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Abstract: An increase in IgG4 levels is typically associated with immunological tolerance states and
develops after prolonged exposure to antigens. Accordingly, IgG4 is considered an anti-
inflammatory antibody with a limited ability to trigger efficient immune responses. Additionally,
IgG4 reduces allergic reactions by blocking immunoglobulin E (IgE) activity. In the case of COVID-
19, it has been reported that the repeated administration of some vaccines induces high IgG4 levels.
The latest research data has revealed a surprising IgE anti-receptor binding domain response after
both natural infection and several SARS-CoV-2 vaccines. The presence of IgG4 and IgE in COVID-19
disease suggests that the virus may induce an “allergic-like” response to evade immune surveillance,
leading to a shift from Th1 to Th2, which promotes tolerance to the virus and potentially contributes
to chronic infection. The spike protein from vaccines could also induce such a response. Interestingly,
"allergen-like" epitopes and IgE responses have been reported for other viruses, such as HIV and
respiratory syncytial virus (RSV). The impact of this viral-induced tolerance will be discussed,
concerning the protective efficacy of vaccines.
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1. Introduction

Attempts to rapidly contain the COVID-19 pandemic were limited by a lack of precise
understanding of SARS-CoV-2-host interactions, particularly regarding viral biology and host
immune response. The overall body of evidence points to the importance of the COVID-19 vaccines
in decreasing the severity of sickness, hospitalization, and mortality in virus-infected individuals [1-
5]. However, emerging data suggest that repeated vaccination may have unexpected consequences.
One of them is the increased production of IgG4 antibodies, a subclass of immunoglobulins
traditionally associated with immune regulation and tolerance. IgG4 antibodies are unique among
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the IgG subclasses due to their ability to undergo Fab-arm exchange (FAE), resulting in bispecific
antibodies that are functionally monovalent, and it has lower affinity for antigens when compared
with other IgG subclasses [6-9]. This property allows IgG4 to act as an anti-inflammatory agent by
blocking immune complex formation and reducing Fc-mediated effector functions, such as antibody-
dependent cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP), and
complement activation [6,10,11]. For example, IgG4 is sometimes referred to as a protective blocking
antibody because it can inhibit or stop inflammation in allergy by competing with inflammatory IgE
for antigen binding [12-15]. It is also implicated in certain autoimmune diseases including 1gG4-
related disease (IgG4-RD), which is characterized by inflammation and fibrosis in various organs [16—
18].

An increase in IgE production is often associated with natural exposure to a relevant allergen.
IgG4 appears to inhibit IgE via various routes. First, through direct competition, IgG4 can prevent
IgE from binding to particular allergens in serum. Direct suppression of IgE-mediated mast cell
activation is the second and most important mechanism (Figure 1). IgE causes mast cells to
degranulate when it interacts with the high-affinity receptor FceRI. On the other hand, IgG4 inhibits
the aforementioned effects during both the initiation and effector phases of allergic immune
responses by binding to the inhibitory receptor FcyRIIb [19].
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Figure 1. The function that allergen-specific IgG4 plays in exposure to allergens. (A) Acute allergen exposure
may cause IgE-mediated histamine-induced hypersensitivity reactions through the high-affinity receptor FceRL
(B) Long-term exposure to allergens may cause the development of IgG4, which then binds to the allergen. IgG4
then binds to the inhibitory receptor FcyRIIb located on mast cells and basophils, thus limiting hypersensitive
reactions and promoting allergy tolerance. Source: [19]. This is an open-access article and distributed under the
terms of the Creative Commons Attribution 4.0 International (CC BY 4.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.

Clinical improvement has been associated with increases in IgG4 levels, according to data from
several studies [20,21]. The protection provided by treatment correlates with increased anti-venom
IgG levels in venom allergy, at least at the onset of desensitization [22,23]. IgE-facilitated allergen
presentation to T cells, allergen-induced increases in memory IgE synthesis following high allergen
exposure during the pollen season, and allergen-induced release of inflammatory mediators from
mast cells and basophils appears to be inhibited by IgG4 blocking antibodies. Grass pollen
immunotherapy leads to a significant increase in allergen-specific IgG4 antibodies, which are crucial
for modulating allergic responses by blocking IgE-facilitated allergen binding to B cells, T cells, mast
cells, and basophils [24,25]. IgE, both total and allergen-specific is strongly suppressed by IL-10,
which also causes an increase in IgG4 synthesis [26]. Therefore, in addition to producing tolerance in
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T cells, IL-10 also controls the generation of specific isotypes and skews the specific response from an
IgE- to an IgG4-dominated phenotype. During allergen-specific immunotherapy (AIT), there is an
initial rise in IgE levels, which then decline, followed by a sustained increase in specific IgG4 levels
[27].

While this regulatory role is beneficial in conditions like allergies, it may be less desirable in the
context of viral infections, where robust and sustained immune responses are required for protection
and viral clearance [28]. In the context of the vaccination campaign against SARS-CoV-2, scientists
have demonstrated that the antibody subclasses IgG1 and IgG3 immediately dominated the IgG
response following the first two mRNA injections [29]. Nonetheless, an unanticipated long-term side
effect has been reported following the second mRNA vaccine injection: a change in the isotype of IgG
antibodies towards IgG4 [29]. Several human investigations [29-45] and at least one animal study
[46] have now reported the phenomenon of increased IgG4 antibodies following mRNA vaccination.
In comparison to all spike-specific IgG antibodies, IgG4 antibodies increased, on average, from 0.04%
soon after the second vaccination to 19.27% late after the third [29]. A further study confirmed this,
showing that the median level of IgG4 antibodies against the spike protein was 21.2% of total IgG
antibodies [34]. On the other hand, this phenomenon has not been documented in unvaccinated
individuals [31,32,38,40,43].

Numerous studies have now shown that mRNA-based vaccines (Pfizer/BioNTech or Moderna)
and inactivated vaccines such as CoronaVac and BBIBP-CorV cause this response [29-
31,33,35,38,47,48]; while recipients of adenoviral vector-based or protein-based vaccines did not
produce this increase in IgG4 concentrations [30,42]. IgG4 levels slightly increased [30,33,39] or not
at all [29,35] when heterologous SARS-CoV-2 vaccines were used (mixing of mRNA vs. adenoviral
vector vaccines). It has been proposed that an increase in IgG4 levels may protect against
immunological over-activation, similar to what occurs after successful AIT by suppressing IgE-
induced effects [29]. In contrast, other authors proposed that such an increase may not be a
mechanism of protection, but rather an immunological tolerance mechanism to the spike protein that,
by inhibiting natural antiviral responses, may encourage unopposed SARS-CoV2 infection and
replication [28]. In this work, we expand on the previous hypothesis and argue that SARS-CoV-2
presents "allergen-like" epitopes, which induce the synthesis of IgE to evade the immune system and
generate a chronic infection. Experimental evidence shows that other viruses may also use IgE to
suppress immune responses, such as influenza A [49] and RSV [50]. In response, the immune system
produces IgG4 antibodies to neutralize the negative effects of IgE. It is also proposed that repeated
vaccination with an allergen-like antigen may not be the best option if it results in tolerance rather
than protective immunity.

2. Evidence of the Involvement of IgE Antibodies in COVID-19 and in
Vaccination

Only a limited number of studies have investigated the role of IgE antibodies and their
association with disease severity. One study assessed how changes in inflammatory markers and
basal serum total immunoglobulin E (IgE) levels affected the clinical development of COVID-19
patients who were admitted to the hospital. Clinically deteriorated COVID-19 patients had
considerably lower serum eosinophil levels (0.015 [0-1.200] vs 0.040 [0-1.360], p=0.002) and
significantly higher serum total IgE concentrations (172.90 [0-2124] vs 38.70 [0-912], p<0.001). This
study found that high IgE levels could be used as a negative predictor of clinical development in
severe COVID-19 [51]. Regarding the role of eosinophils in COVID-19, it has been reported that the
disease was less severe in allergic individuals with high blood eosinophil numbers [52]. Low
eosinophil counts, on the other hand, are thought to be a predictor of the course of the disease. , Such
a reduction was often observed in individuals who passed away from COVID-19 [53]. A study
analyzed the medical records of 85 fatal cases of COVID-19 and observed that 81% of the patients
had eosinophil numbers below the normal level (absolute eosinophil counts <0.02 x 10° cells/L) at the
time of admission [54]. During respiratory viral infections, eosinophils are known to have a role in
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the immune response that facilitates cytokine release and the recruitment of CD8 + T cells.
Additionally, the virus can be neutralized by enzymes produced by eosinophils [55].

Another study found that IgE antibodies produced against the SARS-CoV-2 N protein were
detected in 100 % of patients with severe disease, 92.6 % with moderate disease, and 66.7% with mild
disease [56]. Furthermore, a recent study discovered an unusual IgE anti-receptor binding domain
response after spontaneous infection and after receiving different SARS-CoV-2 vaccines [45].
Following COVID-19 infection, samples from 59 subjects were evaluated after primary vaccination
with vectored (ChAdOx1), inactivated (CoronaVac) vaccines, and booster vaccination with mRNA
(BNT162b2) vaccine. IgE was naturally induced by COVID-19, but immunization raised its levels. All
groups showed comparable IgE levels following boosting with BNT162b2, but those who received
two doses of ChAdOx1 showed a more robust response than those who received two doses of
CoronaVac. Particularly following the booster vaccination, IgE exhibited moderate to high avidity.
Additionally, they detected IgG4 antibodies, primarily following the booster, and these showed a
moderate correlation with IgE [45]. Th2 cytokines facilitate class-switching to IgG4 and IgE
antibodies, which are found in the upstream area of the Ig locus, and B cells require sustained
antigenic stimulation for this to occur [57,58].

Although it is well known that aluminum hydroxide creates a potent Th2 milieu that facilitates
this response [59], ChAdOx1, which does not contain aluminum, produced significantly greater IgE
and IgG4 levels than CoronaVac, an alum-adjuvanted vaccine. The researchers suggested that the
active immunogen ( the spike protein) triggers such IgE and IgG4 responses [45]. When IgE-coated
antigen binds to mast cell FceRI receptors, the IgE-FceRI complex is cross-linked, which activates
mast cells and releases histamine along with several pro-inflammatory chemokines and cytokines,
such as IL-6, IL-1B, and TNF-a [60,61]. Mast cell activation syndrome may be connected to the
emergence of the cytokine storm and hyper-inflammation, according to several investigations that
have demonstrated that mast cells are activated in patients with severe COVID-19 [61-63]. Another
study supported the use of IgE-blocking drugs such as omalizumab for the treatment of COVID-19
by indicating a link between mast cell activation and high antibody levels in severe COVID-19 cases
[64].

An inevitable question arises: what purpose would it be for a virus to have an allergenic epitope?
This is highly unusual in a viral infection. It is supposed that, upon contact with a virus, the immune
system would produce only IgGl and IgG3, which are the main antiviral antibodies [65-68]. A
plausible explanation is that the virus possesses an epitope that triggers an allergic response to evade
the immune system and establish a chronic infection. Though infrequent, viral protein antigens can
elicit IgE responses, as seen following HIV [69-78], respiratory syncytial virus [79-81], and varicella
zoster infections [82], as well as with hepatitis B [83] and influenza vaccinations [84]. In COVID-19,
two investigations have described the presence of IgE antibodies after a spontaneous infection with
SARS-CoV-2. Seric IgE was reported to correlate with the severity of COVID-19 infection, which
likely contributed to hyper-inflammation [51,56]. Interestingly, other studies discovered that lethal
COVID-19 was associated with high IgG4 levels [41,85-87]. It is hypothesized that elevated IgG4
levels were a consequence, rather than a cause, of death. The etiology of death (among other factors)
may be attributable to a severe IgE-mediated allergic reaction directed against the N and spike
proteins. It is conceivable that the immune system generated the production of IgG4s in an attempt
to minimize the cytokine storm. Indeed, it has been reported that IgG4 competes with specific IgE for
allergen binding as a "blocking antibody," which prevents mast cell and basophil degranulation
[88,89]. Another possibility is that in severe COVID-19 pneumonia, SARS-CoV-2 induces IgG4
synthesis in an IgE-independent manner, inhibiting IgG3 binding to its Fc receptor, thus impairing
viral phagocytosis [90]. According to a recent study, the fatal outcome of severe COVID-19 was
correlated to significantly increased IgG4 levels in the lung tissue. IgG4 expression peaked at 80-90%
(Figure 2) in acute stages, whereas in the organization and fibrosis stages decreased to 5-10% [87]. It
would be interesting to investigate the presence of IgE antibodies in lung samples from patients who
died of severe pneumonia and who also showed high levels of IgG4. This would help determine
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whether death resulted from elevated IgE levels and whether the increase in IgG4 was an attempt by
the immune system to minimize IgE effects or if IgG4 independently contributed to inhibiting the
phagocytosis of virus-infected cells.

Figure 2. Immunochemical staining of lung tissues. In the acute phase (ARDS and DAD) IgG4 was intensely
expressed in lung tissue, reaching 80-90%, but was essentially absent during the stages of organization and
fibrosis. ARDS (acute respiratory distress syndrome), DAD (diffuse alveolar damage). Modified from [87]. This
is an open-access article and distributed under the terms of the Creative Commons Attribution 4.0 International
(CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the

original work is properly cited.

2.1. Does SARS-CoV-2 Possess “Allergen-Like” Epitopes?

To date, several works have investigated this interesting topic. Heterologous immunity
mediated by virus-induced T cells has been shown to either promote immunopathology or provide
protection against different antigens [91-94]. The shared characteristics between the SARS-CoV-2
proteome and some aeroallergens may offer a protective benefit to individuals sensitized to such
allergens, potentially mitigating the risk of an excessive Th1l response and the subsequent cytokine
storm. In contrast, these heterologous immune responses may have a negative impact by weakening
the antiviral response. Due to reduced CD8+ responses, a Th2 immune skew may result in insufficient
viral clearance [91].

This can be exemplified by findings from a large population-based cohort investigation which
discovered that adults with non-allergic asthma had a higher risk of severe COVID-19. In contrast,
the risk of severe COVID-19 was not found to be significantly increased in patients with allergic
asthma [95]. From the immunological perspective, the differential risk of severe COVID-19 in
individuals with non-allergic versus allergic asthma can be attributed to the distinct immune
pathways underlying these conditions [95-97].

Other “allergen-like” epitopes have been reported to be present in SARS-CoV-2. In 2020,
researchers discovered four insertions in the spike glycoprotein (S) that are unique to SARS-CoV-
2 and do not occur in other coronaviruses. Crucially, all four inserts included amino acid residues
similar to those found in HIV-1 gpl20 or Gag proteins. The scientists hypothesized that it was
improbable that these four different inserts in SARS-CoV-2 were accidental, suggesting an artificial
origin [98]. This conclusion led to the retraction of the paper. Alternatively, these four inserts could
be acquired naturally. It is widely recognized that viruses can acquire new genes through genetic
recombination [99-101]. It is proposed that the alleged presence of such inserts should be rigorously
investigated. In the event of confirmation, this could provide a rationale for the presence of IgE and
IgG4 antibodies in response to SARS-CoV-2 infection.

Many viruses have developed sophisticated immune evasion techniques, and SARS-CoV-2 is no
exception [102]. In this work, we hypothesize that during its evolution, this virus has acquired two
epitopes (the N and the Spike protein) that, acting as allergens, induce the production of IgE
antibodies to impair antiviral defenses. In respect of the Spike protein, a galectin-3 (Gal-3)-like fold
has been identified within the N-terminal domain of SARS-CoV-2[103]. Gal-3 is a 3-galactoside-
binding lectin which is associated with fibrosis and conditions such as idiopathic pulmonary fibrosis
(IPF)[104]. Gal-3 is a low-affinity receptor for IgE, and it has been theorized that both Gal-3 and the
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Gal-3-like fold within the NTD act as allergens by binding to IgE on the FceRI or other related mast
cell receptors [105,106]. In response, the immune system promotes IgG4 synthesis, trying to block the
negative effects of high IgE levels in a manner similar to AIT. A significant correlation between IgG4
anti-Gal-3 autoantibodies and serum Gal-3 levels has been found in patients with IgG4-RD [107].
This, and other research, supports the hypothesis that multiple allergen-like epitopes on SARS-CoV-
2 are implicated [108,109]. Since allergies are associated with a switch from Th1 to Th2 response, and
Th2 induces immune tolerance [110], it is proposed that SARS-CoV-2 induces a Th2 response to
promote tolerance. Such a response would be evolutionarily advantageous for the virus since the
immune system would ignore it instead of attacking it, thus allowing the establishment of chronic
infection. Considering there is not much information about the mechanism that mediates the
induction of IgE antibodies by HIV and RSV viruses, the following section will describe how they
have evolved an immune evasion mechanism through the presence of allergen-like epitopes.

3. Allergen-Like Epitopes in HIV Envelope Proteins

It is well known that no effective vaccine has been produced against HIV. In 2004, it was
suggested that the steady rise in interleukin 4 (IL-4) and IgE levels during HIV-1 infection, as well as
the stimulation of T helper 2 (Th2) cytokine generation, could be an allergic reaction to HIV-1 proteins
[111]. For example, one study found that the HIV-1 gp41 heptad repeat 2 (HR2) protein contains an
amino acid domain similar to the allergen domain in the fungus Aspergillus fumigatus Asp f1 protein
[112]. The same author expanded on this theory in a later review, citing experimental evidence that
show gp120 proteins released by HIV-1 resemble allergens, which bind to IgE molecules attached to
Fc epsilon receptor I (FceRI) cells (mast cells, basophils, monocytes, and dendritic cells (DCs)) and
cause them to produce and release IL-4. This cytokine was shown to induce the following responses:
the inactivation of T helper 1 (Th1) cells, the inhibition of the antiviral cytotoxic T cell (CTL) response,
the synthesis of IgE by B cells and the inhibition of antiviral IgG3 synthesis [111]. It was discovered
that whereas CD4* Th1 cells did not effectively support HIV replication, CD4* Th2 and the majority
of ThO cells did. These findings indicated that HIV replication preferentially occurs in T cells that
produce Th2-type cytokines [113], given that interferon-gamma (IFN-y) has been demonstrated to
inhibit HIV infection of Th1 cells [114].

This is highly relevant since the Th1l and Th2 pathways are mutually inhibitory: IFN-y restricts
TH2 cell growth, while IL-4 and IL-10 preferentially promote TH2 cell growth and inactivate Th1
cells [115,116]. These results imply that HIV-1 attacks the human immune system in two ways: first,
it infects Th2 cells, macrophages, and DCs, where it then replicates, and second, the gp120 proteins
it sheds trigger an allergic reaction. As a result, this “allergic-like” context inhibits Thl cell
differentiation, cytokine release, and antiviral cytotoxic T cells that are essential to destroy virus-
infected cells [117]. The theory that HIV-induced AIDS is an allergy and that gp120 is the allergen
was proposed. Thus, it can be concluded that the ongoing replication of HIV-1 in infected individuals
continuously exposes the immune system to an increase in allergen concentration until immune
tolerance is achieved, ultimately compromising host immunity [117]. At the time of its formulation,
this theory was probably considered to have no logical basis. However, considering the recent
discoveries referenced in this review, there is a strong probability that the hypothesis is accurate,
although the statement that AIDS is an allergy is an oversimplification. In our opinion, such a
hypothesis can be reformulated as follows: the induction of a Th1 to Th2 switch during HIV infection
mimics the human immune system’s response to environmental allergens. When the immune system
determines that an allergen is not a pathogen, but is regarded as an innocuous particle, it develops a
tolerance response to ignore it. Such a response includes IgG4 antibody synthesis to block IgE
proinflammatory effects. It is probable that HIV, through convergent evolution, has developed a
similar mechanism. Via the gp120 protein (which has allergen-like epitopes), HIV tricks the immune
system into inducing a tolerance response (Th2) instead of an antiviral response (Th1).

Several works have evaluated IgE levels and their association with disease severity. A study
revealed that in the initial phases of HIV-1 infection, there is an increase in plasma IgE levels before
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a decrease in CD4+ cell levels [73]. Furthermore, it is noteworthy that the degree of immunodeficiency
(as determined by the CD4* cell counts) was significantly correlated with the IgE concentration, that
is, the higher the concentration of IgE antibodies, the lower the CD4* count [76]. It was suggested that
IgE overproduction during HIV infection may be associated with CD4+ cell depletion and their
decreased ability to produce IFN [76].

In a particular study, the IgE levels of 315 HIV-seropositive patients, with or without AIDS, were
measured, and the results were then compared to those of 100 HIV-seronegative participants. The
research found that HIV-infected patients had higher IgE levels compared to the seronegative control
subjects (p < 0.05). This difference was particularly pronounced between the AIDS patients and the
control volunteers (p < 0.005). Furthermore, survival analysis revealed a 24-month incidence rate of
AIDS of 83% in subjects with IgE>150 KIU/L versus 44% in those with IgE<150 (p=0.016). Researchers
also evaluated the prognostic value of IgE elevation during the progression of the illness. The analysis
revealed that individuals with IgE levels greater than 150 had a 100% risk of developing AIDS, while
those with IgE levels less than 150 had a 9% risk (p=0.003). These findings suggest that IgE levels may
serve as a highly selective indicator among patients in the later stages of HIV infection [76]. In another
work, the total blood IgE levels of 18 uninfected homosexual male participants, 27 uninfected
heterosexual male subjects, and 67 infected male subjects were examined. The analysis revealed that
participants with a helper T-lymphocyte number <200/mm3 exhibited a mean IgE level of 132 IU/ml,
which was significantly higher than the mean IgE levels observed in the uninfected heterosexual (38
IU/ml) and homosexual (35 IU/ml) groups. Furthermore, the study identified a negative correlation
between IgE levels, helper T cells, and suppressor/cytotoxic T cell counts. However, these correlations
were not observed for IgG or IgA levels [69]. In research involving children, persistent elevation of
IgE was found to be significantly associated with a substantial decrease in CD4* counts (=30% over
one year) and an increased susceptibility to bacterial infections. A considerable decrease in CD4* cell
count appears to be associated with protracted IgE hyperproduction, suggesting that this clinical test
(as in adults) serves as a valuable indicator of the progression of the disease [118].

4. The Role of IgE in RSV Infection

It is well known that reinfection is common and immunity to the respiratory syncytial virus is
not optimal. Relative protection is associated with RSV-specific IgG, IgM, and IgA antibodies. One
study showed an association between wheezing and hypoxia in RSV infection and histamine and
RSV-specific IgE levels in nasopharyngeal secretions [81]. There is experimental evidence that allergic
inflammation can interfere with antiviral responses [119-122], and observational investigations have
shown strong correlations between allergy sensitization and the incidence of acute virus-induced
wheezing [123-125]. The mechanisms by which IgE antibodies against RSV modulate the inhibition
of the immune response have been described. Uncommon blood immune cells known as
plasmacytoid dendritic cells (pDCs) have been shown to release significant amounts of type 1 IFN in
response to exposure to virus-derived nucleic acids that are identified by toll-like receptors (TLRs) 7
and 9 [126].

pDCs generate significant levels of type I IFN, primarily IFN-a and IFN-. They are essential for
producing antiviral molecules, up to 1,000 times more than any other white blood cell type [127].
Purified pDCs were exposed to influenza viruses, and IFN-a production was measured to assess their
function in asthma patients and controls. Flow cytometry was used to assess the expression of FceRIa
on pDCs in blood samples from both controls and patients with allergic asthma. When exposed to
the influenza A virus, pDCs from asthmatic patients secreted significantly less IFN-a (572 versus
2815; p=0.03), and secretion was inversely associated with blood IgE levels. These findings
demonstrated that IgE binding reduces pDC antiviral responses [119]. Notably, anti-IgE therapy
reduces viral exacerbations in asthma by downregulating the high-affinity IgE receptor (FceRI) on
pDCs, thus improving antiviral immunity [128-130].

Another study found that, in contact with an allergen, IL-33 reduced the expression of the genes
for viperin and interferon regulatory factor 7 (IRF7) and quickly reduced the expression of IL-1
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receptor-associated kinase 1 in pDCs both in vivo and in vitro. This resulted in reduced IFN-o
production and hypo-responsiveness of TLR7 [121]. All these data suggest that by shifting the balance
of Th1/Th2 cytokines towards elevated levels of Th2 cytokines and IgE (which are indicators of
allergy), RSV avoids the human adaptive immune system [80].

5. Repeated Vaccination with Allergen-Like Epitopes

The presence of “allergen-like” epitopes in some viruses raises an intriguing possibility: they
may use such epitopes to induce immune tolerance, allowing them to persist in the host for a long
time. The immunological effects of repeated immunization with viral antigens that share structural
similarities to allergens require thorough investigation. In certain situations, vaccine-induced
immunity may shift from a strong protective immunity to a state resembling immunological
tolerance. Allergenic viral epitopes may preferentially stimulate a Th2-skewed immune response,
which results in the generation of IgE and IgG4 antibodies. For strong antiviral immunity, a Thl
response—which is defined by the generation of IFN-y and the activation of cytotoxic T cells—is
usually necessary.

A shift toward a Th2 response, promoting immune tolerance, could explain why HIV and RSV
vaccines have failed to prevent infection and disease progression. It is imperative to note that the
consequences of immune tolerance induction exhibit variations depending on the specific pathogen.
In the context of SARS-CoV-2, it has been documented that emerging variants exhibit reduced
pathogenicity compared to the original lineage [131-134]. However, in the case of HIV, no
comparable reduction in pathogenicity has been observed, as the virus continues to evade immune
control and drives disease progression [135].

According to a recent study, delayed disease progression was attributed to low IgG2 and IgG4
levels and high levels of HIV-1-specific IgG1 three years after seroconversion. In particular, there was
a significant correlation between delayed disease progression and the ability to interact with all Fcy
receptors (FcyRs) and complement component Clq, specifically with FcyRIla [136]. Since AIDS
progression is also associated with high IgE levels [76,118], the combined elevated presence of IgE
and IgG4 antibodies supports the hypothesis that “allergen-like” proteins in the HIV envelope induce
a state of tolerance to establish chronic infection. A study was conducted to compare the efficacy of
repeated immunization with similar HIV vaccines in a trial scenario. The protection (31.2%) provided
by one vaccine (RV144) was attributed to the production of IgG1 and IgG3 antibodies, whereas the
protection achieved by the other vaccine (VAX003) was found to be negligible and was linked to the
production of IgG4 antibodies after multiple vaccinations [137]. Because VAX003 was associated with
higher levels of IgG4, which are typically associated with lower functionality, scientists sought to
determine whether the induction of these antibodies was simply associated with a poorly
coordinated functional response or if it contributed directly to it. To determine that, IgG4 antibodies
were selectively removed from 16 samples from the two vaccine trials (VAX003 and RV144) to assess
their impact on effector functions [137].

In VAX003, the removal of IgG4 antibodies resulted in a significant increase in antibody-
dependent cell phagocytosis (ADCP), suggesting that IgG4 may competitively inhibit Fcy receptor-
mediated phagocytosis. Additionally, a tendency toward increased antibody-dependent cell
cytotoxicity (ADCC) was discovered, indicating that IgG4 may dampen natural killer cell-mediated
cytotoxicity. In RV144, no significant difference was observed between total and IgG4-depleted
samples. This is likely due to the inherently low levels of IgG4 in RV144-induced immune responses
[137]. Regarding the relevance of the elevated levels of IgG4 antibodies detected in the failed HIV
trials, it has been suggested that the shift in the IgG subclass from fully efficacious antibodies (IgG3)
to IgG4 would be a significant barrier to the effectiveness of HIV vaccines [138]. Indeed, in the RV144
trial, high IgG3 levels were associated with a lower risk of infection [139], while IgG4 production was
directly associated with reduced efficacy in protecting people from getting HIV infection. Moreover,
it favored breakthrough infections [137].
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The induction of tolerance to a virus and enhancement by repeated vaccination is not
recommended, as this may result in the immune system ignoring the pathogen, thereby facilitating
reinfection and unopposed replication [28]. Indeed, in COVID-19, several studies demonstrated that
the more vaccines a person receives, the greater the likelihood of acquiring SARS-CoV-2 [140-145].
Depletion assays were used in a study with convalescent participants and results showed that IgG4
had little or no impact on SARS-CoV-2 neutralization [146], thus confirming similar results from other
studies [67,147]. Other research evaluated IgG4 levels in healthy and immunocompromised patients
who received three mRNA vaccines, showing they peaked suddenly, remained elevated for a long
time, and had little effect on neutralizing capacity [40]. Furthermore, a decline in the capacity of spike-
specific antibodies to stimulate ADCP and complement deposition was also observed, coinciding
with a class switch to IgG4 antibodies [29]. Although the virus is now considered less dangerous, it
can still lead to chronic inflammation and severe damage or death in adults with comorbidities and
immunosuppressed individuals [148].

6. Implications for Vaccine Design

A new pandemic virus is likely to emerge in the future. In such a scenario, it is suggested that
virologists should analyze its genetic sequence to find allergen-like epitopes. Such identification
requires a combination of bioinformatics, structural analysis, and immunological validation. Some
useful tools are:

e AlgPred 2.0 (https://webs.iiitd.edu.in/raghava/algpred2/), which uses multiple machine
learning approaches to predict allergen-like sequences.

e AllergenFP (http://ddg-pharmfac.net/AllergenFP/), uses a descriptor-based fingerprint to
detect potential allergens.

e  BLASTp (https://blast.ncbi.nlm.nih.gov/Blast.cgi), finds regions of similarity between
biological sequences. The program compares nucleotide or protein sequences to the sequence
database and calculates the statistical significance.

e AlphaFold (https://swissmodel.expasy.org/), predicts protein structures for docking studies.

e Molecular docking (Autodock, HADDOCK) (https://rascar.science.uu.nl/haddock?2.4/),

If such epitopes are identified using these tools, they should be excluded from vaccines. A gene-
editing technique known as CRISPR-Cas9 [149] could be used to delete or modify an “allergen-like”
epitope on a virus or bacterium to prevent the shift to a Th2 response and redirect toward a Thl
response.

7. Conclusion

A comprehensive review of the existing literature suggests that certain viruses, such as HIV and
RSV, possess “allergen-like” epitopes. These viruses induce an allergic response that counteracts
antiviral defenses and promotes immunological tolerance, allowing them to persist in the host. Such
tolerance may be a key factor contributing to the failure of vaccines targeting these viruses, as it leads
to the induction of a Th2 rather than a Th1 response. Several HIV vaccine trials showed no protection
against infection, and that was associated with high IgG4 levels. In addition, vaccines against
pertussis and malaria have also been shown to increase IgG4 production beyond normal levels (for
review, see ref. [28]). For instance, research demonstrated that a decreased risk of malaria in the
second year was associated with higher concentrations of IgG1 and IgG3 antibodies. The probability
of contracting malaria was reduced by almost 50% when IgGl1 levels doubled and by roughly 60%
when IgG3 levels doubled. In stark contrast, when levels of non-neutralizing IgG4 doubled, the
likelihood of getting malaria increased by about three times [150]. Interestingly, a different study also
discovered a connection between elevated IgG4 levels and an increased risk of infection and malaria
exacerbations [151]. These findings strongly suggest that pertussis and malaria pathogens also
possess “allergen-like” epitopes.

d0i:10.20944/preprints202503.0461.v1
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Additionally, it has been shown that IgG4 inhibits IgG1 and IgG3 from opsonizing malaria-
infected erythrocytes in vitro [152]. Opsonization is an immunological process in which invading
pathogens are tagged with opsonins (antibodies) so that phagocytes can eliminate them. The
negatively charged cell walls of the pathogen and the phagocyte repel each other in the absence of
antibodies. Consequently, the infection can continue to grow in the human body without being
destroyed. Opsonins help the macrophage to ingest the pathogen by overcoming the repulsive barrier
between negatively charged cell walls. An antimicrobial method to eradicate and stop the
transmission of the disease is opsonization [153].

The presence of “allergen-like “epitopes in SARS-CoV-2 is suggested, as evidenced by the
induction of IgE and IgG4 responses by the N and spike proteins. Consequently, it is imperative to
verify or refute their existence. If this hypothesis is confirmed, it would suggest that the virus has
developed an additional immune evasion mechanism by mimicking an allergen. Therefore, repeated
vaccination could unintentionally promote unopposed reinfection and replication, allowing chronic
infection [28]. In the context of SARS-CoV-2 vaccines, repeated mRNA vaccination also leads to the
production of high levels of IgG4 antibodies, which are likely to be generated to counteract the effects
of IgE antibodies induced by the N or the spike protein. However, as noted above, the induction of
tolerance to an allergen is beneficial for the host, whereas, in a viral infection, tolerance induction will
allow the persistence of the pathogen rather than effective clearance.
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