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Introduction

The humoral immune response is an arm of adaptive response, also known as
antibody-mediated immune response. It is responsible to protect the extracellular
fluids, such as blood and lymph, through the production of effector and memory B
cells, which B cells generate antibodies, leading to neutralization, opsonization,
complement activation, and modulation of inflammation. Also, it promotes an
immunological memory, capable of protecting against future reinfection to the
pathogen [1-3]. Upon a reexposure to the pathogen, or, more specifically, to an
antigen, the humoral memory response has three typical characteristics: (1) it is
more robust and faster than the primary antibody response; (2) it is dominated by
high affinity, isotype-switched antibodies; and (3) it is long-lived and self-sustaining,
allowing for a rapid complement cascade activation and antibody production [4, 5].
Given all that, antibody production following natural infection or vaccination is
essential to combat and prevent infectious diseases.

In 2020, the World Health Organization (WHO) declared COVID-19 as a pan-
demic disease, which challenged the researchers to understand how the virus stimu-
lates the immune system as soon as possible, in order to discover a way to treat the
disease and stop the viral transmission. This chapter intends to discuss the humoral
immune response against SARS-CoV-2 infection.
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Pathogens and Antibodies Evolve Together

Antibodies are glycoprotein molecules composed of four chains: two light chains
(L) and two heavy chains (H). The domains are linked by disulfide bonds. The inter-
section of the L and H chains forms the hypervariable region, or complementarity-
determining region (CDR). The CDR regions comprise the paratope, which is
responsible for the interaction with the antigen’s epitope. The analysis of the evolu-
tion of CDRs in response to an infection is important: the changes in CDR results
from natural selection, aiming to increase the affinity for the target molecule, the
epitope, from 1000 to 10,000 times [6-8].

On the other hand, some pathogens present high mutation rates. The exchange of
amino acids allows for better adaptation to the environment and improves the per-
formance of the pathogens in front of challenges, like the host’s immune response [9].

Given that, through the accumulation of genetic mutations, the host’s antibodies
and pathogen’s antigens coevolve, acting as forces of selection for each other. The
coevolution between environment, pathogens, and host was originally proposed by
the “Red Queen Theory”: it proposes that a successful evolution from one species
produces a negative effect on the other species, and vice versa [10, 11].

Antibody Kinetics After SARS-CoV-2 Infection

SARS-CoV-2 presents two main proteins that are highly immunogenic and able to
trigger humoral response: the Spike (S) and the Nucleocapsid (N) proteins. S is
divided into S1 and S2 subunits: the first mediates the binding with angiotensin-
converting enzyme (ACE)-2 by the receptor binding domain (RBD) and the second
mediates the fusion of the virus and the cellular membrane. N is the most abundant
viral protein, it binds with the RNA and mediates virion assembly. Membrane (M)
and Envelope (E), the other two structural proteins, induce a poor humoral response,
probably because of their small molecular size; however, such proteins are studied
in cellular response [12, 13].

The immune response to pathogens usually presents initial [gM seroconversion,
a result of T-independent humoral response, which is a mark of acute disease that
decreases within a few weeks. The following IgG seroconversion, after T cell acti-
vation and class switch, is a mark of maturation of immune response and immuno-
logic memory. IgG is the main class of antibody found systemically, and it is often
desired for an adequate immune response [2].

Antibody response to acute viral infection is found in patients with COVID-19.
As expected, the first antibody detected is IgM, followed by IgG, once the serocon-
version rate and antibody levels increase fast during the first 2 weeks following
infection. The cumulative seropositive rate reaches 50% on the 11th day and 100%
on the 39th day [14]. The IgG titers increase until 2 months after diagnostic, then it
reaches a plateau [15]. One study demonstrated that, after 6 months, the positive
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rate for IgG was maintained, ranging from 92.3% to 95.5%, while the positive IgM
rate decreased from 90.4% to 22.7% [16]. Another study demonstrated a durable B
cell response, until 8 months after infection [17].

It was demonstrated that 6 months after the infection, the patients continue hav-
ing an anti-SARS-CoV-2 B cells response, being observed an accumulation of
somatic mutations in these cells, and production of antibodies with increased neu-
tralizing breadth and potency [18].

However, subsequent studies described a concomitant IgM/IgG seroconversion.
It has also been suggested the value of IgA seroconversion as the first mark of the
humoral response against SARS-CoV-2. Thus, the combined serology of IgA/IgG
presents higher sensitivity and specificity than IgM/IgG to detect past exposure to
the virus [14, 19, 20].

In summary, there are a great number of studies about antibody kinetics after
SARS-CoV-2 infection. As expected, not all the results agree with each other, but,
in general, it has been proposed that IgA seroconversion happens within 4-6 days
post symptoms onset, peaking around 16-20 days and declining after 3141 days.
For IgM, seroconversion starts 4 to 6 days after symptoms onset, the peak happens
on days 11 to 15, and then it decreases [20].

The Role of Antibodies in COVID-19

The description of the immune response in COVID-19 has been an issue and
several studies have focused on it. Despite the differences between the investiga-
tions conducted, it can be stated that the sole presence of antibodies cannot be
used to infer protection against SARS-CoV-2. Studies support that the ideal
response is probably a synergetic one, that comprises the innate, humoral, and
cellular mechanisms [21].

Antibody Titers

Studies point that severe infection patients present higher antibody titers than mild
infection patients—which could lead one to suggest that antibodies would not bring
benefits to the patients. A work demonstrated that this high antibody secretion in
severe infection patients could mediate pathogenesis by multiple mechanisms,
including tissue damage by activation of inflammatory macrophages [22]. The pos-
sible explanation for this is the lack of viral replication control, which induces a
persistent viremia and causes an intense or prolonged B cell activation, resulting in
a pathogenic B cell production [23].

These high loads of IgG in the alveoli form immune complexes with viral parti-
cles, capable of activating the complement system and inducing inflammation in the
lungs, a serious issue in COVID-19 [24]. The worry about IgG response was also
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related to antibody-dependent enhancement (ADE). It happens when antibodies
produced by a previous, poor immune response, which are not capable of neutral-
izing activity or present lower affinity by the pathogen, intensify the current infec-
tion, allowing for internalization mediated by the Fcy receptor, thus favoring the
release of pro-inflammatory cytokines and immunopathology. Several studies about
SARS-CoV-2 do not corroborate this hypothesis, but it was important to state how
the quality of antibodies, rather than the quantity, should be assessed [25].

The expressive presence of anti-N antibodies in severe patients also points to
higher viremia, since large amounts of N protein are incorporated into the virion. It
is also supported by children showing high anti-S but low anti-N titers: there is a
decrease of ACE-2 expression in this age group, which has been related to their
reduced risk of suffering from COVID-19; thus, their viremia is expected to be
lower when compared with that of adults. Of note, the induction of antibodies
through vaccination, training the immune system before the exposure, should not be
directly compared with natural infection response [12, 26, 27].

It is still controversial how antibodies and the severity of the disease may affect
each other. A study demonstrated that antibody levels were significantly higher in
severe than in nonsevere patients, between the second and fifth week after disease
onset; but there is no observation for IgG or IgM alone [14]. Another study shows
that 3 weeks after the disease, the levels of IgM and IgG to S and N proteins were
higher in non-severe and RNA-negative patients than in severe and RNA-positive
patients [28]. The same controversial results were observed when the antibody titer
is correlated with age and symptoms. In some studies, the age was positively cor-
related with IgG, IgM, and IgA titers; and especially IgG was correlated with spe-
cific COVID-19 symptoms, like fever, sore throat, shortness of breath, and nausea
[28, 29]. On the other hand, a study shows that antibody response was independent
of patient age, sex, and most preexistent comorbidities [30]. It was demonstrated
that male sex, older age, and hospitalization for COVID-19 were associated with
increasing antibody response [31].

Antibodies Functionality

Generally, antibody avidity increases during the infection and remains elevated. The
same was observed to SARS-CoV-2: low antibody avidity was reported during early
infection, until 3 weeks after symptom onset [32]. However, other studies report that
the avidity of naturally induced antibodies did not improve with time [33]. It was
also observed that the avidity is higher in hospitalized than in nonhospitalized
patients. As an indicator of functionality, anti-spike avidity was correlated with
higher neutralizing antibodies (nAbs) titers [34, 35].

It is described that nAbs are needed for virus clearance and it has been consid-
ered a key for the protection or treatment of COVID-19. Diverse studies found that
nAb levels in asymptomatic or mild cases were lower than moderate or severe cases
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[14, 26, 36]. Such results have led previous reports to question the efficacy of nAb-
mediated protection in COVID-19 severe cases and have suggested that the enhance-
ment of nAbs is associated with a worst clinical condition [17, 37]. Similarly to
antibody titers, which are usually higher in severe cases, the neutralizing activity of
the plasma of most symptomatic COVID-19 patients persists up to 6 months [28],
whereas in asymptomatic patients, it gradually disappears in 2 months [38]. The
interplay between viral load and antibody titers discussed above could also affect
the nAb titers.

The study of IgA against SARS-CoV-2 has been encouraged, given the involve-
ment of mucosa in COVID-19 [24]. The seric IgA could reflect the mucosa implica-
tion of COVID-19. It was described as the main antibody responsible for early
neutralization of SARS-CoV-2, even in less quantity than IgG; thus, it would be
capable of penetrating epithelial cells, neutralizing intracellular virus [20, 39]. The
secretory-IgA (sIgA), locally produced in the mucosa, was considered as a potential
biomarker of SARS-CoV-2 early infection, which could be tested in saliva. With
better elucidation of duration and functionality of the immune response, sIgA could
also be a correlate of protection, given its ability to control the infection when the
virus first enters the host [40]. Moreover, patients with nAbs and anti-spike IgA
demonstrated a faster viral control [41].

When the production of antibodies against the structural proteins was analyzed,
it was verified that SARS-CoV-2 specific IgM recognition of S and N proteins was
transient and disappeared around the 12th week; thus, the IgM response would not
contribute to sustained immunity against the virus. Also, there was no correlation
between IgM response and the ability of plasma to neutralize the virus in cell cul-
ture. Differently, IgG antibodies that recognize the S and N proteins maintain high
positive rates for up to 6 months, and particularly RBD-specific IgG were correlated
with neutralizing activity, being associated with early virus control [3, 28]. Thus,
titers of IgG was not correlated with severe acute respiratory distress syndrome [30].

It was postulated that anti-S or, more specifically, anti-RBD IgG, would be ideal
for protection, since it could neutralize the virus by impairing the RBD-ACE-2
binding. Serology studies also suggest that anti-S protein antibodies are maintained
over longer periods when compared with anti-N antibodies. Indeed, the S protein or
its subunits has been used as vaccine antigens [12, 20, 42, 43].

Because of the lack of drugs capable of inhibiting SARS-CoV-2, convalescent
plasma (plasma obtained from recovered patients that present high levels of nAbs)
was indicated as a therapeutic option for COVID-19 severe infection patients. The
studies that followed this type of intervention varied a lot regarding the number of
patients and how the plasma was obtained, which limits the comparisons, but good
results were described overall [44].

Serology presents a limited role in diagnosing SARS-CoV-2 infection and
assessing the protective status of a person. However, determining the humoral
response is an interesting tool for public health, to verify the prevalence of
COVID-19 [43]. Despite that, the study of neutralizing activity is useful for immune-
based therapy trials [45].
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Antibodies and Reinfection

Until 2020, sporadic cases of reinfection by SARS-CoV-2 were described around
the world. In some cases, it was more severe, but in others, an increasing severity
was observed. However, with the emergence of variants and as time passed, more
cases were documented [46—48]. It was suggested that some people would fail to
develop a protective immunity, which would explain the reinfections [17].

However, with the pandemic ongoing, four hypotheses have been developed to
explain the cases of more severe reinfection: (1) a very high dose of virus might
have led to this second infection and induced more severe disease; (2) the reinfec-
tion was caused by another, more virulent, strain; (3) the mechanism of antibody-
dependent enhancement might be the cause; and (4) the incomplete avidity
maturation after COVID-19 infection did not confer a protective immunity
[33, 48-50].

The current knowledge leads to suggest that the most accurate hypothesis is that
natural infection is prone to failure in developing an efficient immunologic memory,
because of impaired affinity maturation, and high-coverage vaccination is needed to
control the pandemic, since it provides a more adequate immune response [33].

Antibody Production Modulated by Cytokines

As described before, COVID-19 hospitalized patients usually present a stronger
IgG avidity and higher nAbs titers than nonhospitalized patients [51]. A study
showed that nAb longevity was associated with sustained levels of inflammatory
cytokines, up to 180 days after symptoms onset in COVID-19 [52]; furthermore,
pro-inflammatory cytokine milieu was correlated with antibody levels against the
virus [53].

Some cytokines play an important role in B cell development, as interleukin
(IL)-7, which aids in survival and proliferation; IL-4 and IL-6, which influence
isotype switching; IL-10, which is important for regulation of the immune response;
and Interferon-gamma (INF-vy), IL-12, and IL-17, which participate in B cell devel-
opment [54-57].

Some studies show that patients with severe COVID-19 exhibit higher levels of
IL-2, IL-6, IL-7, IL-10, INF-y, tumor necrosis factor-alpha (TNF-a), inducible pro-
tein (IP)-10, monocyte chemoattractant protein (MCP)-1, macrophage inflamma-
tory protein la, and granulocyte-colony stimulating factor than patients with mild
and moderate infections. Such cytokine environment stimulates the antibody pro-
duction and functionality [19, 58, 59].

Even though the cytokine storm induced by SARS-CoV-2 infection contributes
to the humoral response, it can also be correlated with increased severity of the
disease and favoring uncontrolled inflammation [60]. Considering that, cytokine
production becomes a double-edged sword in the case of COVID-19.
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Maternal Antibodies

Maternal antibodies are transferred from mother to child to protect them during
their immune system maturation in the first year of life. The majority of maternal
antibodies are of IgG isotype, which are preferentially transferred before the birth
in utero across placenta; these passively-transferred antibodies enter the blood-
stream of offspring and act as a protective shield in the same way as active antibod-
ies [61]. Different from IgG isotype, secretory IgA is transferred to breast milk from
mother and protects the gastrointestinal tract against pathogens [62, 63].

It is well described that vaccination of pregnant women can increase neonatal
antibodies against influenza, tetanus, diphtheria, and pertussis [64, 65]. Moreover,
the WHO reports a 96% reduction of death by neonatal tetanus through the recom-
mendation of certain good practices from 1988 to 2015, including the vaccination
of pregnant women [66].

In a study that analyzed the seroconversion of newborns from pregnant women
infected with SARS-CoV-2, it was demonstrated that SARS-CoV-2 IgG positive
rate among parturients was 80.8%, and half of their infants obtained maternal IgG.

If the mothers were infected earlier and later than 2 weeks before delivery, the
IgG rates were, respectively, 18.8% and 81.8% in their infants; after that, they pre-
sented a reduction of IgG in the first 2 months of life [67]. In this way, the study
demonstrated that the passage of naturally induced maternal antibodies against
SARS-CoV-2 is low. On the other side, when prenatal BNT16b2 mRNA vaccina-
tion was analyzed, it was observed a robust maternal humoral response, which was
effectively transferred to the fetus [68], showing the importance of vaccination
against SARS-CoV-2 during pregnancy.

Conclusion

In this chapter, we have reviewed the humoral response after COVID-19. Our
knowledge regarding SARS-CoV-2 has increased dramatically with the pandemic
and we still have a long way to go to completely understand the virus and the
response it triggers in the human immune system.

It should be noted that the substitution of amino acids in the variable portions of
the immunoglobulins brings the advantage of high repertoire variability and greater
chances of expression of a highly effective antibody, but this mechanism suffers an
important restriction caused by the stability of the resulting protein. The stability of
protein folding is constant when analyzing the evolution of proteins [69]; however,
the mutations that generate the most specific paratope do not necessarily result in
the most stable CDR region—it is a dynamic process. Affinity maturation is one of
the easily observable examples of Darwinian evolution: genetic mutations are con-
tinuously happening in the coding regions of CDRs and selected immediately, since
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B cells which mutations are neutral or beneficial rapidly expand. Emerging patho-
gens present an excellent opportunity to learn about the coevolution of pathogens
and the immune system: evolution is happening right in front of our eyes.
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