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Humoral response to SARS-CoV-2 has been studied, predominantly the classical IgG and its
subclasses. Although IgE antibodies are typically specific to allergens or parasites, a few reports
describe their production in response to SARS-CoV-2 and other viruses. Here, we investigated IgE
specific to receptor binding domain (RBD) of SARS-CoV-2 in a Brazilian cohort following natural
infection and vaccination. Samples from 59 volunteers were assessed after infection (COVID-19),
primary immunization with vectored (ChAdOx1) or inactivated (CoronaVac) vaccines, and booster
immunization with mRNA (BNT162b2) vaccine. Natural COVID-19 induced IgE, but vaccination
increased its levels. Subjects vaccinated with two doses of ChAdOx1 exhibited a more robust response
than those immunized with two doses of CoronaVac; however, after boosting with BNT162b2, all
groups presented similar IgE levels. IgE showed intermediate-to-high avidity, especially after the
booster vaccine. We also found IgG4 antibodies, mainly after the booster, and they moderately
correlated with IgE. ELISA results were confirmed by control assays, using IgG depletion by protein
G and lack of reactivity with heterologous antigen. In our cohort, no clinical data could be associated
with the IgE response. We advocate for further research on IgE and its role in viral immunity,
extending beyond allergies and parasitic infections.
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Vaccines are known to trigger long-lasting IgG antibodies, with several biological properties, and SARS-CoV-2
vaccination is not exception, regardless of vaccine type"*. Nonetheless, IgE antibodies are mainly elicited in
parasitic infections or allergies. Generally, prolonged exposure to antigens, such as allergens or parasitic infec-
tions, leads to a class switch of IgE, located in the downstream region of the immunoglobulin (Ig) locus. This
class of antibody is capable of activating mast cells and basophils, which degranulate, signaling inflammation'~.

In humans, IgG4 is a particular antibody isotype, that, like IgE, is induced in an interleukin (IL)-4-rich
microenvironment upon continuous antigenic stimuli, usually allergens. Unlike IgE, plasma cells need IL-10 to
class-switch to IgG4; this IgG isotype does not activate Fc-mediated function, being mostly anti-inflammatory*”.
In allergy contexts, IgG4 competes with IgE to prevent it from triggering FceR-mediated functions, thus it is not
uncommon to find both IgE and IgG4 in response to the same antigen®®.

Avidity is a parameter that reflects the multivalent binding strength between the antibody and the antigen’.
IgG avidity to SARS-CoV-2 has been studied as a functional parameter that correlates with neutralizing
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antibodies and serves as a marker of vaccine-induced immune response®”’. IgE antibodies typically bind with
high affinity to allergens; however, the avidity of this Ig class has not been extensively studied in the context of
infectious diseases'”.

Although uncommon, viral protein antigens can trigger IgE responses, as observed following respiratory
syncytial virus and varicella zoster infections'"'?, as well as Hepatitis B and Influenza vaccinations'*!*. Moreover,
the IgE class switch was described after in vitro immunization of human B cells with the Mumps-Measles-Rubella
(MMR) vaccine'. Concerning SARS-CoV-2, two studies have described IgE following natural infection. Pliime
et al. and Giménez-Orenga found that seric IgE correlated with the severity of COVID-19 infection, probably
contributing to inflammation'®".

As described in the literature, immunoglobulins IgG, IgM, and IgA mediate critical functions in infection and
vaccination responses to SARS-CoV-2; however, the role of IgE is still unclear in these settings. In this study, we
investigated IgE response following SARS-CoV-2 natural infection, inactivated or viral vector vaccination, and
mRNA boosting. Employing the classic enzyme-linked immunosorbent assay (ELISA) and specific antibodies,
we were able to detect the presence of IgE and IgG4 antibodies in the serum of vaccinated individuals. We then
tested the functionality of IgE by avidity. To confirm the presence of IgE, we adapted the IgG removal process
using the Sepharose-4B-protein G in an in-house assay.

Results

Population demographics

One Table 1 shows the demographic data of the studied population. As expected, in the first sampling, posi-
tive IgE indexes were found in individuals with documented COVID-19 infection but not in subjects without
COVID-19 history. The majority of individuals with positive IgE index experienced symptoms (72%), but no
symptom was specifically associated with IgE (p>0.05).

If we consider the IQR™ as high IgE levels, immune-mediated disease was not a predictor for high IgE
(p=0.344 for natural infection IgE levels, p=0.915 for ChAdOx1 or CoronaVac vaccine-IgE response and
p=0.124 for BNT162b2). However, it should be emphasized that this was a limited data collection. The immune-
mediated conditions described by the volunteers were hypothyroidism, rheumatoid arthritis, sinusitis, and rhi-
nitis. No volunteer in this particular analysis indicated any hypersensitivity during the interviews following the
administration of the SARS-CoV-2 vaccination schedule.

Specific IgE anti-RBD levels are present in vaccine response
Previous studies have demonstrated IgE antibodies following SARS-CoV-2 infection'®'’; therefore, we analyzed
samples comparing subjects with (Cov) and without (Non-cov) documented COVID-19. Although we could not

Groups

Demographics Total 59 (100) ChAd 9 (15) ChAd-cov 9 (15) Corona 22 (38) Corona-cov 19 (32)
Age; median (IQR), years 50 (43-55) 53 (37-55) 47 (43-48) 49 (42-54) 54 (48-58)
Age > 60 years; no. (%) 7 (12) 1(11) 0(0) 2(9) 4(21)

Symptoms, no. (%)
Cough 18 (31) 3(33) 0(0) 5(23) 10 (53)
Fever/febrile 9 (15) 1(11) 0(0) 3(14) 5(26)
Shortness of breath 5(8) 2(22) 0(0) 0(0) 3(16)
Myalgia 15 (25) 3(33) 0 (0) 5(23) 7(37)
Headache 22 (37) 5 (56) 0 (0) 9 (41) 8 (42)
Anosmia/dysgeusia 10 (17) 1(11) 0(0) 0(0) 9 (47)
Sore throat 14 (24) 3(33) 0(0) 3(14) 8 (42)
Fatigue 15 (25) 4 (44) 0(0) 4(18) 7 (37)
Diarrhea 8(14) 2(22) 0(0) 1(5) 5(26)
Asymptomatic 22 (37) 2(22) 9 (100) 8(37) 3 (16)

Pre-existing conditions, no. (%)
Comorbidity 35 (59) 5(56) 1(11) 17 (77) 12 (63)
Hypertension 14 (24) 3(33) 0(0) 5(23) 6(32)
Diabetes 3(5) 1(11) 0(0) 0(0) 2(11)
Heart diseases™® 3(5) 0(0) 0(0) 0 (0) 3 (16)
Respiratory diseases™t 3(8) 1(11) 0 (0) 10 (45) 6(32)
Obesity 1(7) 1(11) 0(0) 1(5) 2(11)
Immune-mediated diseasesN® | 7 (12) 2(22) 0(0) 4(18) 1(5)
Smoke 2(3) 1(11) 0(0) 1(5) 0(0)

Table 1. Baseline characteristics. Absolute number of cases, percentage, and median interquartile (IQR)

25-75th. NE Non-specific.
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(A) IgE response to COVID-19

ificreports/

find a statistical difference, some individuals exhibited IgE above the cutoff (23% of the Cov subjects) (Fig. 1A).
Comparing the natural infection and vaccine response, IgE levels are higher after two vaccine doses, with a fur-
ther increase after the boosting. For volunteers who were infected by SARS-CoV-2 before the vaccination, IgE
indexes were slightly augmented. We found that two vaccine doses plus one booster induced a higher IgE index
than natural infection, regardless of having a COVID-19 history (p <0.001 for both cases) (Fig. 1B).

When examining the groups according to vaccination schedule (ChAd, ChAd-cov, Corona, Corona-cov),
specific anti-RBD IgE was elevated after the first two vaccine doses, especially in individuals vaccinated with
ChAdOx1. Evaluating the gain of anti-RBD IgE with vaccine administration in individuals with or without a
prior diagnosis, values were more pronounced in individuals who had COVID-19, although without statistical
significance (Fig. 1C). Nonetheless, booster vaccination increased IgE indexes across all groups regardless of
vaccine type or previous COVID-19, and no statistical difference was found comparing the four groups (Fig. 1D).

(B) IgE response after COVID-19, two or
three vaccine doses
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(C) IgE response after two vaccine doses
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Fig. 1. ELISA index of IgE-RBD: (A) sera collected from subjects with (Cov, n=28) and without (Non-cov,
n=31) COVID-19 before the vaccines were available; (B) comparison of IgE levels following natural infection
(Cov), two vaccine doses with (Cov+2 doses, n=28) or without (2 doses, n=31) previous infection, and booster
vaccine with (Cov +2 doses +booster, n=28) or without (2 doses + booster, n=31) previous infection, regardless
of whether the first two doses were from CoronaVac or ChAdOx1 vaccines; (C) IgE response to each vaccine
regimen after two viral-vector (ChAd, n=9) or inactivated (Corona, n=22) vaccine doses, with or without
previous SARS-CoV-2 infection (ChAd-cov, n=9/Corona-cov, n=19); (D) IgE levels following mRNA boost

in volunteers who had received viral-vector (ChAd +booster, n=9) or inactivated (Corona + booster, n=22)
vaccines, with or without a COVID-19 history (ChAd-cov+booster, n=9/Corona-cov +booster, n=19). The
index refers to the ratio between the optical density (OD) of the sample and the cutoff value. The dotted line
shows the cutoff of anti-RBD IgE. The groups were compared using the Kruskal-Wallis test followed by Dunn’s
post hoc test. Control group =30 pre-pandemic sera.
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Analysis of the kinetics within each group revealed that the IgE index becomes statistically significant only
after the booster dose (p <0.05 for ChAd, p <0.01 for ChAd-cov, and p <0.01 for Corona). However, IgE levels
increase with each subsequent dose (Fig. 2).

IgE antibodies showed intermediary-to-high avidity towards RBD

Considering functionality, we performed an avidity assay to describe the binding strength of IgE for the RBD
antigen. Our data suggest that having COVID-19 induced IgE of intermediary avidity, whereas vaccines mostly
led to high-avidity IgE (Fig. 3). To note, only samples which provided an O.D. >0.2 were assayed for avidity,
implicating in lower n, described in the legend.

To speculate about neutralization—another functional parameter, we performed a correlation analysis to
check if IgE data would correlate with neutralizing antibodies (NAbs) after natural infection and two vaccine
doses from previously published data, using a surrogate neutralization assay based on an inhibition ELISA (cPass
SARS-CoV-2 Neutralization Antibody Detection Kit, GenScript) (Fig. 4). Briefly, this kit measures the capac-
ity of a sera sample to inhibit the binding between the Receptor binding domain (RBD) and the angiotensin
converting enzyme 2 (ACE-2), the virus receptor'®. Natural infection NAbs did not show correlation with IgE
(r=0.0061, p=0.9814), whereas two vaccine doses-NAbs correlated strongly (r=0.7125, p <0.0001), as well as
IgE-avidity (r=0.7967, p <0.01).If the IgE levels after ChAdOx1 and CoronaVac vaccines are analyzed separately,
significant but more discrete correlations are observed (r=0.5192, p>0.05 for ChAdOx1 and r=0.3284, p>0.05
for CoronaVac, graphs available in Supplementary material). Notably, we did not have that many paired samples
tested for both IgE levels, avidity and neutralization, implicating a lower statistical power during the analysis.
Additionally, since we did not have data on neutralization after the booster, we could not perform this analysis
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Fig. 2. Kinetics analysis of IgE response, showing that the index is higher in subjects previously diagnosed with
COVID-19 and rises after each vaccine dose, especially after the booster, regardless of group: (A) ChAd (n=9),
(B) ChAd-cov (n=9), (C) Corona (n=22), or (D) Corona-cov (n=19). The ELISA index refers to the ratio
between the optical density (OD) of the sample and thecutoff value. The dotted line shows the cutoff of anti-
RBD IgE. The responses at each dose were compared using the Friedman test followed by Dunn’s post hoc test.
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(A) COVID-19 IgE and NAbs correlation

(A) IgE avidity after COVID-19, two or three (B) IgE avidity according to vaccination
vaccine doses schedule
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Fig. 3. (A) Vaccination after previous infection and two vaccine doses plus one booster induced IgE of

higher avidity than natural infection. Each group had the following n: Cov=4, 2 doses=5, Cov +2 doses=9,

2 doses +booster=12, Cov +2 doses + booster =11. (B) However, when the avidity results of IgE triggered by
CoronaVac and ChAdOx1 were compared, no differences were observed. Each group had the following n:
ChAd=8, Corona=6, ChAd+booster=9, Corona+booster = 14. The avidity index refers to the OD of the well
treated with KSCN/OD of the well without it, converted in percentage. The dotted lines show the classification
of avidity as low (<30%), intermediate (30-49%) or high (=50). The groups were compared using the Kruskal-
Wallis test followed by Dunn’s post hoc test.

(B) Two-vaccine doses IgE and NAbs (C) IgE avidity and NAbs correlation
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Fig. 4. Spearmans correlation suggested that (A) neutralizing antibodies did not correlate with IgE levels after
COVID-19 (n=17 pairs) but correlated strongly with (B) IgE levels after two doses of vaccine (n=30 pairs)
and with (C) IgE avidity (n=13 pairs). NAbs indexes were first reported in Silva et al. (reference 18) and were
replotted in this manuscript for correlation analysis. Given that not all samples studied here had matched NAbs
results, number of pairs is lower than the n assayed in other experiments, and ChAd, ChAd-cov, Corona and
Corona-cov groups were pooled together for analysis, to yield more statistical power. These data was obtained
using a surrogate neutralization assay based on an inhibition ELISA (cPass SARS-CoV-2 Neutralization
Antibody Detection Kit, GenScript), which measures the capacity of a sera sample to inhibit RBD and ACE-2
binding.

either. It is also important to highlight that such data are only suggestive, and further investigation would be
required to prove that IgE could be neutralizing.

High IgE levels are moderately followed by IgG4 isotype

IgE is typically induced by Th2 microenvironment, which may be propitiated by Alum'®. However, we observed
IgE in individuals immunized with ChAdOx1 and an enhancement after BNT162b2, both vaccines that do not
use Alum as an adjuvant. Since IgE and IgG4 are both induced in strong Th2 environments and it has been
previously reported that viral antigens may trigger both immunoglobulins'"?, we tested the samples for IgG4
to better investigate Th2 antibodies (Fig. 5). While COVID-19 did not induce detectable levels of this IgG sub-
class, two vaccine doses increased its levels; but only after the booster IgG4 index was statistically higher than
the pre-pandemic control, irrespective of previous SARS-CoV-2 infection (p <0.001 for 2 doses +booster and

Scientific Reports |

(2024) 14:20003 | https://doi.org/10.1038/s41598-024-71047-5 nature portfolio



www.nature.com/scientificreports/

(A) IgG4 response after COVID-19, two or (B) IgG4 according to vaccination .

three vaccine doses schedule (C) IgE and IgG4 correlation
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Fig. 5. (A) Increased IgG4 isotype was mainly detected after the BNT162b2 booster. Each group

had the following n: Control =30, Cov=28, 2 doses=31, Cov +2 doses =27, 2 doses + booster =31,
Cov+2doses + booster =27. (B) Comparing vaccination schedule, IgG4 was particularly higher in people

who received ChAdOx1 + BNT162b2. Each group had the following n: Control =30, ChAd=18, Corona=41,
ChAd+booster =18, Corona + booster =41. (C) IgE and IgG4 levels showed a modest correlation (n=40 pairs).
The ELISA index refers to the ratio between the optical density (OD) of the sample and the cutoff value. The
dotted line shows the cutoff of IgG4 anti-RBD. (A,B) The groups were compared using the Kruskal-Wallis test
followed by Dunn’s post hoc test; (C) Spearman’s test was used to study the correlation between IgE and IgG4
levels.

for Cov +2 doses + booster). When the vaccine schedules were studied separately, we confirmed that an mRNA
booster was needed to achieve a higher IgG4 titer than control (p <0.001 for ChAdOx1 +booster and p <0.01
for CoronaVac +booster). Despite that, we found only a moderate correlation between IgE and IgG4 levels
(r=0.3408, p<0.05).

Heterologous controls and IgG-depleted samples confirm anti-RBD-IgE
Provided that sera samples were diluted at 1:5 to detect IgE and IgG4 antibodies, two different assays were con-
ducted to confirm that the results were specific and not related to sera background or IgG cross-reaction. Com-
paring the IgE levels of samples tested in microplates coated with SARS-CoV-2 RBD versus N. meningitidis OMV,
we observed similar results for samples that had lower IgE levels: negative controls and pre-vaccine with (Cov)
and without (Non-cov) natural infection. When the second dose and booster samples were assayed, the Optical
density (OD) of the RBD plate was higher, suggesting that the results were not related to the sera background
(Fig. 6A). Another option to confirm that the ELISA signal is specific to IgE antibodies was to deplete sera sam-
ples from IgG, proving that this antibody class was not cross-detected (Fig. 6B-E). Negative control, pre-vaccine,
and two dose vaccines maintained the same OD, whereas booster doses even showed slightly higher OD, probably
due to the lack of competition for antigen binding with IgG. In parallel, the OD of IgG from samples collected
after two and booster vaccine doses decreased, proving that the purification reduced IgG from the samples.

In addition, blank wells were tested for each assay in quadruplicates. The blank mean values were
0.0569 +0.009 for the plate only (without secondary antibody); 0.0852 +0.009 for the RBD-coated plate plus
anti-IgE, and 0.0728 £ 0.012 for the OMV-coated plate plus anti-IgE.

Discussion

Surprisingly, we observed an IgE-mediated immune response to both SARS-CoV-2 infection and vaccination
using ChAdOx1, CoronaVac and BNT162b2 vaccines. Pliime et al. and Giménez-Orenga have reported the pres-
ence of IgE antibodies following natural infection'®!, which was particularly evident in severe cases, and pro-
posed that IgE-mediated mechanisms might contribute to inflammation in COVID-19. However, in our cohort,
participants were asymptomatic or experienced mild symptoms and exhibited detectable IgE antibodies as well.

It is noteworthy that to detect IgE, which is less abundant than IgM and IgG, the assay’s sensibility needs
to be enhanced. Following Plume and collaborators'®, we used sera samples diluted at a 1:5 ratio, a secondary
antibody specific to the e chain from IgE, and TMB—a sensitive colorimetric substrate. To gain specificity, we
calculated the cutoff using a 99% confidence interval®'; moreover, appropriate controls were used throughout
all the experimentation, and the results were confirmed by the lack of reactivity for heterologous antigen and by
the agreement with IgG-depleted samples’ results (Fig. 6).

Atopic individuals are known to exhibit increased IgE secretion®’; however, our study suggests that a history
of immune-mediated disease did not contribute to elevated IgE index values. This may be attributed to the small
number and heterogeneity of immune-mediated conditions among the individuals in our cohort (n=7), and
studies with larger populations are warranted to address this point with greater confidence. In addition, none of
the subjects in this study reported hypersensitivity after having COVID-19 or being vaccinated, although other
studies have shown otherwise*?*.

A relationship between respiratory viral infections and atopy has been suggested before. An interesting inves-
tigation using an experimental model demonstrated FceR expression by dendritic cells in mice’s lungs after viral
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Fig. 6. Control tests: (A) sera background comparing the optical density (OD) of IgE-detection incubating sera
at 1:5 dilution in microplates coated with SARS-CoV-2 RBD or N. meningitidis OMVs. Each group (negative
control, Non-cov, Cov, 2 doses and booster) had an n=8. For another control assay, we depleted IgG from

the samples, to test if, once depleted, the IgE optical signal (using anti-IgE-e chain) would be maintained after
depletion whereas the IgG optical signal (using anti-IgG-Fc) would decrease after depletion. Four samples
were used: (B) collected before the pandemic as negative controls, (C) collected before COVID-19 vaccines
were available. In these cases, there were no specific antibodies in the samples, and the O.D.s, before and after
depletion, were almost the same. Four samples (D) collected after two vaccine doses, and (E) collected after the
booster dose. In these cases, there was both IgG and IgE in the samples, so the IgE O.D. was either the same

or even enhanced, probably due lack of IgG competition for RBD, while IgG O.D. decrease, proving that the
depletion worked.

infection with Sendai virus, which was followed by mucous cell metaplasia, consistent with asthma presentation.
These findings support the hypothesis that respiratory viral infections in individuals genetically predisposed to
Th2 responses may facilitate asthma®.

In the case of SARS-CoV-2, we could not find mechanistic studies, but it was verified that patients with
chronic rhinosinusitis took twice as long to clear SARS-CoV-2 compared with matched controls®, and eleva-
tion in total IgE was observed in pediatric patients with long-COVID; most of them were sensitized against
aeroallergens?. Other allergy-related symptoms following COVID-19, such as skin lesions, were reported during
the pandemic, but it seems that they were either unspecific to the infection or the causality relationship remains
elusive?®. Even though results from our cohort do not support an association between atopy and enhancement
of anti-RBD IgE levels, evidence suggesting the contrary led us to believe that further investigation is needed
to elucidate this issue.

IgG4 and IgE are located in the upstream region of the Ig locus, and B cells require prolonged antigenic
stimulation to undergo class-switching to these antibodies, supported by Th2 cytokines"*. Aluminum hydroxide
is known to induce a strong Th2 environment that supports this response’®; however, in our cohort, ChAdOxl1,
which lacks Alum, induced even higher IgE and IgG4 indexes than CoronaVac, an Alum-adjuvanted vaccine.
This suggests a role of the active immunogen in eliciting IgE and IgG4 responses. Similarly, previous studies have
demonstrated IgE-responses independent of aluminum salts, as observed with Flu and MMR vaccines'*". The
overall IgE levels seem to reflect the IgG response observed in the cohort from where the samples of this study
were obtained'®: subjects with a COVID-19 history before vaccination showed slightly elevated antibody levels
after the two ChAdOx1 or CoronaVac doses; ChAdOx1 induced more antibodies than CoronaVac, suggesting
it to be more immunogenic; and a BNT162b2 booster increased antibody levels in all groups (with or without
COVID-19, ChAdOx1, or CoronaVac).

The role played by IgG avidity in COVID-19 has been investigated. A study proposed that high affinity
antibodies would be required to interfere in the RBD-ACE-2 binding, thus neutralizing the virus’, which was
supported by laboratory results®. A comparison between infection and vaccination responses showed that the
latter induces IgG of higher avidity, suggesting better functionality®, a result also observed for IgE in this study.
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Unfortunately, we could not find more studies addressing IgE avidity to SARS-CoV-2 or other pathogens to dis-
cuss this aspect much further. However, it is important to highlight that, for allergenic responses, higher affinity
to the epitope may predict FceR activation and IgE-mediated function'®. This would be especially relevant in
inflammatory contexts of health and disease.

Given that IgE specific to SARS-CoV-2 antigens has not been extensively investigated, it would be interesting
to add related antibodies aiming at a more comprehensive analysis. From what is known from allergy mod-
els—the main source of IgE investigations, IgG4 could be a related antibody. This is because both are located in
distant downstream regions of the Ig locus, the class switch to IgE and IgG4 share similar Th2 stimuli**, and
concomitant IgE and IgG4 to viral antigens have been studied before'!. In the context of COVID-19, IgG4 has
been suggested as a marker of severe disease’”?**° but, concerning immunization, IgG4 levels have been detected
after booster doses of mRNA vaccines® =, agreeing with our results. IgG4 is mostly non-inflammatory, thus
the main concern regarding it would be the lack of Fc mediated-functions, such as antibody dependent cellular
phagocytosis (ADCP), complement deposition (ADCD), and cellular cytotoxicity (ADCC), conferred by IgG1
and IgG3 subclasses®. IgG4 could contribute to protection by neutralizing SARS-CoV-2, thus further investiga-
tions are warranted to elucidate this issue*>*°, which is supported by the generally excellent binding affinity of
IgG4*. Our results show only a modest correlation (r=0.3408) between IgE and IgG4 levels, thus we are unable
to confirm that the induction of both isotypes occurred because of a similar Th2 microenvironment. Therefore,
cellular and genetic profiling would be required to support this assumption more comprehensively*.

The literature reports several virus-induced IgE responses to viral infections or vaccines!' 141617, Whether
these antibodies participate in the viral immune response or have any pathogenic role remains unclear. As
previously discussed, viral infections and atopy might influence each other, exacerbating symptoms**’. On
the other hand, anti-HIV IgE antibodies, despite not demonstrating neutralizing activity, were able to inhibit
HIV proliferation in vitro, a finding hypothesized to be mediated by cytotoxicity”. More recently, IgE-mediated
cytotoxicity induced the death of pancreatic cancer cells®®. Taken together, these studies suggest a potentially
protective role for IgE unrelated to parasites.

Unfortunately, our study did not include similar functional assay, but the ELISA index of IgE-RBD antibod-
ies exhibited a significant correlation with the neutralizing index, and the vaccine-induced IgE had mostly high
avidity, suggesting a good binding strength to SARS-CoV-2. The neutralizing antibody data we had available
employed an assay that does not distinguish antibody classes, thus we assumed it would be worth investigating
whether IgE antibodies contribute to neutralization or participate in other immunological mechanisms that
could protect against SARS-CoV-2. Given the potency of IgG for neutralization, this assumption could only be
confirmed by a controlled experiment, purifying IgE from the sera and testing its ability to neutralize SARS-
CoV-2 alone, as it has been done for IgG and IgM*. Also, it is worth emphasizing that the neutralization data
was based on a inhibition ELISA kit and, even though it presented excellent correlations with pseudovirus and
live-virus neutralization assays*®*, it may also be influenced by sera titration*2.

The study population consisted only of women, which may limit the generalization of its findings. The lit-
erature measuring total IgE levels according to sex is inconclusive*’, with some evidence pointing to higher
IgE in men compared to women at different ages***>. We tested samples of three male subjects from the larger
cohort that originated the population of this study, but we did not use such data for analysis to avoid biases due
to the low number (n). These individuals were 38, 51, and 54 years old; two of them had comorbidities (both
had hypertension and obesity), none of them presented immune-mediated disease, only one had COVID-19
before vaccination, and all of them received two doses of CoronaVac and one BNT162b2 booster. None of them
presented positive IgE before the vaccines, even the one that had COVID-19 (mean value of 0.678 £0.021). After
two doses of CoronaVac, the mean IgE index was 1.323+0.071 and, upon BNT162b2 booster, it increased to
3.817 +1.054. Although the IgE index after two CoronaVac doses was somewhat lower than the female median,
after the booster, it was similar to what we observed for women. Further studies with a proportional female/male
ratio could support these observations.

Our study has some limitations: the sample size was relatively small, and only the female population was
assessed; therefore, the data should be interpreted with caution. Moreover, we were unable to measure total IgE
levels in the samples or conduct an in-depth functional characterization for IgE, describing virus neutralization
and potential to induce cytotoxicity, for example, besides avidity. However, it is important to note that the samples
were thoroughly characterized using molecular and various serology assays, control tests were performed, and
this is not the first report to demonstrate IgE antibodies specific to viral antigens.

Conclusion

With the methodologies used, our study corroborated previous evidence for an IgE-specific response to SARS-
CoV-2 and documented the role of vaccination in increasing such IgE levels. To date, characteristics that pre-
dispose individuals to this response have not been identified, but its overall kinetic profile appears to follow the
same IgG pattern: vectored vaccines induce a stronger response than inactivated ones; mRNA boosters bring
anti-RBD IgE to similar levels, regardless of the primary vaccine; IgE presents high avidity to a key SARS-CoV-2
antigen; and IgG4 levels are present, but only moderately correlated with IgE. Further research is warranted to
fully elucidate the IgE response in SARS-CoV-2 infection and immunization.

Material and methods

Ethical statement, study population and clinical characteristics

A total of 148 sera samples were provided by 59 health professional volunteers between 2020 and 2022. The
volunteers were part of a cohort of healthcare workers from the Adolfo Lutz Institute Central and Regional
Laboratories (respectively located in Sdo Paulo-SP and Santo André-SP). The following inclusion criteria were
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applied: having a molecular test for COVID-19; receiving two doses of either ChAdOx1 (AstraZeneca/Oxford)
or CoronaVac (Sinopharm/Instituto Butantan) plus a BNT162b2 (Pfizer) booster; attending the sample collec-
tion before the vaccine, after the 2" dose, and after the booster; having previous serology for SARS-CoV-2-IgG;
presenting a similar timeframe between collections to diminish temporality bias. As the majority of individu-
als who met these criteria were women, we focused our analysis on a female population. For natural infection
assessment, we analyzed sera samples from confirmed COVID-19 (Cov) cases collected 24 (10-32) days after
diagnosis by RT-qPCR in 2020, as described previously'®. These samples were compared with specimens obtained
from volunteers without documented COVID-19 (Non-cov). Cov and Non-cov volunteers were discriminated
through molecular and serological tests, which were routinely performed between March and December 2020,
regardless of the presence of symptoms during this period. This period precedes the emergence of variants and
the advent of vaccination in Brazil. The COVID-19 cases studied here were asymptomatic or experienced mild
clinical symptoms and did not require hospitalization or intensive medical care.

To assess the effect of vaccination, the groups were categorized based on the vaccine schedule:

ChAd (n=9)—two doses of vectored vaccine (ChAdOx1, AstraZeneca/Oxford) administered in an 85 (85-86)
day interval, plus one booster of RNA vaccine (BNT162b2, Pfizer) 185 days (183-187) after the 2nd dose.

ChAd-cov (n=9)—confirmed COVID-19 256 (245-257) days before receiving two doses of vectored vac-
cine (ChAdOx1, AstraZeneca/Oxford) administered in a 90 day interval, plus one booster of RNA vaccine
(BNT162b2, Pfizer) 189 days (188-190) after the 2nd dose.

Corona (n=22)—two doses of inactivated vaccine (CoronaVac, Sinopharm/Instituto Butantan) administered
in a 22 (21-23) day interval, plus one booster of RNA vaccine (BNT162b2, Pfizer) 214 (213-217) days after the
2nd dose.

Corona-cov (n=19)—confirmed COVID-19 257 (213-277) days before receiving an inactivated vaccine
(CoronaVag, Sinopharm/Instituto Butantan) administered in a 22 (22-23) day interval, plus one booster of RNA
vaccine (BNT162b2, Pfizer) 215 (213-218) days after the 2nd dose.

For each volunteer, blood samples were collected before vaccination (mean 22, 15-28 days), after the 2nd
dose (mean 33, 26-48 days), and after the booster dose (mean 36, 33-39 days). To reduce variables that could
distort results regarding the humoral response, we selected only volunteers who were diagnosed with COVID-
19 during the first wave of the disease in Brazil and without information or suspicion of diagnosis during the
interval between doses or between serological assessments after vaccination. Figure 7 illustrates the workflow
for the population selection and sampling times.

Humoral cohort

n=297
» Having a molecular test for COVID-19, and
Selected * Receiving two doses of CoronaVac or
volunteers ChAdOx1 vaccine, and;
* Receiving one booster dose of BNT162b2
Study group
n=59
|
Primary infection ‘ ‘
history COVID-19 non-COVID-19
24 (10-32) days after n=28 n=31
diagnosis
Two doses
follow up ChAd-cov Corona-cov ChAd Corona
33 (33-38) days after n=9 n=19 n=9 n=22
2nd dose Non COVID-19
symptoms or
diagnosis ChAd-cov Corona-cov ChAd Corona
Booster follow up + + + +
36 (33-39) days after booster booster booster booster
booster n=9 n=19 n=9 n=22

Fig. 7. Workflow of the selection and sampling of the study population. The population studied here originated
from a 297-volunteer cohort of healthcare workers, who were followed since the beginning of the COVID-

19 pandemic in Brazil. We selected volunteers who: had undergone molecular testing for COVID-19 before

the vaccines; had received two doses of ChAdOx1 or CoronaVac and one BNT162b2 booster; did not have a
history of COVID-19 symptoms or diagnosis between vaccine doses; attended the blood collection after each
vaccination. Using these criteria, our study population (n=>59) was divided into four different groups according
to the primary vaccine received (ChAd or Corona) and COVID-19 history (cov): ChAd-cov, ChAd, Corona-cov
and Corona.
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Serum samples of people living with HIV (viral load suppression or <20 copies/mL) and a TCD4 + count > 200
cells/mL) or other infectious diseases, contracted before the COVID-19 pandemic served as negative controls
(control group, n=30).

This study was registered and approved by the institutional ethics committee of Adolfo Lutz Institute (CAAE
31924420.8.0000.0059), and written informed consent was provided by all participants. Additionally, all experi-
ments were performed following relevant guidelines and regulations.

ELISA-RBD

IgE and IgG4 anti-RBD were detected using an in-house ELISA, following established protocols from the lit-
erature with some modifications*>*°. Individual sera samples were heat-inactivated in a water bath at 56°C for
30 min on the day before*. High-binding plates (Costar) were coated with 1 pg/mL of recombinant RBD, diluted
in Carbonate-Bicarbonate buffer (pH 9.6), and left at 4 °C overnight. The plates were blocked with 5% PBS-
skimmed milk (La Serenissima®) for 2 h at 37 °C. After that, individual sera were diluted at 1:5 and incubated at
37 °C for 2 h. HRP labeled-anti-human IgE-¢ chain (Sigma-Aldrich, product no. A-9667) or biotinylated-anti-
human-IgG4 (Sigma-Aldrich, product no. B-3648), diluted at 1:1,000, were used for a 2 h incubation at 37 °C.
For IgG4 plates, streptavidin-HRP (Zymed, product no. 43-4323) was incubated at 37 °C for 1 h. The reactions
were developed with tetramethylbenzidine (TMB) (Sigma-Aldrich) at 37°C for 20 min and stopped with IN
sulfuric acid (H,SO,).

The cutoff was established following Frey et al.?!, using 30 pre-pandemic sera as negative controls and a 99%
confidence interval, aiming to increase the specificity of the assay. The results were expressed as an ELISA index
(EI), which was calculated as follow: OD of the sample/cutoff. Indexes > 1 were considered positive and the results
were arbitrarily classified as high if IgE was > IQR50 or low if IgE was <IQR50.

Avidity-ELISA-RBD

The protocol described above was performed with one modification: after sera and before secondary antibody,
plates were incubated at room temperature (RT) (20-25 °C), for 20 min with the chaotropic agent potassium
thiocyanate (KSCN) 1.5 M*. The avidity index (Al, %) was calculated as the ratio between the OD of the sample
with KSCN/OD without KSCN, and considered low (< 30%), intermediary (30-49%), or high (=50%)*. Because
samples with low O.D., thus, non-detectable antibodies, are not suitable for avidity-ELISA‘”, the assay was not
carried out for Control and Non-cov groups, which did not had specific antibodies, and for samples presenting
an 0.D.<0.200 in other groups.

Heterologous-ELISA

As the antibodies analyzed in this study are present at low concentrations in blood (150 ng/ml of IgE versus
10 mg/ml of IgG), sera samples were tested at 1:5 dilution. To check if the signal obtained was specific, control
assays were employed: heterologous-antigen ELISA and IgG depletion.

For heterologous ELISA, the protocol described above was performed testing the IgE of 40 randomly selected
samples (8 negative controls; 8 pre-vaccine/Non-cov; 8 pre-vaccine/Cov; 8 after two vaccine doses; 8 after booster
dose) in a plate coated with outer membrane vesicles (OMV) of Neisseria meningitidis B:4:P1.9 strain, as heter-
ologous antigen®.

IgG depletion

IgG was depleted from 16 randomly selected sera samples (4 negative controls, 4 pre-vaccine, 4 after two vac-
cine doses, and 4 after booster dose) following an in-house protocol, using protein G immobilized in agarose
(Sigma-Aldrich, product no. P-3296). The test was conducted in a microplate, as described in Haslund-Gourley
and collaborators®. Sera samples were diluted at 1:5 in phosphate-buffered saline (PBS, pH 7.4) for an 80 pl
final volume. Next, 20 ul of protein G was added and the microplate was placed on an orbital shaker at 75 rpm
inice for 1 h (L.E.D. Orbit, Lab-Line Instruments Inc.). Afterward, the plate was centrifuged at 1000 g and 4 °C
for 1 min. 80 pl of supernatant was collected from each well and these steps were repeated two more times to
ensure that IgG titers would decrease. After each step, antibody concentration was assessed by ELISA. After the
third round of purification, the depleted samples were assayed for IgE and IgG anti-RBD, in parallel with sera
samples. The IgE-ELISA protocol followed the one described above and for IgG-ELISA, the same protocol was
employed in sera diluted at 1:50, using the secondary antibody anti-human IgG-Fc (product no. A-0170, Sigma-
Aldrich) at 1:10,000 dilution. Given that the depleted samples were already diluted at 1:5 in PBS, to compare
proportional dilutions, we used pure depleted samples for IgE (1/1*1/5=1/5) and depleted samples diluted at
1:10 for IgG (1/10%1/5=1/50).

Statistical analysis

Categorical variables were compared by Pearson’s x 2 test or Fisher’s exact test, as appropriate. Continuous vari-
ables were presented as range, median, and interquartile range (IQR 25th-75th). The Kruskal-Wallis test followed
by Dunn’s post hoc test was used to compare the groups. Repeated measures were analyzed using the Friedman
test. A two-sided p<0.05 was considered significant. Statistical analyses were performed using STATA v. 14
(StataCorp LLCP) and GraphPad Prism v. 5 (GraphPad Software Inc) softwares.

Data availability
The data from this manuscript may be made available upon reasonable request to the corresponding author
(Professor Elizabeth De Gaspari, PhD).
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