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Exposure to avian coronavirus vaccines is associated with
increased levels of SARS-CoV-2-cross-reactive antibodies
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Abstract

Background: Although avian coronavirus infectious bronchitis virus (IBV) and SARS-
CoV-2 belong to different genera of the Coronaviridae family, exposure to IBV may
result in the development of cross-reactive antibodies to SARS-CoV-2 due to homolo-
gous epitopes. We aimed to investigate whether antibody responses to IBV cross-
react with SARS-CoV-2 in poultry farm personnel who are occupationally exposed to
aerosolized IBV vaccines.

Methods: We analyzed sera from poultry farm personnel, COVID-19 patients, and
pre-pandemic controls. IgG levels against the SARS-CoV-2 antigens S1, RBD, S2, and
N and peptides corresponding to the SARS-CoV-2 ORF3a, N, and S proteins as well
as whole virus antigens of the four major S1-genotypes 4/91, I1S/1494/06, M41, and
D274 of IBV were investigated by in-house ELISAs. Moreover, live-virus neutralization
test (VNT) was performed.

Results: A subgroup of poultry farm personnel showed elevated levels of specific IgG

for all tested SARS-CoV-2 antigens compared with pre-pandemic controls. Moreover,
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using the VNT.

KEYWORDS

poultry farm personnel, COVID-19 patients, and pre-pandemic controls showed spe-
cific IgG antibodies against IBV strains. These antibody titers were higher in long-term
vaccine implementers. We observed a strong correlation between IBV-specific 1gG
and SARS-CoV-2 S1-, RBD-, S2-, and N-specific IgG in poultry farm personnel com-
pared with pre-pandemic controls and COVID-19 patients. However, no neutraliza-

tion was observed for these cross-reactive antibodies from poultry farm personnel
Conclusion: We report here for the first time the detection of cross-reactive IgG anti-

bodies against SARS-CoV-2 antigens in humans exposed to IBV vaccines. These find-

ings may be useful for further studies on the adaptive immunity against COVID-19.

COVID-19, cross-reactivity, IBV, neutralization, SARS-CoV-2
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GRAPHICAL ABSTRACT

IBV- and SARS-CoV-2-specific IgG antibodies were measured in poultry farm personnel, COVID-19 patients and pre-pandemic controls.
Elevated levels of IBV- and SARS-CoV-2-slgG were detected in a subgroup of poultry farm personnel, in particular among vaccine
implementers. Longer work experience in vaccine implementers was associated with higher levels of S1-, RBD-, 4/91-,1S/1494/06-,
M41-, D274-slgG. Significant positive correlations were observed between IBV-specific IgG and SARS-CoV-2-specific IgG in poultry farm

personnel but not in COVID-19 patients or pre-pandemic controls.

1 | INTRODUCTION

The pandemic caused by severe acute respiratory syndrome coro-
navirus-2 (SARS-CoV-2) has persisted since December 2019,%2
despite the widespread use of rapidly developed vaccines.>*
Coronaviruses are classified into four genera (alpha-, beta-, gam-
ma-, and delta-coronaviruses) in the Coronaviridae family. Alpha
and beta coronaviruses infect mammals, whereas gamma and
delta coronaviruses primarily infect birds, though some can infect
mammals.® Certain coronaviruses are the causative agents of im-
portant epidemics or pandemics in animals and humans, whereas

others cause infection in their hosts in the absence of any apparent

clinical manifestation.® The oldest coronavirus pandemic reported
in animals was caused by the avian coronavirus infectious bron-
chitis virus (AvCoV or IBV).” This IBV pandemic has persisted in
chicken flocks since 1931 despite mass or flock-based vaccination
of the chickens globally with mostly live attenuated IBV strains by
aerosol application.®

Vaccine implementers are exposed to IBV vaccine strains con-
junctivally as well as through their respiratory tract almost on a daily
basis during the application of live attenuated strains of IBV vaccines
in hatcheries and poultry houses. This intensive vaccine virus expo-
sure continues throughout their working lives. Poultry workers are
in close contact only via vaccinated poultry with the IBV vaccine,
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but not with vaccine viruses directly. Therefore, their exposure to
IBV vaccines seems to be significantly lower than that of vaccine
implementers.

Like all coronaviruses, SARS-CoV-2 and IBV have a spherical
pleomorphic electron-microscopic appearance, with an average size
of 80 to 120nm, similar genome organizations, and structural and
non-structural proteins. IBV has seven genotypes and a number of
recombinants based on the differences in nucleotide sequence of the
S1 gene, which encodes the major immunological determinants.”1°
Thus, amino acid alterations (<5%) in the S1 protein in field viruses
may influence the vaccine effectiveness and cross-protection.*''2
Hence, neutralizing antibodies against the S1 protein of each gen-
otype by vaccination may not protect against infection with novel
genotypes and recombinants. Clinical IBV cases persist unless vac-
cine strains homologous to the field IBV strains are used. On the
surface of the envelope, S (spike), M (membrane), and E (envelope)
proteins are found, while inside the envelope, the major protein
present around the RNA of the virus is the nucleocapsid (N) protein.®
Concerning the spike sequence, a highly conserved region between
SARS-CoV-2 and IBV can be found between the amino acids 807 and
830 (Figure S8).

During the course of an infection, the first contact of a coro-
navirus with its host is established by binding of the S protein to
its specific receptor(s), which are located on the mucous surfaces
of the respiratory tract.’®* The S proteins of coronaviruses are
formed by two subunits, S1 and S2. S1 contains a receptor bind-
ing domain (RBD) responsible for virus binding to its receptor and
thus, determining the host and cell specificity of the virus.'® S1
is the most frequent mutation-developing site of coronaviruses,
while the S2 region is relatively constant and rarely develops mu-
tations.’®” Besides the morphological and genomic similarities
between coronaviruses infecting different animals and humans,
there are large differences in the nucleotide and amino acid se-
quences of both structural and non-structural genes and proteins.
However, there are also regions showing similarities. Despite
their genetic and protein sequence differences, the topology and
stereo-morphic structures of the antibody binding epitopes found
in the S1 and N proteins of SARS-CoV-2 and IBV*® may result in
cross-reactivity of antibodies developed during an infection or
vaccination in one species against the other. Coronavirus-specific
IgG and IgA antibodies in serum and mucosal surfaces can function
as neutralizing antibodies.?”?° On the contrary, antibodies to other
structural parts of the coronaviruses such as S2 and N can play an
important role in antibody-dependent cell-mediated immunity, T-
cell immunity, and in vivo viral neutralization although they do not
directly affect RBD binding and thus epithelial cell infectivity.?*?
Cross-reactive antibodies generated in response to exposure to
coronaviruses other than SARS-CoV-2 may therefore provide a
certain level of protection against SARS-CoV-2 infection and/or
severe disease.?* Conversely, non-neutralizing cross-reactive anti-
bodies recognizing SARS-CoV-2 may also have detrimental effects
if they facilitate antibody-dependent enhancement of viral entry
into host cells.?

Although IBV and SARS-CoV-2 are in different genera of the
Coronaviridae family, exposure to IBV may result in the develop-
ment of cross-reactive antibodies to SARS-CoV-2. We hypothe-
sized that poultry farm personnel, who are exposed to aerosolized
IBV vaccines as a result of their occupation, will develop antibody
responses to IBV, which may display cross-reactivity to SARS-
CoV-2. Such cross-reactive antibodies may confer protection
against SARS-CoV-2 infection and/or severe disease. The aim
of the current study was to measure cross-reactive antibodies
in poultry farm personnel and assess their neutralizing capacity
on SARS-CoV-2 infection. Therefore, we measured serum IgG in
three different cohorts: (1) poultry farm personnel, who had been
previously frequently exposed to one of the IBV vaccine strains,
(2) pre-pandemic controls, and (3) COVID-19 patients. IgG specific
for the SARS-CoV-2 antigens S1, RBD, S2, and N antigen, including
selected peptides from these antigens, were measured. In addi-
tion, we determined SARS-CoV-2 neutralization and IgG reactiv-
ity to the IBV S1 genotypes Massachusetts 41 (M41), Dutch 274
(D274), 1S/1494/06 (Israel variant2), and 4/91.

2 | MATERIALS AND METHODS

2.1 | Human serum samples used in this study

A total of 53 serum samples of poultry farm personnel collected be-
tween August and September 2020 were used in this study. These
samples were obtained from actively appointed personnel in four
commercial poultry farms located in the Aegean and Marmara re-
gions of Turkey. The samples were categorized into two groups. The
first group (n = 39) consisted of vaccine implementers who admin-
ister IBV live attenuated vaccines through aerosol spraying in the
poultry house. The second group (n = 14) comprises poultry work-
ers, who collect the meat-type chickens before slaughter and raise
the chickens in the poultry house. The mean age of poultry farm
personnel was 31.53+1.07 years. Of the 53 individuals, 51 were
male. Concerning vaccine implementers (sample numbers from VI1
to VI39), mean work experience was 80.4 + 14.4 months. The mean
work experience for poultry workers (sample numbers from PW1
to PW14) was 81.1+23.6 months (Table S1). In addition, sera from
healthy voluntary donors (n = 38) obtained in the pre-pandemic era
(i.e., before October 2019) were used as negative controls. RT-PCR-
confirmed non-hospitalized (n = 19) (sample numbers from C1 to
C19) and hospitalized COVID-19 patient samples (n = 18) (sample
numbers from C20 to C37) were used as positive controls. Together,
the COVID-19 patient cohort had a mean age of 42.86+2.29 years
and 35.14% of the patients were female. Demographics of poultry
farm personnel, COVID-19 patients, and pre-pandemic controls are
shown in Tables S1-S3, respectively. Following written informed
consent, all participants provided blood specimens for analysis. The
study protocol was approved by the Ethics Committees of the Bursa
Uludag University of Turkey (2021-11/13) and the Ethics Committee
of Zurich (2020-00898 and 2020-01322).
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2.2 | ELISA and virus neutralization assay

The following experimental steps were applied in the analyses:

1. The serological analysis of SARS-CoV-2-specific IgG was per-
formed by in-house ELISA. The following SARS-CoV-2 anti-
gens were used: S1 (Acro Biosystems, Newark, DE, USA),
RBD (ATUM, Newark, California, USA), S2 (Acro Biosystems,
Newark, DE, USA), and N (Acro Biosystems, Newark, DE, USA).
Detailed information about the selected antigens is shown in
Table S4.

2. To determine the IBV-specific 1gG response, the in-house ELISA
procedure was performed using 4/91, 15/1494/06, M41, and
D274 strains (Table S5).

3. For the measurement of 1gG specific for SARS-CoV-2 peptides,
peptide epitope ELISA was applied (As previously reported by
Shrock et al?®). SARS-CoV-2 peptides ORF3a (aa. 172-205), N (aa.
153-176), N (aa. 221-244), N (aa. 358-381), N (aa. 382-405), S
(aa. 547-570), S (aa. 782-805), S (aa. 807-830), S (aa. 1138-1161),
a rhinovirus A peptide (aa. 567-591), a human herpesvirus 4 pep-
tide (aa. 398-422), and an HIV-1 peptide (aa. 967-991) (Biomatik,
Ontario, Canada) were used. Detailed information about the se-
lected peptides is listed in Table Sé.

4. The amino acid sequence of each selected peptide of SARS-CoV-2
and the alignment of corresponding sequences in the endemic
HCoVs (NL63, 229E, HKU1, and OC43) and IBV (4/91, M41, and
D274), are shown in Figure S8A-H. Sequences were aligned by
MUSCLE in JalView (http://www.jalview.org, version 2.11.1.4).

5. The presence of neutralizing antibodies against SARS-CoV-2 was
assessed by live-virus neutralization assay.?’

For further details, please refer to the Appendix S1.

2.3 | Statistical analysis

All statistical analyses were performed using GraphPad Prism
(v.9.0; La Jolla, CA, USA). The Shapiro-Wilk test was performed
to evaluate the normality of the data. Differences between the
groups, including poultry farm personnel, positive, and negative
controls, were determined using Kruskal-Wallis test with the
Dunn's multiple comparisons. The alternative parametric test,
one-way ANOVA, was implemented if data were normally dis-
tributed. In this case, Tukey's test was performed as a post hoc
comparison. The correlation between antibodies was tested using
Spearman correlation. Heatmaps were created using GraphPad
Prism (v.9.0; La Jolla, CA, USA). Spearman rank correlation matrix
generated by Morpheus matrix visualization software (https://
software.broadinstitute.org/morpheus/).  Two-tailed  Mann-
Whitney U test was used to compare differences between the
groups (non-hospitalized vs. hospitalized COVID-19 patients and

vaccine implementers vs. poultry workers) for IgG ratios. For all

statistical analyses, a probability level of p<.05 was accepted as

statistically significant.

3 | RESULTS

3.1 | SARS-CoV-2 antigen-specific IgG levels in
poultry farm personnel, COVID-19 patients and pre-
pandemic controls

We determined the levels of serum specific 1gG for the SARS-
CoV-2 antigens S1, RBD, S2, and N by ELISA. Si-specific I1gG
levels were significantly higher in COVID-19 patients compared
with poultry farm personnel and pre-pandemic control sam-
ples (Figure 1A). RBD-specific IgG levels of COVID-19 patients
were also higher than those of poultry farm personnel and pre-
pandemic control samples (Figure 1B). Likewise, S2- and N-specific
IgG levels were the highest in COVID-19 patients when compared
with poultry farm personnel and pre-pandemic control samples
(Figure 1C,D; Table S7). Hospitalized COVID-19 patients exhibited
significantly higher S1-, RBD-, S2-, and N-specific IgG levels than
non-hospitalized COVID-19 patients (Figure S1A-D). The heatmap
(Figure 1E) illustrates that all of the COVID-19 patients had high
levels of IgG against all four SARS-CoV-2 antigens. Of note, the
levels of S1-, RBD-, and N-specific IgG were significantly higher
in poultry farm personnel compared with the pre-pandemic con-
trol group (p<.05), while S2-specific 1gG levels were not statis-
tically different. A fraction of the poultry farm personnel (VI20,
V123, VI27, V129, VI30, V134, VI36, VI37, VI38, VI39, PW9) showed
higher specific antibody levels than the pre-pandemic control. Ten
out of these 11 poultry farm personnel were vaccine implement-
ers (90.91%) and one was a poultry worker (9.09%) (Figure 1E).
Only one sample (VI17) exhibited an IgG OD ratio of >0.6 for all
SARS-CoV-2 antigens.

The OD ratios of S1-, RBD-, S2-, and N-specific 1gG were sig-
nificantly higher in COVID-19 patients than in poultry farm person-
nel and the pre-pandemic control group (p<.0001) (Figure 1A-D).
There was no significant difference between vaccine implementers
and poultry workers regarding S1-, RBD-, S2-, and N-specific IgG OD
levels (Figure S1E-H).

The percentage of individuals that exhibited OD values of
S1- and RBD-specific IgG above the threshold of 0.1, was higher
among vaccine implementers (33.33% and 38.46%, respectively)
than among poultry workers (21.43% and 14.29%, respectively).
However, the percentages of poultry workers were predominant
for S2- and N-specific 1gG (71.43% and 78.57%, respectively),
as shown in Figure 1F. The percentages of vaccine implement-
ers with positive RBD-specific IgG were significantly higher than
poultry workers (p<.01) whereas poultry workers with positive
S2-specific 1gG were significantly higher than vaccine implement-
ers (p<.01). However, there were no significant differences for
S1- and N- specific IgG.
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FIGURE 1 SARS-CoV-2 antigen-specific IgG levels in poultry farm personnel, COVID-19 patients, and pre-pandemic controls. (A) anti-S1
1gG, (B) anti-RBD IgG, (C) anti-S2 IgG, and (D) anti-N IgG OD ratios in sera from vaccine implementers (n = 39, pink circles closed) and poultry
workers (nh = 14, pink circles open), non-hospitalized COVID-19 patients (n = 19, black circles open), hospitalized COVID-19 patients (n = 18,
black circles closed), and pre-pandemic control samples (n = 38, turquoise circles). Dashed lines indicate the threshold level at 0.1. Statistical
analyses were performed using the Kruskal-Wallis test. *p <.05, ****p <.0001. Horizontal bar represents mean values. (E) Heatmap of 1gG
antibody levels in sera from vaccine implementers (VI1-VI39) and poultry workers (PW1-PW14), non-hospitalized COVID-19 patients (C1-
C19), hospitalized COVID-19 patients (C20-C37), and pre-pandemic control samples (H1-H38). The color key indicates IgG OD ratios, with
blue shades indicating elevated ratios while white shades indicating lower ratios. (F) Frequency of vaccine implementers and poultry workers
with >0.1 IgG OD ratios for S1, RBD, S2, and N. Statistical analysis was performed using the Fisher's exact test. **p<.01

3.2 | Avian coronavirus infectious bronchitis
virus-specific IgG levels in poultry farm personnel,
COVID-19 patients, and pre-pandemic controls

We next analyzed the levels of IgG antibodies specific for the IBV gen-
otypes 4/91,15/1494/06, M41, and D274. As shown in Figure 2B-D,
significant differences were observed for IBV-specific IgG in poultry
farm personnel, COVID-19 patients, and pre-pandemic controls. In

this context, 1S/1494/06-specific IgG levels were significantly higher
in pre-pandemic control samples than in COVID-19 patients (p <.05)
(Figure 2B). In addition, the levels of M41-specific 1gG in the pre-
pandemic control group were significantly higher than in COVID-19
patients (p<.05) (Figure 2C). The D274-specific 1gG OD ratios in
poultry farm personnel were significantly higher than in COVID-19
patients (p<.001) (Figure 2D; Table S7). However, we did not ob-
serve significant differences in the 4/91-specific IgG levels, between
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workers with >0.1 I1gG OD ratios for 4/91, 1S/1494/06, M41, and D274

poultry farm personnel, COVID-19 patients, and pre-pandemic
control samples (Figure 2A). In the non-hospitalized and hospital-
ized COVID-19 patients' comparison, we found that 4/91-, M41-,
and D274-specific IgG OD ratios were significantly higher in non-
hospitalized cases (p <.01) (Figure S2A, C, D). However, 1S/1494/06-
specific IgG OD ratios did not differ significantly in non-hospitalized
and hospitalized COVID-19 patients (Figure S2B). There were no
significant differences between vaccine implementers and poultry
workers in IBV-specific IgG levels (Figure S2E-H). Here it should be

noted that the percentage of individuals showing IBV-specific I1gG
values > 0.1 was slightly higher in vaccine implementers than in poul-
try workers (Figure 2F).

Among 39 vaccine implementers, 36 (92.31%), 28 (71.79%),
34 (87.18%), and 39 (100%) individuals had >0 IgG ratios for 4/91,
1S/1494/06, M41, and D274, respectively. The frequency of individ-
uals with the >0 IgG ratios was 12 (85.71%), 9 (64.29%), 8 (57.14),
and 14 (100%) for 4/91,1S/1494/06, M41, and D274, respectively, in
a total of 14 poultry workers (Figure 2E).
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3.3 | Specific antibody responses to SARS-
CoV-2 peptide epitopes with homology to
endemic HCoVs and avian coronavirus infectious
bronchitis virus

After observing cross-reactivity between SARS-CoV-2 and IBVs,
we selected peptides with varying degrees of a homology between
SARS-CoV-2 and endemic HCoVs and IBV. We investigated the IgG
levels against a selection of SARS-CoV-2 peptides; ORF3a (aa. 172-
205), N (aa. 153-176), N (aa. 221-244), N (aa. 358-381), N (aa. 382-
405), S (aa. 547-570), S (aa. 782-805), S (aa. 807-830), and S (aa.
1138-1161). As shown in Figure S8G, the most homologous region
is S (aa. 807-830) in the comparison between IBV and SARS-CoV-2.
Rhinovirus A (aa. 567-591) and a human herpesvirus 4 (aa. 398-422)
peptides were included as positive controls and an HIV-1 (aa. 967-
991) peptide was included as a negative control. I1gG levels against
ORF3a (aa. 172-205) were higher in COVID-19 patients than in poul-
try farm personnel and pre-pandemic control samples (Figure 3A).
Similarly, 1gG against the regions corresponding to residues 153 to
176, 221 to 244, 358 to 381, and 382 to 405 of the SARS-CoV-2 N
protein was higher in COVID-19 patients than in poultry farm per-
sonnel and pre-pandemic control samples (Figure 3B-E). According
to the S (aa. 547-570), S (aa. 782-805), S (aa. 807-830), and S (aa.
1138-1161) regions, the 1gG OD ratios in COVID-19 patients were
significantly higher than in poultry farm personnel and pre-pandemic
control samples (Figure 3F-I and M; Table S7).

IgG OD ratios against all peptides, except ORF3a (aa. 172-
205), were significantly higher in COVID-19 patient samples than
in poultry farm personnel and pre-pandemic control samples. In
pre-pandemic control group, the IgG OD ratios against ORF3a (aa.
172-205) and N (aa. 221-244) regions were statistically higher than
poultry farm personnel.

1gG levels specific for the positive control rhinovirus A (aa. 567-
591) and human herpesvirus 4 (aa. 398-422) peptides were signifi-
cantly higher in pre-pandemic control samples and poultry farm
personnel than in COVID-19 patients (Figure 3J,K). In contrast,
HIV-1 (aa. 967-991)-specific 1gG levels were significantly higher in
COVID-19 patients than in poultry farm personnel and pre-pandemic
control samples (Figure 3L).

1gG levels specific for the SARS-CoV-2 peptides N (aa 153-176),
N (aa 221-244), N (aa 358-381), N (aa 382-405), S (aa 547-570),
S (aa 782-805), and S (aa 1138-1161) were significantly higher in
hospitalized COVID-19 patients than in non-hospitalized COVID-19
patients (Figure S3A). In contrast, IgG specific for rhinovirus A (aa.
567-591) and human herpesvirus 4 (aa. 398-422) peptides, was
higher in non-hospitalized than in hospitalized COVID-19 patients
(Figure S3B). IgG specific for the S (aa 1138-1161) peptide was sig-
nificantly higher in vaccine implementers than in poultry workers
(Figure S4A). However, there were no significant differences be-
tween vaccine implementers and poultry workers in the evaluation
of IgG levels specific to rhinovirus A (aa. 567-591), human herpesvi-
rus 4 (aa. 398-422), and HIV-1 (aa. 967-991) peptides (Figure S4B).

3.4 | Long-term employment as poultry farm
personnel is associated with higher levels of SARS-
CoV-2 S1-, RBD-, and avian coronavirus infectious
bronchitis virus-specific IgG

Next, we wanted to determine whether poultry farm personnel with
more work experience had higher levels of SARS-CoV-2- and IBV-
specificlgG. Vaccine implementers and poultry workers were catego-
rized into three groups (2-20 months, 21-100 months, >100 months).
The levels of 1gG specific for S1, RBD, 4/91, 1S/1494/06, M41, and
D274 were significantly higher in the vaccine implementers with
>100months' experience than in those with 2-20months' experi-
ence (Figure 4A). In the poultry workers, only anti-4/91 1gG levels
were higher in the group with >100months' experience than in the
group with 2-20months' experience (Figure 4B). The comparison
between vaccine implementers and poultry workers did not show a
significant difference.

3.5 | Correlation among SARS-CoV-2-, avian
coronavirus infectious bronchitis virus-, SARS-
CoV-2 peptide-, rhinovirus-, human herpesvirus
4-specific IgG in poultry farm personnel, COVID-19
patients, and pre-pandemic controls

A positive correlation between IBV-specific IgG and SARS-CoV-
2-specific IgG may be indicative of the presence of cross-reactive
antibodies. The strongest positive correlations between SARS-
CoV-2- and IBV-specific IgG were observed in poultry farm per-
sonnel (Figure 5A, marked by green square), while there were no
significant positive correlations between SARS-CoV-2 antigen-
specific 1gG and IBV-specific IgG in COVID-19 patients. Only one
negative correlation (r = -0.3456; p <.05) was found between N-
specific IgG and 4/91-specific IgG in COVID-19 patients (Figure 5B,
marked by green square). We observed moderate positive corre-
lations in the pre-pandemic control group between 1S/1494/06-
and S1-specific IgG, 4/91- and RBD-specific 1gG, 1S/1494/06- and
RBD-specific I1gG, M41- and RBD-specific 1gG, D274- and RBD-
specific 1gG, IS/1494/06- and S2-specific IgG, 4/91- and N-specific
IgG, 1S/1494/06- and N- specific 1gG, and M41- and N-specific
IgG (Figure 5C, marked by green square). The individual graphs of
Spearman correlation analysis for each SARS-CoV-2 and IBV anti-
gens are shown in Figure S5A-C. Only the significant correlations
are shown.

There were no significant correlations between SARS-CoV-2
peptide-specific I1gG and IBV-specific IgG in poultry farm person-
nel (Figure 5A, marked by yellow rectangle). We observed negative
correlations between several SARS-CoV-2 peptide-specific IgG and
IBV-specific I1gG in COVID-19 patients and pre-pandemic control
group (Figure 5B,C, marked by yellow rectangle). The only significant
positive correlation in poultry farm personnel between SARS-CoV-2

antigen- and SARS-CoV-2 peptide-specific IgG was between N- and
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FIGURE 3 SARS-CoV-2 peptide-specific IgG levels in poultry farm personnel, COVID-19 patients, and pre-pandemic controls. (A) anti-
ORF3a (aa 172-205) IgG, (B) anti-N (aa 153-176) IgG, (C) anti-N (aa 221-244) IgG, (D) anti-N (aa 358-381) IgG, (E) anti-N (aa 382-405)
1gG, (F) anti-S (aa 547-570) IgG, (G) anti-S (aa 782-805) IgG, (H) anti-S (aa 807-830) IgG, (I) anti-S (aa 1138-1161) IgG, (J) anti-Rhinovirus
A (aa 567-591) IgG, (K) anti-HHV 4 (aa 398-422) IgG, and (L) anti-HIV-1 (aa 967-991) IgG OD levels in sera from vaccine implementers

(n = 39, pink circles closed) and poultry workers (n = 14, pink circles open), non-hospitalized COVID-19 patients (n = 19, black circles
open), hospitalized COVID-19 patients (n = 18, black circles closed), and pre-pandemic control samples (n = 38, turquoise circles). Dashed
lines indicate the threshold level at 0.1. Statistical analyses were performed using the Kruskal-Wallis test. *p<.05, **p<.01, ***p<.001,

KKK

p<.0001. Horizontal bar represents mean values. (M) Heatmap of I1gG antibody levels in sera from vaccine implementers (VI1-VI39) and

poultry workers (PW1-PW14), non-hospitalized COVID-19 patients (C1-C19), hospitalized COVID-19 patients (C20-C37), and pre-pandemic
control samples (H1-H38). The color key indicates IgG OD ratios, with blue shades indicating elevated ratios while white shades indicating

lower ratios.

N (153-176)-specific 1gG (Figure 5A, marked by red rectangle). In
contrast, COVID-19 patients showed significant positive correlations
between all SARS-CoV-2 antigen- and SARS-CoV-2 peptide-specific

rectangle).

IgG except for ORF3a (172-205)- and S (807-830)-specific IgG and
N (153-176)- and S2-specific 1gG not (Figure 5B, marked by red
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FIGURE 4 Differencesin IgG OD ratios based on the work experience of vaccine implementers and poultry workers. Statistical analyses
were performed using the Kruskal-Wallis test (ANOVA if parametric distribution). *p <.05, **p <.01. Individuals were categorized into three
groups as follows: (A) vaccine implementers (2-20months, n = 11, purple circles; 21-100months, n = 19, blue circles; >100months, n =9,

pale red circles) and (B) poultry workers (2-20months, n = 5, purple circles; 21-100 months, n = 5, blue circles; >100 months, n = 4, pale red

circles)

Spearman correlation results of IgG OD ratios of vaccine imple-
menters and poultry workers are presented in Table S8 and were
compared via their r values. There were remarkable differences in
the level of correlations between SARS-CoV-2 antigen- and IBV-
specific 1gG OD ratios in 4/91 (S2 and N), 1S/1494/06 (S1), D274
(S2). In this context, vaccine implementers had higher r values than
poultry workers in Spearman correlation analysis (Figure S6A,B;
Table S8).

The S1-, RBD-, and N-specific 1gG negatively correlated with
both rhinovirus- and human herpesvirus 4-specific IgG in COVID-19
patients. There were no significant correlations between SARS-CoV-
2- and rhinovirus-, SARS-CoV-2-, and human herpesvirus 4-specific
IgG in poultry farm personnel and pre-pandemic control group
(Figure 5A-C).

3.6 | Virus neutralization assay results

To determine whether serum samples in which SARS-CoV-2 antigen-
specific IgG was detected were able to neutralize SARS-CoV-2, we
performed a live-virus neutralization assay. We selected samples
from four categories, which were determined based on the cor-
responding ELISA results: |. Positive for SARS-CoV-2- and IBV-
specific IgG (comprised of 10 vaccine implementers and one poultry
worker); Il. Positive for SARS-CoV-2-specific IgG (comprised of four
COVID-19 patients and one vaccine implementer); lll. Negative for
SARS-CoV-2- and IBV-specific 1gG (comprised of one vaccine im-
plementer, two poultry workers, and one pre-pandemic control); IV.

Negative for SARS-CoV-2-specific IgG and positive for IBV-specific
I1gG (comprised of two vaccine implementers). The IgG ratios of sam-
ples from each group are presented in Figure S7A. Only samples
from group Il (antibody-positive group against SARS-CoV-2) were
able to neutralize in vitro SARS-CoV-2-mediated killing of Vero E6
cells. The geometric mean of neutralization titers was 1:16, 1:35.78,
1:80, 1:16, and 1:80 for VI17, C12, C13, C14, and C16, respectively
(Table 1). Representative examples of positive, negative, and poultry

farm personnel serum samples are shown in Figure S7B.

4 | DISCUSSION

In this study, we assessed the cross-reactivity of IgG antibodies
with SARS-CoV-2 and IBV in poultry farm personnel, pre-pandemic
controls, and COVID-19 patients. The poultry farm personnel con-
sisted of vaccine implementers and poultry workers, who had been
exposed to IBV vaccines or worked in the poultry houses in which
IBV vaccinated chickens are held. Virus neutralization assay was
performed on some of the poultry farm personnel sera that had
cross-reactive antibodies to SARS-CoV-2 and IBV. Moreover, we
investigated the antibody responses against peptides expressed in
both SARS-CoV-2 and IBV.

A subset of poultry farm personnel showed elevated levels of IgG
specific for all SARS-CoV-2 antigens compared than pre-pandemic
controls (Figure 1A-D). This may be the result of prior exposure to
IBV via aerosol vaccination, which aims to elicit the development
of IBV-specific antibodies in chicken. We found that a significant
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number of vaccine implementers and one poultry worker developed
IBV specific antibodies that cross-react with all four SARS-CoV-2
antigens (S1, RBD, S2, and N) that were analyzed. Due to the par-
tial sequence homology of HCoVs with SARS-CoV-2, exposure to

HCoVs may induce cross-reactive immune responses to SARS-CoV-2
proteins. Similarly, Tso et al®® reported that prior exposure to HCoVs
(particularly HCoV-NL63 and HCoV-229E) can also be a source of

cross-reactive antibodies against SARS-CoV-2 in pre-COVID-19
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TABLE 1 Results of the virus

neutralization test Neutralizing VNT
Group Sample Replicate 1 Replicate 2 titer (GMT) result
| VI20 0 0 <16 N
VI23 0 0 <16 N
VI27 0 0 <16 N
VI29 0 0 <16 N
VI30 0 0 <16 N
VI34 0 0 <16 N
VI36 0 0 <16 N
VI37 0 0 <16 N
VI38 0 0 <16 N
VI39 0 0 <16 N
PW9 0 0 <16 N
1l VI17 16 16 16 P
C12 80 16 35.78 P
C13 80 80 80 P
C14 16 16 16 P
C16 80 80 80 P
i VI33 0 0 <16 N
PW5 0 0 <16 N
PW13 0 0 <16 N
H10 0 0 <16 N
v VI5 0 0 <16 N
VI35 0 0 <16 N

Note: Groups: |. positive for SARS-CoV-2- and IBV-specific IgG; Il. positive for SARS-CoV-2-specific
1gG; Ill. negative for SARS-CoV-2- and IBV-specific IgG; and IV. negative for SARS-CoV-2-specific
1gG and positive for IBV-specific IgG.

Abbreviations: GMT, geometric mean titer; P, positive; N, negative.

pandemic plasma samples. These researchers demonstrated that
the SARS-CoV-2 N and S proteins were the predominant sources of
the cross-reactivity, which is consistent with the results found in the
current study. The sequence homology between SARS-CoV-2 and
IBV (4/91, M41, and D274) is 27-29% for S and 30% for N.?’ The
level of sequence homology between SARS-CoV-2 and other -CoVs
(HCoV-0OC43 and HCoV-HKU1) is 32-33% for S and 34% for N,
while the homology between SARS-CoV-2 and a-CoVs (HCoV-229E
and HCoV-NL63) is 28-30% for S and 28-29% for N.*° Although
sequence conservation is lower for more common HCoVs, their high
prevalence may lead to widespread antibodies with cross-reactivity
to SARS-CoV-2.3! Therefore, IBV exposure has the potential to in-
duce SARS-CoV-2 cross-reactive antibodies. The protein homology
between IBV genotypes and endemic HCoVs (OC43, HKU1, 229E,
and NL63) is ~31%-45%, ~32%-36%, and ~27%-32% for ORF1ab,
S, and N proteins, respectively. Although the similarity is not remark-
ably high within S and N proteins, sequence identities of the putative
epitopes for B cells within S and N proteins may lead to higher phy-
logenetic relatedness.®? However this needs further investigation.
4/91-, 1S/1494/06-, M41-, and D274-specific 1gG could be de-
tected in the majority of poultry farm personnel, COVID-19 patients,
and pre-pandemic controls. None of the control and COVID-19

individuals in this study are likely to have encountered IBV or IBV
vaccines. Therefore, the presence of IBV-specific IgG in these in-
dividuals is indicative of a cross-reactivity that may be associated
with exposure to endemic HCoVs. Of note, the IBV-specific 1gG
levels were significantly lower in COVID-19 patients than the poul-
try farm personnel and pre-pandemic controls (Figure 2B-D). In
addition, non-hospitalized COVID-19 patients showed significantly
higher levels of 4/91-, M41-, and D274-specific IgG than hospital-
ized patients (Figure S2A, C, D). As shown in Table S3, hospitalized
patients exhibited differences in comorbidities compared with non-
hospitalized individuals. SARS-CoV-2 severity is associated with
various factors including sex, age, and comorbidities.’ In our study,
hospitalized patients were characterized by high levels of SARS-
CoV-2-specific 1gG but low IBV-specific I1gG. It cannot be excluded
that some of the comorbidities in the hospitalized COVID-19 pa-
tients influence the levels and cross-reactivity of antibodies against
SARS-CoV-2. 1gG against IBV could not be measured in the same
COVID-19 patients before infection because samples of this time-
point were not available. Therefore, it remains unclear whether
SARS-CoV-2 infection resulted in a reduction of IBV-reactive IgG
levels in COVID-19 patients or that these levels were already re-
duced prior to infection. Similarly, we observed reduced IgG levels
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against rhinovirus A and human herpesvirus 4 in COVID-19 patients
(Figure 3J, K). This reduction was most pronounced in hospitalized
COVID-19 patients (Figure S3B). These observations are in line with
what has been reported in the context of measles virus infection.
As suggested by Mina et al.>® measles virus infection is associated
with a reduced population immunity against other infections, re-
sulting from measles-induced immune amnesia. Measles virus can
infect memory T-, B-, and plasma—cells34 and measles virus infec-
tion is associated with a broad reduction in circulating antibodies
against pathogens unrelated to measles.®® Recent findings indicate
that SARS-CoV-2 can directly infect T cells in an ACE2-independent
manner that is consistent with the previously reported mechanism
of SARS-CoV-2-induced lymphopenia.® Hence, reduced 1gG levels
against IBV, rhinovirus A, and human herpesvirus 4 observed in hos-
pitalized COVID-19 patients may be caused by a mechanism similar
to measles-induced immune amnesia affecting systemic immune
memory. It should be noted that hospitalized COVID-19 patients
were older than non-hospitalized patients (Table S2). However, this
age difference does not explain the above-mentioned differences in
IBV-, rhinovirus A-, and human herpesvirus 4-specific IgG, as elderly
patients typically do not have significantly reduced antibody levels
against common infectious agents.37

Importantly, we noticed a strong correlation between IBV-
specific IgG and SARS-CoV-2 S1-, RBD-, S2-, and N-specific 1gG in
poultry farm personnel compared with the pre-pandemic control
group and COVID-19 patients. This finding indicates that these
cross-reactive antibodies may be triggered by exposure to IBV in
poultry farm personnel. Theoretically, if these cross-reactive anti-
bodies would be the result of HCoV exposure, we would have ob-
served similar correlation results in the pre-pandemic samples. But
the present results did not confirm this interpretation.

Several differences were observed between poultry farm per-
sonnel and COVID-19 patients in the correlation patterns for
IBV- and SARS-CoV-2-specific IgG titers (Figure 5A, B). It can be pos-
tulated that IBV-specific antibodies in poultry farm personnel are
likely the result of direct exposure to IBV leading to cross-reactivity.
It is obvious that SARS-CoV-2 exposure leads to the development of
SARS-CoV-2 specific antibodies in COVID-19 patients. In these pa-
tients, the strong correlation between SARS-CoV-2 peptide-specific
1gG and SARS-CoV-2 antigen-specific 1gG can be partially explained
by exposure to SARS-CoV-2. In pre-pandemic controls, who have no
IBV and SARS-CoV-2 exposure history, the moderate positive cor-
relations shown in Figure 5C, may be the result of prior exposure
to HCoVs.

COVID-19 patients had higher levels of SARS-CoV-2 S1-, RBD-,
S2-, and N-specific IgG than pre-pandemic controls and poultry farm
personnel. In addition, we found that SARS-CoV-2 antigen-specific
1gG levels in COVID-19 patients correlated with disease severity.
Hospitalized COVID-19 patients showed higher levels of S1-, RBD-,
S2-, and N-specific IgG than non-hospitalized COVID-19 patients.
These findings corroborate results published by other research
groups.27 Bruni et al.%8 reported that non-hospitalized patients had
lower S ectodomain-, RBD-, and N-specific 1gG titers and blood

pro-inflammatory cytokine profiles than patients in intensive care
units. Similarly, Chen et al.*? demonstrated that severe COVID-19
patients mounted the highest S1-, RBD-, and S2-specific IgG titers
compared with moderate, mild, and asymptomatic patients. In addi-
tion, Kowitdamrong et al.*° found that the levels of S1-specific IgA
and IgG were higher in severe COVID-19 patients. Similar observa-
tions have been reported in many other studies.3>***? However, the
molecular mechanism underlying this association has not yet been
elucidated in detail.*® One of the possible explanations is that in-
creased levels of IgG may be related to the high viral loads. Moreover,
increased inflammatory signals, antigen presentation, and stimula-
tory signals for humoral responses may play a role in this process.*?

Next, we measured IgG levels against nine SARS-CoV-2 pep-
tides that were defined as highly indicative of SARS-CoV-2 exposure
history by Shrock et al.?® in all three groups. We detected elevated
levels of antibody responses to SARS-CoV-2 peptides in COVID-19
patients compared with poultry farm personnel and pre-pandemic
control samples. IgG levels against SARS-CoV-2 peptides [N (aa.
153-176), N (aa. 221-244), N (aa. 358-381), N (aa. 382-405), S (aa.
547-570), S (aa. 782-805), and S (aa. 1138-1161)] of hospitalized
COVID-19 patients were significantly higher than non-hospitalized
COVID-19 patients. This is in line with the findings published by
Shrock et al.?% indicating that hospitalized COVID-19 patients de-
veloped stronger and broader antibody responses to SARS-CoV-2 S
and N proteins than non-hospitalized patients. The most homol-
ogous region among the studied SARS-CoV-2 peptides and IBV is
S (aa. 807-830) (Figure S8G). This immunodominant Coronavirus
peptide domain of spike has been identified as a recognizable re-
gion for immune responses. Shrock et al.?® showed antibody re-
sponses to SARS-CoV-2 S (aa. 807-830) in 79.9% of COVID-19
patients and to the corresponding peptides from HCoV-OC43 and
HCoV-229E of 20% in the pre-COVID-19 individuals. Loyal et al.**
achieved remarkable results demonstrating the functional role of
pre-existing SARS-CoV-2- and HCoV-reactive CD4" T cells. The
SARS-CoV-2 S (816-830) region is recognized by CD4" T cells in
20% of healthy individuals, 50-60% of SARS-CoV-2 convalescents,
and 97% of BNT162b2-vaccinated individuals. Another indicative
peptide sequence for SARS-CoV-2 recognition is S (aa. 1138-1161).
In this respect, Shrock et al.% reported that both SARS-CoV-2 and
HCoV-0OC43 peptides corresponding to this peptide are recognized
much more frequently by COVID-19 patients compared with pre-
COVID-19 controls. Notably, we also observed elevated levels of IgG
specific for S (aa. 1138-1161) in poultry farm personnel (Figure 3l).
Cross-reactive responses to S (aa. 807-830) and S (aa. 1138-1161)
were more frequently detected in poultry farm personnel than in
pre-COVID-19 era controls. Moreover, some poultry farm person-
nel had high IgG levels against SARS-CoV-2 N (aa. 153-176). It is im-
portant to note that, all poultry farm personnel declared that they
did not have COVID-19 symptoms. It can however not be excluded
that elevated IgG specific for SARS-CoV-2 antigens may be caused
by subclinical infection with SARS-CoV-2.

Hospitalized COVID-19 patients showed a modest increase in
HIV-1-specific 1gG levels compared with non-hospitalized patients.
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HIV-1 (aa 967-991) shares 28% sequence homology with SARS-
CoV-2.% Slightly increased levels of HIV-1-specific IgG in hospitalized
COVID-19 patients may be explained by this sequence homology.

Repeated antigen exposure may stimulate antibody responses,
and the elevated levels of S1-, RBD-, and higher amounts of IBV-
specific IgG observed in our study in long-term vaccine implementers
support this association. Vaccine implementers with >100 months'
experience showed significantly increased levels of S1-, RBD-, 4/91-,
1S/1494/06-, M41-, and D274-specific IgG compared with vaccine
implementers with 2-20months of experience. This suggests that
long-term exposure to IBV leads to higher levels of SARS-CoV-2 S1-
and RBD-cross-reactive IgG. Kosikova et al.** reported that repeated
influenza exposure imprinted not only increased antibody quantity
but also improved quality as shown by higher affinity antibody de-
velopment. However, it should be emphasized that the relatively low
number of subjects that could be included in our analysis precludes
definitive conclusions regarding the relation between duration of
exposure to IBV and SARS-CoV-2 S1- and RBD-specific IgG levels.

Inthe present study, we found cross-reactive antibodies between
IBV and SARS-CoV-2, but there was no virus neutralization in the
poultry farm personnel (samples selected based on antibody titers
against SARS-CoV-2 and IBV) while this was the case in COVID-19
patients (Figure S7). This could be due to (1) low affinity for the RBD
compared with COVID-19 patients, (2) low concentrations of anti-
body against SARS-CoV-2, or (3) the antibodies do not bind to the
part of RBD that is responsible for binding to ACE2. Although no
neutralization was observed in the selected poultry farm person-
nel as mentioned above, one sample from the vaccine implementer
group (VI17) was a notable exception. This sample showed low IBV-
specific IgG titers and high IgG titers specific for SARS-CoV-2 an-
tigens and was found to have SARS-CoV-2 neutralizing capacity. A
possible explanation may be that this individual had a prior subclini-
cal SARS-CoV-2 infection that was not diagnosed.

Besides direct neutralization of viral infection, antibodies may
protect against infection or severe disease through alternative
mechanisms including recruitment of complement or Fc receptor-
mediated effector functions such as complement-dependent
cytotoxicity, antibody-dependent cellular phagocytosis, and
antibody-dependent cellular cytotoxicity.“ Unlike direct neutraliza-
tion, which we measured in the current study, such mechanisms are
not easily quantified using in vitro assays.

Thorough assessment of the clinical implications of this study
would require a much larger study cohort with a follow-up analy-
sis in which the incidence of SARS-CoV-2 infections as well as the
course of disease are assessed and correlated with the presence of
cross-reactive antibodies. Although this would be highly interesting,
it is beyond the scope of this study. Moreover, as a result of the ex-
tensive rollout of vaccination programs for SARS-CoV-2, the relative
contribution of prior exposure to IBV vaccines to protection against
infection and/or severe disease in our study population may be ob-
scured by effects of the SARS-CoV-2 vaccination. It should be noted
that the contribution of antibodies directed against endemic HCoVs
to the humoral response against SARS-CoV-2 remains incompletely

understood. On one hand, cross-reactive and pre-existing HCoV an-
tibodies may contribute to protection against SARS-CoV-2. On the
other hand, pre-existing immune memory in response to exposure
to HCoVs may repress the generation of SARS-CoV-2-specific IgG
by expanding cross-reactive antibodies that do not neutralize SARS-
CoV-2.4 Our study provides preliminary but important results for
the clinical implications through cross-reactivity of IBV-1gGs.

A limitation of this study was the lack of COVID-19 testing in the
poultry farm personnel before the sampling began. Samples were
taken from individuals that had shown no symptoms for COVID-19
or any infection. It should be noted that asymptomatic infection is a
general problem in serologic studies for all viral infections. Potential
false-negative results from RT-PCR COVID-19 tests and the diffi-
culties in regular testing of individuals in the acute pandemic period
make the evaluation for asymptomatic infection more troublesome.
Nevertheless, our results show that the pattern of anti-SARS-CoV-2
1gG levels in poultry farm personnel is different than the symptom-
atic COVID-19 infection. It is generally expected that although the
infection is asymptomatic the pattern of antibody response does not
differ from the symptomatic infection. Here, we conducted a com-
prehensive analysis of IgG cross-reactivity between SARS-CoV-2
and IBV. The most conspicuous finding of this study is that a subset
of poultry farm personnel, particularly long-time exposed vaccine
implementers, showed elevated levels of 1gG specific for all IBV
and SARS-CoV-2 antigens that were analyzed. Furthermore, there
was a strong correlation between IBV-specific IgG and SARS-CoV-2
antigen-specific 1gG in these individuals. However, these cross-
reactive antibodies did not have neutralizing capacity in the SARS-
CoV-2 neutralization assay that we employed. It is important to note
that, conducting a similar cohort study may not be possible in the
future, because of the extensive SARS-CoV-2 vaccine applications,
particularly for farm personnel. In conclusion, our data demonstrate

that exposure to IBV may cause SARS-CoV-2-cross-reactive IgG.
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