding, while C135 recognize the outer side
of the RBD and is accessible in up and down S trimer
conformation. The bispecific construct (Cov-X2) is
able to protects mice from disease and prevent viral
escape and neutralizes also all SARS-CoV-2 variants.
The construct also contains LALA mutations in Fc
portion in order to avoid possible ADE phenomenon.
In this case, the construct retains all the advantages
of an antibody cocktails in one molecule to be devel-
oped and administered.

5. Role of antibodies in vaccine evaluation
and design

The joint effort of pharmaceutical companies and
regulatory bodies has made it possible to develop and
authorize several COVID-19 vaccines in an extraor-
dinarily short period of time (about a year). The
objective of this review goes beyond a detailed
description of the different vaccines approved and in
development, with the relative clinical results, for
which the EMA online website [79] and other excel-
lent recently published works are recommended [80-
82]. Instead, starting from what is currently known
about the protective response against SARS-CoV2, we
will trace a brief picture of the current scenario con-
cerning the anti-Covidl9 vaccines, focusing on the
main features of the first approved vaccines and on
key aspects could be critical for the development of
future ones.

The need to give a rapid response to the emergency
triggered by the pandemic combined with the evi-
dence about key role of neutralizing antibodies in
protecting against infection, have pushed many
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pharmaceutical companies to develop vaccines whose
common denominator is the “whole” S-protein as the
main target for an effective immune response, giving
up for now to more targeted strategies based on more
restricted portions of viral proteins. Indeed, all vac-
cines to date approved by regulatory agencies are
designed for an expression in the host cells of the
entire S protein, even if the delivery platforms are
different.

The vaccine Pfizer/BioNTech, as well as the
Moderna one, is based on a molecule of "messenger
RNA" protected by lipid nanoparticles, containing the
genetic instructions for the expression of the spike
protein inside human cells. The AstraZeneca/Oxford
vaccine, as well as the one developed by Janssen (J&]J)
and the Russian Sputnik V vaccine, is instead based
on a harmless adenovirus that contains a DNA
sequence useful for making the patient’s body produce
the spike protein. Again, the American vaccine
NVX-CoV2373 contains a full-length, prefusion spike
protein (produced in insect cells) made using Novavax’
recombinant nanoparticle technology and the compa-
ny’s proprietary saponin-based Matrix-M™ adju-
vant [80].

Several other vaccines against covid-19 with alter-
native platforms are in clinical and preclinical devel-
opment. For example, the Beijing Institute for
Biological Products has created an inactivated vaccine
against the coronavirus (BBIBP-CorV) that has been
claimed to be approximately 80% effective, prompting
the Chinese government to grant approval [83].

All the current vaccine candidates are being eval-
uated for their capacity to induce humoral immunity.
A special focus is put on the quality of antibody
response intended as neutralizing antibodies level,
especially RBD-specific ones, which is considered the
leading correlate of protection to be used to verify
the response to the vaccine and its durability
over-time neutralizing capacity; in addition, it also
represents a key element to evaluate the possible
impact of the emerging viral variants on the vacci-
nation efficacy.

Actually, the most effective developed vaccines,
stimulate strong cellular and humoral responses, the
latter notably found superior to that measured in con-
valescent severe patients, in terms of neutralization
titers levels.

An interesting study by Wang Z et al. [84] has
evidenced how mRNA vaccines induce a robust
S-RBD-specific B cell memory response. They exam-
ined the nature of the produced antibodies and found
that they are similar to that produced during natural
infection in terms of IGVH and IGVL genes usage

and of IGVH/IGVL combinations, CDR3 length and
hydrophobicity. In few words also in vaccinated indi-
viduals, an expansion of a few number of recurrent
clones was observed and some of these antibodies are
the same found in natural infected patients. This
information let us suppose that S-trimer produced in
human cells by mRNA inoculation adopt a range of
conformations similar to that observed during viral
infection.

The debate is still open about the efficacy of vac-
cines currently available against the new variants - in
particular against the English and South African
ones. Results from more recent studies on both
mRNA vaccines generally confirm that neutralizing
antibodies elicited by vaccination are able to neu-
tralize also these two variants, even if with variable
reduction titers against the South African one [85-
87], suggesting an antibody response directed against
different epitopes of the S-protein. Moreover, an
interesting study by Stamatatos et al. [88], have high-
lighted the importance of vaccinating also previously
infected persons since they showed how a single
immunization with mRNA vaccines was able to boost
cross-neutralizing antibodies titers against all variants
(even if, again, with a reduced potency against the
South African variant) and that antibodies involved
in the cross-neutralization target the RBD.
Interestingly, this effect was up-to 1000 fold higher
in previously infected patients after a single vaccine
dose than in uninfected persons after two vaccine
doses. However, to date the neutralizing titer levels
that can be considered protective against infection
or disease severity by original and variant
SARS-CoV-2 haven’t yet been determined and only
real-world experience can provide this answers. In
this perspective, the challenge that the above men-
tioned pharmaceutical pharma are facing is to adapt
and modify the current vaccines in order to be max-
imally efficacious also against the most resistant
variants. Moderna and Pfizer/Biontech are develop-
ing, for example, multivalent mRNA combining the
codes of all S-proteins and are planning, together
with Johnson and Johnson, a third boost of their
original vaccines.

Given the current scenario, understanding the
impact of the mutations present in the emerging vari-
ants on the efficacy of the available antibody-based
therapeutics — namely neutralizing mAbs, convalescent
plasma and sera from vaccinated individuals [77]-
could give precious information for an effective
re-modeling of the current vaccine platforms, even
with the ultimate goal to design more broadly effica-
cious vaccines.



Moreover, detailed studies focused on the epitopes
recognized by Nabs isolated from B cells of conva-
lescent patients as well as on the immunodominant
portions of the S-protein capable to elicit a strong
neutralizing humoral response are certainly key ele-
ments for finely guiding also new vaccine design. In
this regard, the isolation of natural infection-elicited
potent neutralizing antibodies against the SI
N-terminal domain or quaternary epitopes of the S1
trimer [74], can drive the choice of the antigen for
vaccine development.

It is also important to note that, at the moment,
there are no reliable data on the duration of coverage
offered by approved vaccines. Precisely in this regard,
the study and monitoring of antibody responses may
still prove to be key elements to adequately face the
evolution of the pandemic.

Finally, studies regarding the Ig classes and subclasses
which identified a possible correlation between the IgA2
response, rather than IgAl or IgG responses, and a bet-
ter prognosis of the COVID-19 infection [5], and the
evidence of the anti-inflammatory role of mucosal
response [89], pose important questions for the future
development of vaccines also in terms of the best admin-
istration site to obtain a strong barrier to the infection.

All the mentioned aspects once again point out
how humoral response has a great importance in
tighting SARS-CoV-2 infection, as well as how the
capability to measure neutralizing potency of plasma
is extremely useful to spin the development of vac-
cines and to evaluate their effectiveness (Figure 1D).

In this context, further evaluation of the presence
of dangerous antibodies that can induce ADE or the
important contribution of cellular responses to pro-
tection is also recommended.

6. Discussion

To combat the SARS-CoV-2 infection it is important
to define virus’s pathogenetic mechanisms and to fully
understand how our immune system responds. This
review summarizes the most important results from
numerous relevant studies regarding the humoral
response against SARS-CoV2, also focusing their role
in supporting the development of diagnostic tests,
treatment options and preventive vaccines.

The first important issue is surely to better under-
stand how a stronger and earlier antibody response
could be correlated with a more severe disease. In
other words, it is necessary to establish the extent to
which a robust antibody response to SARS-CoV-2
results in virus neutralization or contrariwise contrib-
utes to the pathology in severe COVID-19 disease.
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Some scientists have interpreted early antibody
response and rapid class switching as the immune
response’s recall of previous recent infection by one
of the four common CoVs (i.e hCoV-OC43,
hCoV-NL63,142 hCoV-HKU1 and hCoV-229E). And,
even if first studies have detected no change in anti-
body levels against hCoV-OC43 and hCoV-HKUI in
early responder patients compared to other patients
and during the course of COVID-19 [6], other authors
have showed that SARS-CoV-2 infection can boost a
preexisting anti-CoV immunity which can confer
some degree protection [28, 35, 36].

Notably, except for one study that found no cor-
relation between IgG and IgM concentration and dis-
ease severity [17], all the others agree that increased
COVID-19 disease severity is associated with a more
robust humoral immune response and more interest-
ingly, with neutralizing titers, which, on the contrary,
usually correlate with host protection.

Different hypothesis have been formulated to
explain how higher humoral responses can promote
disease progression; one of these takes into account
the possibility that ADE phenomenon can occur [1].
ADE was shown to promote virus uptake into mac-
rophages resulting in impaired antiviral response, ele-
vated production of inflammatory cytokines and acute
lung injury, and it was observed with dengue virus,
Zika virus, Ebola virus and, importantly in the context
of COVID-19 and CoVs, including SARS-CoV and
MERS-CoV. Higher levels of SARS-CoV-2 antibodies
in severe cases prompt the hypothesis that a similar
mechanism could occur in some cases for COVID-19,
but a more recent study tends to exclude it [30] show-
ing that ADE is not involved in severe forms expe-
rienced by the patients analyzed. However, further
studies will be necessary to establish ADE’s real con-
tribution to SARS-CoV-2 immunopathology.

Meanwhile, some researchers speculate that the
high viral load in early infection of severe patients
can drive strong and immediate extrafollicular B cell
responses leading to rapid antibody responses which
do not follow the sequence of IgM to IgG develop-
ment stages. Such high quantity of antibodies pro-
duced from extrafollicular B cells may contribute
greatly to the inflammatory responses by promoting
monocyte and macrophage accumulation and the
massive cytokine storm (including IL-8 and MCP-1),
possibly responsible for fatal acute lung injury, as
indicated during SARS-CoV infection. On the other
hand, a gradual development of viral antigen specific
B cells undergoes somatic hypermutation and affinity
maturation at the traditional germinal center; this
ultimately leads to high affinity protective antibody
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responses as observed in non-severe COVID-19
patients [20]. In another study, Cervantes LK et al.
set out to elucidate their observation that severe
COVID-19 patients displayed longer CDR3: given
that B cells harboring antibodies with long CDR3
sequences are often multi-reactive and counter-selected
during B cell development [22], they propose a con-
tribution of longer CDR3 sequences as part of severe
COVID-19 immunopathology.

As already discussed elsewhere in this review, other
studies identify in an N-focused rather than S-centric
humoral response a distinct feature for disease pro-
gression [11], while a higher mucosal response as
RBD-specific-IgA2 mediated by gut immune system
respect to pro-inflammatory RBD-IgG1l and IgG3
seems to be associated with a more favorable out-
come [5].

However, the efficacy and safety studies carried out
to date with convalescent plasma, obtained from
recovered patients regardless of the disease’s severity,
but only in relation to the neutralization potential,
show that natural humoral response promotes viral
clearance and prevents disease progression if admin-
istered early in the disease onset, and it is not
dangerous.

This observation leads us to suppose that the asso-
ciation between the strength of humoral response and
severity of disease is due not to the putative contri-
bution of produced antibodies to the disease progres-
sion: rather it derives from the fact that the higher
production of antibodies is a consequence of the dis-
ease’s severity. This could be caused by an elevated
immune activation, and to higher exposure to the
virus and its antigens. Moreover, higher exposure to
S protein could induce, in a probabilistic way, more
NAD titers. In most cases, these antibodies are effec-
tive, but other independent factors could contribute
to the severity of the disease: excessive T responses,
cytokine storms or other physiological elements, such
as imbalance in the ACE2-angiotensin I-angiotensin
IT axis [90]. All the hypothesis above need verification;
in depth studies would clarify the relationship between
the degree of humoral response and a more severe
disease.

A final point of interest deserves detailed study in
IgG seroconversion durability along with Nabs ability
to protect convalescent patients (or vaccinated people)
from possible re-infection or simply mitigate the con-
sequences of the infection. Both factors could benefit
the immunity of the population as a whole, while also
preventing infection among fragile communities and
the categories most exposed, with social and financial
implications. A detailed evaluation of all the multiple

factors involved is evidently necessary, from the
pathogenetic to the immune ones, in order to fill the
knowledge gaps still remaining, also taking into
account cellular response’s already established role in
fighting SARS-CoV-2 infection.

Understanding the quality and the potency of the
humoral response to SARS-CoV-2 natural infection
is essential in order to design specific diagnostic and
therapeutic strategies.

We have described the strength and limitations of
antibody-based testing for SARS-CoV-2. However,
concerns remain when testing patient populations
differ from those used to validate the assay are tested,
e.g. asymptomatic patients and immunocompromised
patients, whose humoral responses to SARS-CoV-2
infection remain to be delineated. Moreover, as
described in this review, some RNA-positive patients
display no antibody responses; alternatively, they could
produce antibodies that currently developed tests were
unable to detect. On the other hand, actually,
setting-up of serologic, in particular RBD-based, and
neutralizing tests has extreme importance in the eval-
uation of the efficacy of emerging vaccines against
SARS-CoV-2 and the response to vaccines at whole
population level. An important issue is the reported
cross-reactivity between SARS-CoV-2 antibodies with
DV antigens (probably Envelope protein) which can
cause misdiagnosis in region where the DV infection
is endemic, considering also that the two virus can
cause diseases with overlapping symptoms. However,
an interesting hypothesis arose from the observed
cross-reactivity and the reported less severity of
COVID-19 in regions with relevant frequency of DV
infections: it is supposed that preexisting DV anti-
bodies could mask S-RBD and reduce the binding to
ACE2 receptor, thus protecting from the infection
[38]. This issue certainly need to be further evaluated
and verified.

Concerning the therapeutic aspect, the ability of
most patients’ plasma to neutralize SARS-CoV-2
infection, has not only encouraged researchers to
evaluate convalescent plasma therapy, it has also
helped isolate and characterize an increasing number
of neutralizing mAbs. Regarding convalescent plasma
infusions, significant evidence shows that this treat-
ment is able to accelerate viral clearance and that
diminishes the respiratory symptoms. The ability of
this treatment to impact on mortality and disease
progression seems strictly dependent on the early
time of administration and nAbs titer of the donor;
interestingly and, probably as awainted, these results
match also with the efficacy results of monoclonal
nAbs, thus suggesting a fundamental role of nAbs in



the acute infection in order to prevent severe disease
progression, more than the induction of severe forms
of the diseases.

Actually, an important point of discussion will be
the exact evaluation of the impact of emerging viral
variants on convalescent plasma and neutralizing
mAbs therapy efficacy. It seems that South Africa and
UK variants affect at various degrees the neutralizing
capacity of both convalescent sera and isolated mono-
clonal nAbs [27, 77].

Since it seems that the neutralizing response
against SARS-CoV-2 natural infection is led by a
small number of public clonotypes, shared across
most infected patients, it is presumable that this
selective pressure has accelerated the appearance of
these resistant variants. Unfortunately, monoclonal
nAbs were isolated exactly from these clonotypes.
Clearly, we need to take into consideration the
spread of these and other new viral variants and we
need to take advantage from our scientific knowledge
to face this aspect.

For example, sequencing of the B-cells repertoire
of convalescent patients whose sera neutralize also
the new variants should give us useful information.

Moreover, the development of different neutralizing
mAbs makes it possible both to select the best
SARS-CoV-2 infection’s treatment option and prophy-
laxis, and to identify the effective mAbs cocktails. The
cocktail could boost the effect of single mAbs and,
importantly, limit the number of mutations that confer
resistance to neutralization, as known in the history
of antibody-based therapies. This information will be
also useful for vaccines development.

Finally, another debated issue is the possibility that
specific antibodies could induce ADE, both in the
case of the natural infection, and of neutralizing
mAbs or vaccine-induced responces. It is debatable
whether strong NAbs induce ADE in respect to weak
NAbs; further research is also needed to determine
conditions (affinity, dosage, mechanisms of interac-
tion with the S protein) [54, 91] augmenting the risk
for the occurrence of a such pathogenic process
increases. This said, various biotechnological strate-
gies are already in place to avoid the onset of this
mechanism for mAbs, e.g. the introduction of LALA
mutations in Fc region (Figure 2), as performed with
CB6 mADb [66]. Obviously, since LALA mutations
reduce mAb Fc’s interaction with the Fc receptors on
immune cells, one should also take into consideration
that ADCC and ADCP will also be reduced, thereby
limiting important mAb-mediated mechanisms that
may contribute to viral clearance. Therefore, the risks
of ADE should be determined accurately by specific
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testing [91] case by case, before deciding to adopt
these protein engineering strategies.

Accordingly, analysis of patients’ sera by
high-throughput peptide-based scanning, sequencing
of patients’ antibodies repertoires and computational
approaches could help identify ADE-associated epi-
topes; indeed, studies on mouse antibodies produced
against immunogenic SARS-CoV epitopes suggest that
regions of the S protein vary in their propensity to
cause ADE [92]. These studies will also support the
development of safer vaccines, which, as in the case
of convalescent plasma and mAbs, could induce dan-
gerous suboptimal antibody responses [53] (Figure 2).

Certainly issues regarding the SARS-CoV-2 specific
antibody response that are relevant for implementing
fully effective antibody-based diagnostic and therapeutic
strategies are still pending. Nevertheless, the scientific
effort has been exceptional and results are promising.
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