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Summary

The importance of antibodies, particularly neutralizing antibodies, has been known for decades. When examining the immune responses against
a pathogen after a vaccination or infection it is easier to measure the levels of antigen-specific antibodies than the T-cell response, but it does not
give the whole picture. The levels of neutralizing antibodies are harder to determine but give a better indication of the quality of the antibody re-
sponse. The induction of long-lived antibody-secreting plasma cells is crucial for a persistent humoral immune response, which has been shown
for example after vaccination with the vaccinia vaccine, where antibody levels have been shown to persist for decades. With the SARS-CoV-2
pandemic ravaging the world for the past years and the monumental effort in designing and releasing novel vaccines against the virus, much
effort has been put into analysing the quantity, quality, and persistence of antibody responses.
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The current review will focus on the plasma cells and dis-
cuss how long-lasting immune responses are induced, the im-
portance of antigen availability and retention in evoking a
long-lasting persisting antibody response.

Since SARS-CoV-2 is a novel disease and many different vac-
cination strategies have been generated, focus will be put on
persisting antibody responses against these different types of
vaccines, which will give an insight into the generation of im-
munological memory and the persistence of antibody responses.

Inject and forget, that is how the optimal vaccine should
work, a single dose, preferably needle-free which would ul-
timately lead to an immediate and long-lasting protection
for the remainder of your life. Unfortunately, we have not
yet reached that stage yet, although the advances in the field
of vaccinology have been monumental since the introduc-
tion of the first vaccine, the vaccinia vaccine in the late 18th
century. The first vaccines that were developed contained
live, live attenuated, or inactivated/killed whole organisms.
More recently, purified recombinant protein vaccines were
developed, they are generally less immunogenic than their
more traditional counterparts. This has driven the need for
including adjuvants in modern vaccine formulations, an
immune-stimulating agent that has the ability to enhance

and modulate responses to antigens. Accordingly, it can be
used as a tool to elicit suitable immune responses towards
specific pathogens based on their particular mode of action
[1]. Moreover, it is possible to tailor the vaccine itself based
on the nature of the pathogen protection is needed against
and what type of immune responses are needed to induce the
protection. The best and most recent example is the monu-
mental effort by the research and pharmaceutical community
where they managed to come together, design, test, and re-
lease a number of different vaccines against the SARS-CoV-2
virus in a record time.

The SARS-CoV-2 pandemic has been ongoing for almost
3 years, during that time immunology, especially antibodies
and concepts such as herd immunity and booster doses have
become household knowledge. Moreover, vaccines and vac-
cinations have been a big part of public life and discussion,
both scientifically and politically, for better or worse.

The vaccines against SARS-CoV-2 have been available for
2 years and most of us have received two to three doses (some
even a fourth dose), which does not come close to the optimal
single dose, inject, and forget strategy. Why is that?

This review will tackle that question and attempt to de-
fine and discuss the relationship between antigen load and
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its retention in relation to the persistence of humoral im-
mune response, from the viewpoint of B cell induction and
antibody-secreting plasma cells. We hope to shed a little light
on this important relationship, especially with regard to im-
munological memory and persistence in response to vaccin-
ation and infection. Focus will be put on the SARS-CoV-2
vaccines and the response towards COVID-19 disease be-
cause it is a novel disease and gives us an insight into the
generation of immunological memory and immunological
persistence.

Plasma cells

During an immune response, B cells encounter their cog-
nate antigen through their surface immunoglobulin (Ig) or B
cell receptors (BCRs) leading to their activation and differ-
entiation. The activated B cell can differentiate into one of
the following subsets; germinal center B cell that gives rise
to germinal center derived memory B cells, or plasma cells,
but activated B cells can also differentiate into early memory
B cells or plasma cells without having entered the germinal
center (Fig. 1.) [2-4]. This encounter of cognate antigen by
B cells occurs predominantly in secondary lymphoid tissues,
e.g. spleen, lymph nodes, and Peyer’s patches. Lymphoid tis-
sues are specialized to scan fluids for foreign antigens but are
simultaneously supporting recruitment of lymphocytes [5].
Naive B cells express BCRs that are surface Ig of isotypes [gM
and/or IgD, and lack intracellular domains for signal trans-
duction, which is conducted by the associated molecules, Iga
and Igp [6, 3]. After a naive B cell has recognized its cognate
antigen, the BCR-antigen complex is internalized, degraded,
and peptide fragments from the antigen are loaded into MHC
class II molecules, which are then transported to the surface
of the B cell to recruit T-cell to help at the T—B cell border or
interfollicular zone in the secondary lymphoid tissues, after
upregulation of the chemoattractant receptors CCR7 and
EBI2 [7]. The plasma cells themselves can be divided into
short-lived antibody-secreting plasma cells and long-lived
plasma cells, which can survive for decades [8], maintaining
high antibody levels against various antigens, given that that
half-life of IgG antibodies is around 2-3 weeks, depending
on isotype [9]. What determines the differentiation fate of
the activated B cells is intently being researched but seems
to be influenced by a variety of signals, for example from
the BCRs, co-receptors, and cytokines. Several studies have
demonstrated that the affinity of the BCR to the antigen is
a deciding factor in determining the fate of the B cell, where
BCRs with low affinity impair differentiation into plasma
cells, while B cells with high-affinity BCR are more likely to
differentiate into plasma cells [10, 11]. Supporting this hy-
pothesis is a study showing that time seems to have an impact
on whether a B cell should differentiate into a memory or
plasma cell. It shows that during the germinal center response
a temporal shift occurs, first memory B cells are generated
with very few somatic hypermutations and plasma cells are
generated at a later stage in the germinal centre response [12],
as lower-affinity B cells are preferentially recruited into the
memory B cell pool [13]. Furthermore, the strength of the
plasmablast proliferation seems to be in relation to whether
the B cell has high-affinity for the antigen as it leads to a
stronger response than B cells with lower affinity [14]. There
are, however, plasmablasts that are formed in the early phases
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of the response without having entered the germinal center
reaction. They are primarily short-lived, localize merely
within lymphoid tissues, and are defined as extrafollicular
plasmablasts (reviewed in [15]). A recent study reported that
the cell fate is determined early upon B cell activation and was
dependent upon antigen availability, whether the activated B
cell differentiated into an early extrafollicular plasmablasts,
non-derived germinal center early memory B cell, or B cell
that enters the germinal center reaction [16].

Germinal centre response

GCs are specialized microenvironments within secondary
lymphoid tissues, within a network of stromal cells known
as follicular dendritic cells (FDCs), in which B cells undergo
extensive rounds of proliferation, somatic hypermuta-
tions, affinity-driven selection, differentiation, and isotype
switching [17]. In non-active follicles, the FDCs play a vital
role in organizing the B cells into these identifying clusters of
the follicles (reviewed in [18]). Germinal center formation be-
gins after the activated B cell receives help from a previously
activated CD4 T cell that is specific for the same antigen or
molecular complex, at the T—B cell border or interfollicular
zone [19]. This interaction results in extreme B cell prolifer-
ation, located in the outer sphere of the follicle [20], leading
to a formation of a cluster apart from the FDC network. This
is the initial formation of the germinal center and becomes
polarized into two distinct microenvironments, named the
dark zone and the light zone. The light zone contains the ger-
minal center B cells or centrocytes, T follicular helper cells,
and the FDCs that carry antigen-antibody immune complexes
via FcRs [21] and complement receptors [22], to present the
antigens to B cells. The dark zone contains the highly prolif-
erating germinal center B cells or centroblasts, and CXCL12-
expressing reticular cells (reviewed in [23]). The centroblasts
express the enzyme activation-induced cytidine deaminase
(AID) and the error-prone DNA polymerase that are crucial
for the initiation of somatic hypermutation in the variable
region of immunoglobulin genes and are consequently vital
for affinity maturation [24]. FDCs in the light zone have the
unique capacity to retain immune complexes (IC) on their cell
surface through previously mentioned receptors for weeks
and even several months. In mice, FDCs are known to retain
intact opsonized antigens for long periods of time, up to 12
months and therefore FDCs are speculated to have the ability
to retain antigens for years (reviewed in [18]). This antigen
retention capacity of the FDCs was believed to be due to a
mechanism that protects antigens from damage [25]. It has
been demonstrated that ICs undergo periodic cycling in FDCs
that prolongs the half-life of the antigen [26].

The centroblasts proliferate and mutate their variable genes
in the dark zone and migrate to the light zone to test their
newly mutated receptors, a competition for the antigens re-
tained on the surface of FDCs [17]. Thus, those germinal
center B cells with the highest affinity for the antigen are more
efficient to internalize and present it in a higher abundance
of MHC class IT molecules, resulting in enhanced T follicular
helper cell interaction [27]. Furthermore, this enhanced inter-
action induces higher Myc expression that leads to positive
selection of the germinal center B cells or returns to the dark
zone [28] and results in the output of memory B cells and
high-affinity antibody-producing plasma cells that relocate to
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Figure 1: Antigen delivery and retainment in draining lymph nodes. The antigens, degraded mRNA, translated Spike protein after mRNA vaccination
(blue) or infection, SARS-CoV?2 virus (red) reaches the lymph nodes through afferent lymph that drains into the subcapsular sinus (SCS). SCS
macrophages access antigen in the lymph through cellular protrusions into the sinus. The antigen gains access to the outer cortex of the lymph

nodes where it encounters non-cognate B cells that transport the antigens to the follicular dendritic cells (FDCs). SCS marcophages can also allow
restricted replication of viruses inside themselves that magnifies the amount of antigen into the follicle and available for the induction, generation,

and maintenance of protective B cells. The B cells require cognate antigen, retained by the FDCs in form of complexes, either as complement:Ag on
complement receptors (CR) or as immunocomplexes, Ab:Ag on FcgR expressed by FDCs. The B cell consequently migrates to the border of the T

and B cell zone or the interfollicular region, where they interact with antigen-specific T cells which have received T cell help (pre-T follicular helper cell
(Tfh)). After this T cell help, the B cells can follow one of three alternative pathways: they become extrafollicular short-lived plasmablasts, or non-derived
germinal center early memory B cells or they can enter the follicle and differentiate into centroblasts that reside in the dark zone of the germinal center
(GC) and undergo clonal expansion. Some of the Tfh cells that have established stable interactions with B cells at the outer T cell zone can also enter
the GC. During proliferation of centroblasts, somatic hypermutations introduce base-pair changes into the V(D)J region of the rearranged that lead to
enhanced affinity for the Ag. Centroblasts then differentiate into centrocytes and move to the light zone, where the modified BCR, with help from
immune helper cells, including Tfh cells and follicular dendritic cells (FDCs), select the B cells with the highest affinity for the Ag and provide them with
survival signals. The centrocytes selected eventually differentiate into either memory B cells or high affinity antibody secreting cells. (B) Histogram
depicts the difference in SARS-CoV-2 specific Ab persistence after mRNA vaccination (blue) vs. natural SARS-CoV-2 infection (red).

the bone marrow and together these cells contribute to sus-
tained protective immunity [12, 17].

In a murine model of repeated i.p. vaccinations, it has been
suggested that there is a cap on the number of available GC
niches, where the FDCs formed a predetermined number of
clusters. Excessive occupancy of these niches suppressed re-
sponses towards new antigens [29]. Whether or not this ob-
servation can be converted over to the human setting and
whether or not they have a clinical significance, remains to
be determined. To put it into perspective, individuals are ex-
posed to multiple viral, bacterial, and environmental antigens

throughout their lives, and the gastrointestinal tract con-
tains a higher number of bacteria than there are cells in the
human body [30]. Clinical vaccine studies have shown that
following multiple vaccinations children have a similar, and
even reduced risk of infections [31-33]. These studies could
indicate that even though there might be a cap on the number
of available GC niches, components of the vaccine itself, such
as PAMPs and being a live vaccine, and the immunological ac-
tivity it confers could overcome the detrimental effects in the
GC. In addition, immunization or inflammation activates the
signalling pathway of Toll-like receptors in FDCs to promote
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GC B cell survival (Fig. 1a) [34]. Furthermore, B cells that
emerge from the GC response can migrate to and take up
antigen from the subcapsular macrophages and return to the
GC, indicating that this process might be a response to en-
hance affinity maturation to adapt against pathogens that
have a high mutation rate, leading to antigenic drift [35].
It has been reported inflammation that disrupts the layer of
macrophages at subcapsular sinuses in lymph nodes led to a
poor B cell response to a new antigen that generated lower
numbers of GC B cells and PCs producing antigen-specific
IgM or IgG antibodies [36]. Subcapsular sinus macrophages
sample the free-floating antigens that enter the lymph through
the afferent lymphatics within several minutes after admin-
istration of model antigen tracers or pathogens [37, 38].
Subcapsular sinus macrophages have relatively low phago-
cytic capacity, but can produce pro-inflammatory cytokines,
and type 1 interferons [39]. Instead, these subcapsular sinus
macrophages seem to support the replication of captured
pathogens inside themselves (Fig. 1a.) [40, 43]. As it has been
shown that fluorescently labelled vesicular stomatitis virus
was able to replicate in wild-type lymph nodes, while mice
lacking the subcapsular sinus macrophages showed no virus
replication [40, 41]. This mechanism is thought to restrict
viral spreading to other organs, but it can also be thought of
as antigen magnification [42].

Antigen uptake

As discussed above the subcapsular macrophages are crucial
for the initiation of immune responses and clearance of vir-
uses. They surround the B cell follicles, preventing the entry
of large antigens, complexes, and extracellular vesicles [44,
45]. They capture and shuttle the antigen complexes to non-
cognate B cells, which transport the antigens to the follicular
dendritic cells (Fig. 1a) [44, 46]. Smaller antigens are able
to bypass the subcapsular sinus macrophages and enter the
follicles within minutes after an injection of antigen into the
bloodstream [47, 48] while larger antigens (over 70 kDa) are
captured by the subcapsular sinus macrophages. The question
is, what effect does the nature of these different antigens have
on the immune response, especially with regard to antigen re-
tention, antigen load, and immunological persistence.

We know that the nature of antigen is crucial for the im-
munological persistence of antibody response, where a T-cell
independent polysaccharide can do more harm than good
if the individual is primed with a T-cell dependent polysac-
charide [49-51].

With the emergence of mRNA vaccines, it has been shown
that the mRNA transcribed by the vaccine has a very short
half-life, only a few days in human tissues [52]. It is still
unknown how long the protein that is produced after the
mRNA-based vaccination remains in the tissues.

Increased availability of antigens, mimicking the natural in-
fection by repeated vaccinations with exponentially increasing
the dosage, induces higher antibody levels, prolonged antigen
retention, and increased numbers of Tfh and B cells in the
germinal center [53]. It has been shown after repeated in-
fluenza vaccinations that the speed of waning hemagglu-
tinin inhibition titer increases with each vaccination. Where
a 2-fold decrease in the hemagglutinin inhibition titer takes
32 months for a 2-fold decrease after the first vaccination,
whereas only 9 months after the seventh vaccination [54].
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The authors speculate that the initial vaccination induces a
broader more cross-reactive response, while repeated vaccin-
ations induce a more targeted response that is more efficient
at viral neutralization, which is not measurable by the hem-
agglutinin inhibition assay. Accordingly, it has been shown
that antibodies from the primary response can either enhance
or, conversely, restrict the GC participation of naive B cells:
where broad-binding, low-affinity, and low-titer antibodies
lead to enhanced recruitment of naive B cells, but high titers
of high-affinity antibodies weakened naive B cell recruitment.
Thus, the intensity of the secondary response seems to be de-
termined by the antibody concentration, affinity, and epitope
specificity from previous antigen exposure [55-57]. There
are several potential strategies to overcome this antibody-
mediated restriction, firstly by increasing the antigen avail-
ability which can be addressed by increasing the amount of
antigen administered [55], or with continuous delivery of the
antigen through osmotic pumps that lead to enhanced antigen
deposition—which increases the magnitude and diversity of B
cell responses and resulting in higher antibody titers [53, 58].

Recently, in children suffering from Multisystem
Inflammatory Syndrome in children, it has been demonstrated
that the gastrointestinal tract can function as a survival niche
for the SARS-CoV-2 virus, where it can reside for months
after the children have overcome the infection, and if intes-
tinal permeability breaks it can contribute to antigenemia
[59]. The presence of antigens in serum can also mask the hu-
moral responses, where seroconversion is not detected due to
antigen—antibody complexes in the bloodstream. This could
be one reason behind the ‘non-responders’ detected in the
SARS-CoV-2 pandemic [60].

Immunological persistence after vaccinations

To this day, smallpox is still the only infectious disease infecting
humans that has been eradicated by mass vaccination (rinder-
pest has been eradicated in cattle). It must thou be noted that
not all pathogens can be eradicated, there are a number of cri-
teria that have to be fulfilled for it to be possible and feasible to
eradicate the pathogen, such as not being prone to mutations
[61, 62], having effective and practical interventions available.
The vaccinia vaccine is one of the most effective vaccines ever
used and was an essential part of the successful eradication
of smallpox. Although, it has some side effects with 1/1000
experiencing adverse reactions [63]. Vaccinia-specific anti-
bodies have been shown to be long-lasting [64], both IgG
and neutralizing antibodies can be maintained over a period
of 88 years after vaccination. Accordingly, vaccinia-specific
memory responses can be elicited by stimulation of both T
and B cells more than 45 years after vaccination [65], and
long-lived plasma cells are also detected in the bone marrow
of elderly individuals that were vaccinated in childhood [66].
Furthermore, the immune response after vaccination has been
shown not to be different from that of individuals who sur-
vived an active smallpox infection [67].

Another successful live attenuated vaccine is the yellow
fever vaccine, where one dose induces a robust and long-lived
immune response, although the antibody titers decrease over
time [68].

Persisting neutralizing antibodies against measles have
been shown 26-33 years after vaccination with an attenuated
vaccine [69]. For the measles, mumps, and rubella vaccines
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seropositivity has been shown to be high (74-100%) 12-15
years after the second dose. However, with a fast and signifi-
cant decline in antibody levels over the years along with a
high individual variation [70, 71].

Data has shown that live attenuated vaccines lead to the
induction of long-lived immune responses with persisting
protective antibody titers. While subunit vaccines and toxoid
vaccine induces potent immune responses, nonetheless they
are not as persistent and the need for booster administrations
on a more regular basis, such as for the tetanus and diph-
theria vaccines [72-74].

Results have been emerging on the persistence of anti-
body secretion after vaccination with the novel SARS-CoV-2
mRNA and viral vector vaccines. However, whether it will be
as long-lived as for the live attenuated vaccines or if it will
be shorter as for the subunit and toxoid vaccines remains to
be seen.

SARS-CoV-2 as a model for antibody
persistence

One of the many unique characteristics of the SARS-CoV-2
pandemic is that we have a pathogen that the population, as
a whole, is naive to and we can thus, on a population level,
study the immune responses, generation of memory, and im-
munological persistence of the immune responses against the
pathogen. The importance of antibodies in a protective role,
especially IgG against COVID-19 disease has been supported
by the efficacy of passive immunization with monoclonal
antibodies against the spike protein [72, 75].

Dosage

During the pandemic, both the Pfizer-BioNTech vaccine
(BNT162b2) and the Moderna (mRNA-1273) have been ex-
tensively used, and both are mRNA vaccines, where the syn-
thetic mRNA transfects the human cells and translates the
genetic information into the desired viral antigens [76]. The
Oxford-AstraZeneca (ChAdOx1-S) [77] and Janssen (Ad26.
COV2-S) vaccines are viral vector vaccines delivering genetic
material coding for the antigen of choice into the host’s cell.
Neither of the two vaccines are able to replicate. Replication
competent genetically engineered vaccines have been devel-
oped and licensed, for example, the rVSV-ZEBOV vaccine
against ebola [78].

Studies comparing the Pfizer and Moderna vaccines have
shown that the humoral immunogenicity of the Moderna
vaccine is significantly higher than of the Pfizer vaccine [79].
Which could either be explained by the 4-week interval be-
tween priming and booster for the Moderna vaccine vs. 3
weeks for the Pfizer vaccine, or the fact that the mRNA con-
tent in the Moderna vaccine is 100 pg vs. 30 pg for the Pfizer
vaccine inducing a stronger priming and booster response. It
should though be noted that the storage conditions of these
two vaccines also play a part, as mRNA molecules are by
nature unstable, the Pfizer vaccine with a lower amount of the
nucleotides is stored at -80°C while Moderna with a higher
amount in -20°C. Thus, the dosage can vary more between
individuals vaccinated with Moderna rather than Pfizer due
to mRNA degradation. One plausible explanation is that the
degraded nucleotides contain adjuvant properties through ac-
tivation of the intracellular TLRs that recognize nucleic acids
derived from bacteria and viruses [80, 81].
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Investigating the dose-response towards mRNA vaccines,
it was shown that recipients who received two low doses (25
pg instead of 100 pg) of the Moderna COVID-19 vaccine
showed immune memories of the virus six months after being
fully vaccinated. However, two weeks after the second dose
anti-spike IgG, anti-RBD IgG, and PSV neutralizing titers
were about 2-fold higher in individuals receiving 100-pg
when compared to those who received the 25-ug dose [82]. A
dose-dependent response after the Moderna vaccine has been
shown before [83, 84].

Persistence

Investigating the bone marrow of COVID-19 convalescent
individuals, SARS-CoV-2 S-protein-specific plasma cells were
detected in 14 out of 18 individuals, 7-8 months after in-
fection, while none were detected in the 11 control partici-
pants [85]. The same was confirmed in vaccinated individuals,
where S-protein specific plasma cells were detected in the
bone marrow 6 months after vaccination with the Pfizer
(BNT162b2) vaccine [86]. Was also shown in macaques
that a GC response during a primary SARS-CoV-2 infection
was consistent with seroconversion and was able to protect
against rechallenge with a different clade of the virus [87].

When comparing the antibody levels of 234 vaccinated uni-
versity employees, with the antibody levels of 65 recovered
COVID-19 patients it was noted that the persistence of anti-
RBD antibodies was higher 6 months after natural infection
than after vaccination with the Jansen (one dose), Pfizer, or the
Moderna vaccine (two doses) [88]. Blood was drawn from 49
individuals prior to SARS-CoV-2 immunization and antibody
levels were measured against tetanus toxoid as an unrelated
vaccine commonly used in adult immunizations and against
two seasonal strains of coronaviruses. Six months after SARS-
CoV-2 vaccination the IgG responses against the Pfizer and
Moderna vaccines were lower than the responses against tet-
anus toxoid. IgG Ab levels induced by the Pfizer vaccine were
lower than against the two seasonal strains of human corona-
viruses, while no difference was seen between the recipients of
the Moderna vaccine when compared with the two seasonal
strains of coronaviruses. It should be mentioned that no dif-
ference was detected between the IgG response to the sea-
sonal coronaviruses before or after vaccination [88].

When investigating the neutralizing efficacy of antibodies
in 314 health care workers at a Swedish hospital it was shown
that 90% of individuals with a verified COVID-19 infection
(35/39 individuals) had detectable levels of neutralizing anti-
bodies 200 days post-infection [89].

When examining the persistence of the antibody secreting
plasma cells response. It has been shown that after more than
120 days after the second dose, the recipients of the Moderna
vaccine had higher antibody levels than the Pfizer recipients
[90]. Moreover, the effectiveness of the Moderna vaccine was
86% while only 75% for the Pfizer vaccine.

Correspondingly, 6 months after the second dose of the
Pfizer vaccine a rapid and significant decline in antibody
responses has been shown [91], while 6 months after the
second dose of the Moderna vaccine the antibodies persisted
[92]. Plausible explanation could be the fact as mentioned
here above the high degradation properties of the mRNA
molecules as the Moderna mRNA vaccine is only stored at
-20°C. Thus, the degraded nucleotides could contain adju-
vant properties through activation of the intracellular TLRs
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that recognize nucleic acids derived from bacteria and viruses
and it has been shown that TLR activation in FDCs leads to
enhanced survival of GC B cells, leading to more prolonged
GC response and persistent antibodies. The authors would
though like to note that this is just a speculation, no data is
available to support this hypothesis.

Comparison between vaccines

In a prospective study investigating 288 Jordanian adults re-
ceiving two doses, 21 days apart, of either the Pfizer or the
more classically designed Sinopharm (BBIBP-CorV) vac-
cine, an inactivated virus, it was observed that 6 weeks after
the booster only 85.7% (126/147) of Sinopharm recipients
were seropositive, while 99% (140/141) of individuals who
received the Pfizer vaccine were seropositive. Moreover, the
IgG titer was significantly higher in the Pfizer recipients when
compared to the recipients of Sinopharm [93].

In a comparative study, the immune responses against
4 SARS-CoV-2 vaccines were compared six months after
booster dose. Interestingly, all recipients of the Pfizer and
Novovax (Nuvaxovid®), a protein-based subunit Matrix-M
adjuvanted vaccine, responded with spike-protein-specific
CD4*memory T cells. Six months after vaccination the neu-
tralization titer for the mRNA and Novovax vaccines was
higher than for individuals that were naturally infected with
SARS-CoV-2 [94].

The Oxford-AstraZenceca vaccine has been shown to in-
duce high titers of IgG and neutralizing antibodies [77, 95].
When investigating the persistence of IgG antibodies it was
demonstrated that anti-spike antibodies were induced by two
doses of the vaccine which they persisted 6 months after vac-
cination [96].

Correlate of protection

In an attempt to find a correlate of protection after vaccin-
ation against COVID-19 disease, data from over 220 000
were analysed. Interestingly, it was shown that antibody
levels>94 BAU/ml after two Pfizer vaccinations were asso-
ciated with 67% protection while>300 BAU/ml gave 90%
protection. The calculations showed that the 67% protec-
tion lasted for 2-3 months for the AstraZeneca vaccine, 5-8
months for the Pfizer vaccine, while in unvaccinated individ-
uals after a natural infection the duration of protection was
1-2 years (Fig. 1b.) [97].

An investigation of breakthrough infections among vaccin-
ated hospital workers showed that breakthrough infections
were probably not due to waning immunity, since no dif-
ference was seen between the infected individuals and non-
infected [98]. The authors speculated that the breakthrough
infections might result from a lack of local protection (mu-
cosal), shown by a sharp increase in IgA during the first day of
breakthrough infection, and that the immunological memory
induced by the vaccination, prevents the severe disease, but
not infection. Therefore, since no local protection was pre-
sent it was not able to protect against the infection [98].
Moreover, IgA class switching has been suggested to occur
earlier in COVID-19 disease and higher levels during initial
diseases have been associated with a worse outcome [99]. It
has been shown that both the Pfizer and Moderna vaccines in-
duce serum spike-specific IgA responses, but the levels decay
significantly faster than the IgG levels [100] and whether or
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not it reflects the levels in the mucosal compartment and lack
of protection is unknown.

Combining the results discussed above, one can make the
assumption that a possible reason for the longer duration of
protection after a natural infection when compared to vaccin-
ation with the mRNA and viral vector vaccines, might be that
the natural infection occurs in the mucosal compartment, and
thus induces mucosal immunity and gives a more potent pro-
tection against subsequent infections.

Moreover, systemic vaccination with attenuated vir-
uses has been shown to induce mucosal immune responses
[101], it has also been shown that mucosal immunization
in one mucosal locale induces mucosal responses at other
mucosal sites [102, 103]. Thus, a mucosal vaccine should be
the best choice for a vaccine? However, it is not that simple.
Even though mucosal vaccines have been in development
for decades, there is only one licensed intranasal vaccine
(FluMist) and eight licensed oral vaccines (inactivated and
live attenuated) (reviewed in [104]). For COVID-19, it has
been shown that in severe COVID-19 disease, the archi-
tecture of the immune system of the gut is compromised,
impairing the ability to mount an intestinal immune re-
sponse. Therefore it is crucial that the recipient is free from
COVID-19 disease, when receiving the vaccine, especially
for a mucosal vaccine [105].

Conclusion

To summarize, one of the factors for a waning immune re-
sponse is an antigen shortage. The antigen is a crucial factor of
a potent GC induction and its maintenance leads to a strong
persisting immune response. Second, to not only protect
against severe disease but to prevent possible breakthrough
infections in vaccinated subjects, the vaccination needs to in-
duce an immune response at the site of pathogen entry, as for
SARS-CoV-2, in the mucosal lymphoid tissues.

Thus, for an inject and forget; immunization strategy to be
possible three criteria have to be fulfilled for the vaccine of
choice;

(i) The vaccine needs to induce immune responses at the
site of entry. For SARS-CoV-2, in the mucosa, either as a
strong systemic response that is also able to evoke a mu-
cosal response or delivered as an oral or nasal vaccine.

(ii) The vaccine needs to retain its antigen long-term, in
order for that to work, a live attenuated vaccine or a
self-replicating viral vector would need to be designed.

(iii) A potent adjuvant would be needed, especially if the
choice would be a self-replicating viral vector, prefer-
ably an adjuvant that directs the immune response to-
wards a mucosal response.

These suggestions do not nearly cover the overwhelming
complexities researchers have to tackle to design, test,
and release an optimal vaccine, but it might be food for
thought. During the SARS-CoV-2 pandemic, we have seen
a rise in public awareness of the importance of vaccines
and vaccine research. Unfortunately, we have also seen
much misinformation and anti-vaccination propaganda.
This puts a lot of pressure on researchers working in the
field of vaccinology to inform the public in a calm, clear,
and concise manner about the importance of vaccines and
vaccinations.
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At the end of the day, the purpose of vaccination is to in-
duce a long-lasting protective immune response. There will
be calor, dolor, rubor, and tumour, but the question that still
remains to be answered by the scientific community is quite
simple: how much is enough?
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