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Abstract

Gaining more appreciation on the protective/damaging aspects of anti-SARS-CoV-2 immunity associated with disease sever-
ity is of great importance. This study aimed to evaluate the avidity of serum IgG antibodies against SARS-CoV-2 spike (S)
and nucleocapsid (N) in hospitalized symptomatic COVID-19 patients and asymptomatic RT-PCR-confirmed SARS-CoV-2
carriers as well as to compare antibody avidities with respect to vaccination status, vaccination dose and reinfection status.
Serum levels of anti-S and anti-N IgG were determined using specific ELISA kits. Antibody avidity was determined by urea
dissociation assay and expressed as avidity index (AI) value. Despite higher IgG levels in the symptomatic group, Al values
of both anti-S and anti-N IgG were significantly lower in this group compared to asymptomatic individuals. In both groups,
anti-S Al values were elevated in one-dose and two-dose vaccinees versus unvaccinated subjects, although significant differ-
ences were only detected in the symptomatic group. However, anti-N avidity showed no significant difference between the
vaccinated and unvaccinated subgroups. Almost all vaccinated patients of different subgroups (based on vaccine type) had
higher anti-S IgG avidity, while the statistical significance was detected only between those receiving Sinopharm compared
to the unvaccinated subgroup. Also, statistically significant differences in antibody Als were only found between primarily
infected individuals of the two groups. Our findings indicate a key role for anti-SARS-CoV-2 IgG avidity in protection from
symptomatic COVID-19 and calls for the incorporation of antibody avidity measurement into the current diagnostic tests to
predict effective immunity toward SARS-CoV-2 infection or even for prognostic purposes.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic,
caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), has profoundly put healthcare systems
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and global society under pressure and brought about a
roughly high morbidity and mortality with a continuously
high demand for patient care [1]. Based on the literature,
COVID-19 reinfection cases are not so infrequent that
according to a study on healthcare workers in Chicago, up
to 2.5% of subjects, within a 6-month follow-up, presented a
probable SARS-CoV-2 reinfection [2]. Even after more than
2.5 years of SARS-CoV-2 global spread and intensive scien-
tific efforts, many questions on specific patient factors deter-
mining disease severity, underlying pathology and the pro-
tective/damaging roles of humoral immune responses have
remained to be fully addressed [3]. As a notable feature of
COVID-19, affected patients exhibit a large heterogeneity in

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00430-023-00763-y&domain=pdf
http://orcid.org/0000-0002-1954-9920
http://orcid.org/0000-0001-8929-5658

204

Medical Microbiology and Immunology (2023) 212:203-220

their responses to this viral infection [4] ranging from mild
or even an asymptomatic disease course (in a larger group
of patients) to disease progression and escalation, leading
to hospitalization and potential death (in a smaller group
of patients) [3]. In this regard, how the associated immune
response characteristics contribute to this vulnerability have
remained, for the most part, elusive.

Humoral immune responses following SARS-CoV-2
infection or vaccination play a crucial role in restricting or
preventing infection. Within 1-2 weeks post-SARS-CoV-2
infection, most patients exhibit augmenting antibody titers
capable of neutralizing viral particles [5, 6], irrespective of
disease severity [7]. There exist four critical proteins in the
structure of SARS-CoV-2 and the most important is spike
(S) protein playing a key role in virus infectivity by medi-
ating virus binding to the human angiotensin-converting
enzyme 2 (ACE2) and its subsequent uptake by host cells.
The S protein, matrix (M) protein and envelope (E) proteins
are found on the outer surface of the virus [8]. Located in the
viral core, the nucleocapsid (N) protein is a highly immuno-
genic component of SARS-CoV-2, expressed in large quan-
tities in vivo following human infection [9]. This protein
is implicated in SARS-CoV-2 gene transcription and viral
assembly [10]. Immunoglobulin G (IgG) produced against
the S antigen is thought to serve as a neutralizing antibody
response, currently being considered as the main target for
SARS-CoV-2 vaccines. Humoral immune responses can be
evaluated not only by antibody quantity, neutralizing capac-
ity and persistence, but also by antibody avidity [11].

The avidity, also termed “functional affinity”, of anti-
body is defined as the overall strength of antibody—antigen
interactions [12]. Antigen—antibody binding is mediated by
non-covalent interactions [13]. The affinity of antibodies can
increase through a process called “affinity maturation” as a
result of B cell somatic hypermutation taking place in the
germinal centers [14]. Since the interaction between host cell
ACE2 and SARS-CoV-2 receptor-binding domain (RBD) of
the S protein is driven by high affinity interactions [15], only
IgG molecules with high avidity can disrupt ACE2-RBD
interaction, thereby providing protective immunity against
SARS-CoV-2. High antibody avidity is associated with pro-
moted neutralization and other potential antiviral capabilities
of antibodies including antibody-dependent cell-mediated
cytotoxicity (ADCC) [16]. The titer of neutralizing antibod-
ies shows a direct correlation with antibody avidity index
(AI) [17]. Hence, failure to develop high avidity IgG might
give rise to a mitigated protection from viral infections. In
addition, according to previous reports on other viral infec-
tions including cytomegalovirus, antibody avidity measure-
ment could be employed to discriminate between past and
current infection [18]. The presence of high avidity IgG is
imperative for developing a long-lasting immunity [19].
With this in mind, it is suggested that IgG avidity, apart
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from IgG level, can be of a high value to predict anti-SARS-
CoV-2 immunity and risk of reinfection. In the current study,
we aimed to evaluate anti-S and anti-N IgG titers and Als
in hospitalized COVID-19 patients (symptomatic) in com-
parison to RT-PCR-confirmed asymptomatic SARS-CoV-2
carriers to shed more light on the significance of anti-SARS-
CoV-2 IgG avidity with respect to disease severity.

Materials and methods
Study population

A total of 90 molecularly and clinically confirmed COVID-
19 hospitalized patients were enrolled in this study. All the
patients showed lung involvement and had been admitted to
Sina Hospital affiliated to Hamadan University of Medical
Sciences (HUMS) from September to December 2021 (at
the time of SARS-CoV-2 Delta variant dominancy in Iran).
Median time between confirmation of SARS-CoV-2 infec-
tion (by RT-PCR) and serum sample collection from these
patients was 23 [22-26] days. These patients, categorized as
“symptomatic group”, consisted of 40 male and 50 female
subjects, 53 +19 years of age on average. In parallel, we
recruited another group denoted as “asymptomatic carriers”
comprising 42 male and 48 female individuals (total 90)
with the mean age of 49 + 15 years who showed no sign
of COVID-19 disease, including sore throat, fever, cough,
chills, fatigue, headache, loss of smell or taste, etc., but
tested positive for SARS-CoV-2 RT-PCR on nasopharyngeal
swab specimens. These subjects were selected from patients’
family or relatives without any COVID-19-related clinical
symptoms or underlying disease. Exclusion criteria included
the presence of autoimmune or immunodeficiency disorders,
and any inflammatory or other infectious diseases within the
past 6 months. Median time between SARS-CoV-2 RT-PCR
confirmation and serum sample collection from these cases
was 22 [21-23] days. The study was approved by the Eth-
ics Committee of Hamadan University of Medical Sciences
(IR.UMSHA.REC.1400.422). Informed consent forms were
obtained from all the subjects prior to participating in the
study.

ELISA for detecting serum anti-SARS-CoV-2 S
protein and N protein IgG

To detect anti-S protein IgG in the sera, Quanti-SARS-
CoV-2 anti-spike IgG commercial kit purchased from
Pishtaz Teb Company (Tehran, Iran) was used. In this kit,
the plate wells were pre-coated with SARS-CoV-2 S antigen
(recombinant His-tagged S protein of Wuhan-Hu-1 strain
expressed in HEK293 cells). Briefly, 100 uL of serum sam-
ple (at a dilution ratio of 1:101) was added to each well,
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followed by incubation for 30 min at 37 °C. After washing
with the wash buffer of the kit comprising phosphate-buff-
ered saline (PBS) plus 0.05% Tween 20, 100 pL of enzyme
conjugate (HRP-conjugated anti-human IgG antibody) was
added and the plate was incubated for an additional 30 min.
After another round of washing, 100 uL chromogen sub-
strate containing 3, 3', 5, 5'-tetramethylbenzidine (TMB) was
added and the plate was left in the dark at room temperature
for 15 min. The enzymatic reaction was finally stopped by
addition of 100 pL stop solution (HCL 1N), followed by OD
recording at 450 nm by means of an ELISA plate reader. In
parallel, ODs of standard wells were also read for plotting a
standard curve. As a cut-off value, the titers equal or higher
than 8 RU/mL were considered positive in terms of the pres-
ence of anti-S IgG.

For detecting anti-N protein IgG, we used SARS-CoV-2
IgG commercial kit from the same company (Pishtaz Teb,
Tehran, Iran) in which plate wells had been coated with
SARS-CoV-2 N protein (recombinant His-tagged N pro-
tein of Wuhan-Hu-1 strain expressed in HEK293 cells). In
brief, 1:101 diluted serum samples (100 pL) were added to
plate wells and the plate was incubated at 37 °C for 30 min.
After a five-time washing step, 100 uL of HRP-conjugated
anti-human IgG was added before leaving the plate at room
temperature for a further 30 min. After another washing step,
100 pL of chromogen substrate was added to each well and
the plate was incubated at room temperature for 15 min.
Finally, 100 pL of stop solution was added and OD was
read at 450 nm. According to this kit, the cut-off value can
be calculated using the following formula:

serum samples (100 uL) were added to the wells of pre-
coated plates. For each sample (analyzed for AI measure-
ment of each antibody), two sets of wells were allocated.
After incubation for 30 min at 37 °C and washing step, one
set of wells was filled with 300 uL PBS. These wells were
denoted as “intact” wells. In parallel, in the second set of
wells, 300 pL urea (6 M prepared in ultrapure water) was
added. These wells were considered as “denaturation” wells.
Afterward, the plates were incubated at room temperature
for 10 min. The wells underwent a washing step, followed by
the addition of enzyme conjugate and chromogen substrate
as per the manufacturer’s instructions. The Al for each anti-
body was calculated based on the formula presented below:
mean OD of “denaturation” wells

Al = - x 100
mean OD of “intact” wells

Serum samples were considered to contain IgG antibod-
ies of “low avidity” at Al <40%, “intermediate avidity” at
40% < Al <50% and “high avidity” at AI>50%. Selection of
6 M urea was based on our optimization experiments with 2,
4, 6 and 8 M urea, in which 6 M urea yielded the most suit-
able results. In other words, treatment with 6 M urea caused
Al values to fall within the mentioned ranges, so that it could
best discriminate between different samples. For avidity
determination assay, we applied negative and positive con-
trol wells, too. For negative control, we used pooled sera
from healthy individuals which had been obtained before
the COVID-19 pandemic (provided form our other project
in 2019). Meanwhile, two further duplicate wells were also
allocated for negative control serum provided by the specific

Cut-off value =mean OD of the negative control wells + 0.15.

In this kit, results are expressed as cut-off indices (COI)
as calculated by the formula:
OD of sample
Cut-off index (COl)) = ————.
ut-off index (COIL) Cut-off value

A COI value less than 0.9 was considered as a negative
result (lack of anti-N IgG), while COI values higher than 1.1
were considered positive. COI values falling within 0.9-1.1
were considered as suspicious for anti-N IgG.

Determining the avidity index (Al) values for IgG
antibodies against SARS-CoV-2 S and N proteins

To determine the avidity indices of anti-S and anti-N IgG
antibodies in the sera of study subjects, we used a simi-
lar ELISA procedure to that adopted in previous studies
[20-22] with some modifications. To this aim, modified
ELISA assays based on the protocols of the aforementioned
ELISA kits were conducted. Concisely, 1:101 pre-diluted

ELISA kit (for anti-N antibody) and standard concentration
of 0 RU/ml (for anti-S antibody). For positive control, we
used two sets of sera. One set was the positive control serum
(anti-N) and the highest standard concentration (anti-S) of
the specific ELISA kits and another set was related to pooled
sera (20 samples) from previously referred SARS-CoV-2
infected patients (some of whom had a history of SARS-
CoV-2 reinfection and vaccination). These individuals were
recruited and blood samples were obtained from them.
SARS-CoV-2 infection diagnosis of these individuals dated
back to at least 3 months before their recruitment and sample
donation, the time period which is enough for the process
of B lymphocyte affinity maturation. Before including these
samples as positive controls for avidity determination, first
their anti-S and anti-N IgG titers were checked by the ELISA
kits to confirm the presence of specific anti-SARS-CoV-2
antibodies.
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Statistical analysis

The obtained data were analyzed by GraphPad Prism (ver-
sion 8.4.3) and SPSS (version 25) software. Normal dis-
tribution was evaluated by Anderson—Darling, D’Agostino
and Pearson, Shapiro—Wilk and Kolmogorov—Smirnov tests.
Statistically significant differences were determined by ¢ test,
Mann—Whitney, one-way ANOVA and Kruskal-Wallis tests
where appropriate. The data are expressed in median value
and interquartile range as: “Median [Q1-Q3]” throughout
the manuscript, where Q1 represents the 25th percentile
and Q3 is the 75th percentile. Correlation analysis was per-
formed by Spearman test in SPSS. Graphs were depicted by
GraphPad Prism (version 8.4.3). A P value less than 0.05
was considered as a statistically significant difference.

Results
Demographics of the study subjects

In this study, 90 hospitalized symptomatic COVID-19
patients and 90 asymptomatic SARS-CoV-2 carriers were
analyzed. The symptomatic group comprised 40 males
and 50 females (mean age 53 +19), while in the asymp-
tomatic group there were 42 males and 48 females (mean
age 49 + 15). No difference was found for gender and age
between the two groups (P >0.05). Among symptomatic
patients, 30 had received no vaccine (unvaccinated), 24 had
received one-dose vaccine and 36 had received the second
vaccine dose. In comparison, in the asymptomatic group,
there were 7 unvaccinated subjects (statistically significant
from the symptomatic group, P <0.0001), 36 one-dose vac-
cinees (P=0.08) and 47 two-dose vaccinees (P=0.17).
Median time passed since symptom onset to sample collec-
tion was 25 [23-28] days for the symptomatic group. Median
times passed since the last vaccination to sample collection
for symptomatic and asymptomatic groups were 49 [30-73]
days and 38 [28-57] days, respectively. In the asymptomatic
group, 83 patients were primarily infected and 7 patients
experienced secondary infection with SARS-CoV-2,
whereas in the symptomatic group the number of primarily
infected cases was 69 and reinfected cases 21. Thus, the two
groups were significantly different in terms of reinfection
cases (P=0.007). Reinfection was defined based on patients'
records showing a PCR-confirmed SARS-CoV-2 infection in
the past. Median times elapsed since the first SARS-CoV-2
infection to the second infection were 150 [60-212] days and
190 [148-247] days for the symptomatic and asymptomatic
groups, respectively. Among the vaccinated symptomatic
patients, 48 patients had received Sinopharm, 6 patients had
received Barekat, 4 had received AstraZeneka, 1 patient had
received Sputnik V and 1 had been injected with Pastocovac.
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In the asymptomatic group, the number of cases receiving
Sinopharm, Barekat, AstraZeneka and Sputnik V were 48,
9, 13 and 10, respectively. No one had received Pastocovac
and, instead, three cases had received Pfizer vaccine. In the
symptomatic group, 47 patients had no underlying disease
(comorbidity), while other patients were suffering from
diabetes (23), hypertension (17) and other cardiovascular
disorders (2). Besides, one patient had chronic lung disease.
Among hospitalized patients, nine patients had a fatal out-
come because of COVID-19 during their hospitalization, of
which four had hypertension, three had diabetes, and two
had no comorbidity. Table 1 represents the demographic data
of the symptomatic and asymptomatic cases including some
clinical laboratory data, paraclinical findings and vaccina-
tion statuses.

Determining the levels of IgG antibodies produced
against S and N antigens of SARS-CoV-2

As stated in the methods, median times between confirma-
tion of SARS-CoV-2 infection (by RT-PCR) and serum sam-
ple collection from symptomatic and asymptomatic cases
were 23 [22-26] days and 22 [21-23] days, respectively, to
give the patients enough time for antibody production. Also,
some patients had been previously exposed to SARS-CoV-2
and there were cases receiving the first and even second vac-
cine doses. Median time elapsed since the last vaccination to
sample collection were 49 [30-73] days and 38 [28-57] days
for the symptomatic and asymptomatic groups, respectively.
Accordingly, all the study subjects had enough time to gen-
erate specific anti-SARS-CoV-2 IgG antibodies. According
to our findings, of the 90 hospitalized symptomatic patients,
12 were seronegative for anti-S IgG, while only 5 out of
90 asymptomatic carriers were seronegative for this anti-
body (P =0.12). Regarding anti-N IgG antibody, 71 out of
90 symptomatic patients tested positive, 11 patients were
seronegative and 8 patients were considered suspicious for
COVID-19, as their COI values fell within 0.9-1.1. Also,
among 90 asymptomatic cases, 18 individuals were seron-
egative and 2 were detected as suspicious for anti-N IgG
antibody (P >0.05). Seronegative and suspicious cases were
excluded from avidity measurement experiments. Serum
levels of anti-S IgG and anti-N IgG antibodies were signifi-
cantly higher in the symptomatic than asymptomatic patients
(P<0.01 and P <0.001 respectively, Fig. 1). For anti-S IgG,
the symptomatic group showed a median value of 157.7
[47.07-160.5] RU/ml, while this value in the asymptomatic
group was 149.0 [115.1-151.4] RU/ml. Median COI val-
ues for anti-N IgG in the symptomatic and asymptomatic
groups were 6.078 [1.905-9.072] and 3.676 [1.706-5.937],
respectively. It is worth noting that regarding anti-S IgG
titers following the instructions, for some serum samples
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Table 1 De.mographic data Of, Symptomatic group (n=90) Asymptomatic group P value
symptomatic and asymptomatic (n=90)
subjects
Male/female 40/50 42/48 0.88
Age (mean +SD) 53+19 49+15 >0.05
Vaccination status
No vaccine 30 7 0.0001
1 dose 24 36
2 doses 36 47
Types of vaccines
Sinopharm 48 48 0.02
Sputnik 1 10
Barekat 6
Pfizer 0 3
AstraZeneka 4 13
PastoCovac 1 0
Median time between last vac- 49 [30-73] 38 [28-57]
cination and sampling (days)
Reinfection status (Pos/Neg) 7/83 21/69 0.007

Median time passed between the
first and second infection (days)

Fever (No/Yes)
CRP (neg/1+/2+/3+)
ESR (mm/h)

WBC count (/mm?®)
PT (s)

PTT (s)

D-dimer (ng/mL)
Urea (mg/dL)
Creatinine (mg/dL)
AST (U/L)

ALT (U/L)

ALP (U/L)

LDH (U/L)

150 [60-212] 190 [148-247]

37/53 No fever
4/25/32/29 -
452942445

8.02+4.56x10° -
13.5+1.53 -
36.08+11.20 -
322.6+469.8 -
19.70+12.97 -
1.12+0.36 -
73.26+182.8 -
60.02+155.7 -
192.4+78.70 -
637.7+259.8 -

All quantitative data are expressed as mean + SD

the obtained OD values were outside the linear range of the
ELISA kit. For these samples, we further diluted the sample
so that the obtained OD fell within the linear range of the
kit and accordingly measured the antibody titer (multiply-
ing by the respected dilution factor). Herein, based on our
experiences with further increase in dilution (e.g., 1/2, 1/4,
1/8 and...), the obtained OD values reduced in a roughly
linear manner.

Comparison of anti-SARS-CoV-2 IgG avidity
between the symptomatic and asymptomatic
groups

After determining the anti-S and anti-N IgG levels in the
symptomatic and asymptomatic groups, in the next step
we analyzed the total binding affinities of these antibodies
(avidity) using a modified ELISA method (urea dissociation

assay) for evaluation of IgG avidity. In this method, low
avidity antibodies are removed after adding urea, leaving
antibodies with higher avidities bound to the antigen of
interest. By dividing OD obtained from urea-treated well
by OD of the intact well, the proportion of high avidity
antibody/total antibody, which is defined as avidity index
(AI), is acquired. The higher the AI value, the more strong
is the binding of antibody to the antigen being assayed. Our
findings revealed that, in total, the asymptomatic group had
serum anti-S and anti-N IgG antibodies of higher avidities
compared to the hospitalized symptomatic group (P <0.0001
for both comparisons) as illustrated in Fig. 2. Regarding anti-
S IgG, the symptomatic and asymptomatic groups showed
median Al values of 57.10% [13.02-95.70%] and 93.78%
[51.51-98.45%], respectively. Median anti-N IgG Al values
were 50.81% [26.98-76.07%] for the symptomatic group and
73.52% [52.84-88.43%] for the asymptomatic cases.
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Anti-S and anti-N IgG antibodies were considered to be of
“low’, “intermediate” and “high” avidity as per explanations
given in the methods section. Of the 78 anti-S IgG seroposi-
tive symptomatic patients, the total number of patients with
anti-S IgG antibodies of “low”, “intermediate” and “high”
avidity was 32, 4 and 42, respectively. Comparatively, in
the asymptomatic group, 13 out of 85 seropositive cases
had “low” avidity anti-S IgG (P=0.0004), 7 cases showed
intermediate avidity (P =0.63) and 65 cases showed high
avidity (P=0.004). Therefore, the two groups were statisti-
cally different in terms of total numbers of cases with “low”,
and “high” avidity serum IgG specific to SARS-CoV-2 S
antigen. When statistically comparing anti-S IgG Al values
of each Al grade between the two groups, it was found that
among “low avidity” cases, asymptomatic carriers had a sta-
tistically higher median Al value (27.22% [19.34-34.55%])
compared to the respective symptomatic subgroup (11.16%
[5.31-17.77%], P <0.0001). Interestingly, comparison of Al
values within the “intermediate avidity” subgroups yielded
a different result, so that the anti-S IgG Al value was sig-
nificantly higher in the symptomatic as compared to the
asymptomatic subgroup (47.92% [47.08-48.94%] vs 44.82%
[42.37-44.82%], respectively, P<0.01). However, the two
groups showed no statistically significant differences with
regard to “high avidity” anti-S IgG (95.42% [88.50-98.36%]
for symptomatic vs 97.29% [81.39-98.88%] for asympto-
matic, Fig. 3A). Considering serum anti-N IgG, the symp-
tomatic group comprised 27, 7 and 37 patients with “low”,
“intermediate” and “high” avidity antibody, respectively,
in comparison to 8, 4 and 58 subjects in the asymptomatic
group (P=0.0005, P=0.54 and P=0.0002, respectively).
However, no statistically significant difference was found
between the two groups for neither of the anti-N IgG avidity
grades as demonstrated in Fig. 3B.

Comparison of IgG Als in relation to vaccination
doses

Regardless of vaccine type administered, we tried to find the
link between vaccination doses (first or second dose) with
IgG Al in the two groups, to see if COVID-19 vaccination is
associated with improved Al. Our statistical analysis showed
that anti-S IgG AI was correlated with vaccination status.
COVID-19 symptomatic patients previously receiving one-
dose and two-dose vaccines exhibited higher anti-S IgG Als
in comparison to unvaccinated patients (median 90.43%
[14.67-95.95%], P <0.05 and 87.24% [43.23-98.15%],
P <0.001, respectively, vs 12.83% [5.263-48.12%] of the
unvaccinated subgroup; Fig. 4A). Nonetheless, anti-S 1gG
Al was not significantly different between one-dose and two-
dose vaccinees. In the asymptomatic group, we could not
find any statistically significant differences for anti-S IgG
Als among unvaccinated, one-dose vaccinated and two-dose
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Fig.3 Comparison of anti-S (A) and anti-N (B) IgG Al values
between the two groups in relation to Al grades. Concerning anti-
S IgG, “low avidity” asymptomatic cases showed a higher Al value
compared to the respective subgroup of symptomatic patients. In
the “intermediate avidity” subgroups, however, Al value of symp-
tomatic patients was higher in comparison to that of asymptomatic
SARS-CoV-2 carriers. Comparison between “high avidity” subgroups
showed no statistically significant difference. For anti-N IgG, neither
of the three subgroups showed any significant difference of Al. Data
are depicted as box plots with medians, boundaries between the inter-
quartile ranges, and whiskers between the minimum and maximum.
To statistically compare Al values between the two groups for each
Al grade, unpaired ¢ test (where data distribution was normal) or
Mann—Whitney test (where data were non-normally distributed) was
used. Al ¥*¥##%P <0.0001 and **P <0.01

vaccinated individuals (Fig. 4C), though vaccinated cases
showed increased Al values. Besides, we compared anti-
N IgG AI values in relation to vaccination status in symp-
tomatic and asymptomatic groups, as well. The results
revealed that anti-N IgG Als did not significantly differ
among unvaccinated, one-dose and two-dose recipients of
SARS-CoV-2 vaccines in the symptomatic and in the asymp-
tomatic groups (Fig. 4B and D).

Comparison of IgG Als in relation to vaccine type

Anti-S and anti-N IgG Als were also compared between
unvaccinated and recipients of different types of vaccines,

@ Springer



Medical Microbiology and Immunology (2023) 212:203-220

210
A
1 *%k% 1
I |
N=34
100 i
75—
< o
(/7] o
.‘é 50- 9%
[
<
25—
0 T
90
4
eo
C

N=35 N=44

Anti-S Al

Fig.4 Comparison of IgG Al values among different subgroups
based on vaccination status. A, B Represent anti-S IgG Al and anti-N
IgG Al respectively, among different subgroups in the symptomatic
patients. C, D Al values related to anti-S IgG and anti-N IgG antibod-
ies in the asymptomatic group, respectively. Significant differences
were only found for anti-S IgG in symptomatic subgroups. Data are

@ Springer

B

100

75

50

Anti-N Al

25-

Anti-N Al
o
=3
1

depicted as box plots with medians, boundaries between the inter-
quartile ranges, and whiskers between the minimum and maximum.
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no vaccine: unvaccinated individuals; *P <0.05 and ***P <0.001
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regardless of vaccine dose. Considering anti-S IgG Al in
the hospitalized symptomatic COVID-19 patients, a statis-
tically significant difference was only found between recip-
ients of Sinopharm with unvaccinated patients (90.87%
[43.49-97.56%] vs 12.78% [4.922-26.04%], P <0.0001).
Although recipients of other vaccines also showed
increased Al values, the differences were not statistically
significant (Fig. 5A). In the asymptomatic carriers, the
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Fig.5 Comparison of IgG Al values among different subgroups
within each group based on vaccine type. A, B Anti-S I1gG Al and
anti-N IgG Al values in different subgroups of symptomatic patients,
respectively. C, D Al values of anti-S IgG and anti-N IgG antibod-
ies in the asymptomatic group, respectively. Data are depicted as box

highest level of anti-S IgG Al was observed in recipients
of Sputnik (97.85% [78.78-99.19%]) and AstraZeneka
(96.59% [73.05-99.65%]). Also, three cases received
Pfizer with a median of 94.69% [91.86-97.58%]. However,
no statistically significant difference was detected among
different subgroups (Fig. 5C). Intriguingly, asymptomatic
individuals receiving Barekat vaccine even had a lower
median anti-S IgG Al value (60.70% [31.15-97.44%])
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plots with medians, boundaries between the interquartile ranges, and
whiskers between the minimum and maximum. Kruskal-Wallis test
was used for statistical comparisons between subgroups. Al: avidity
index; no vaccine: unvaccinated individuals. ****P < (.0001
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compared to the unvaccinated subgroup (with median Al
value of 82.67% [32.16-97.55%]). However, this differ-
ence was not statistically significant, either. Evaluation
of anti-N IgG Als among different vaccine recipients in
symptomatic and asymptomatic individuals revealed no
statistically significant difference as depicted in Fig. 5B,
D. It should be noted that as two out of three Pfizer-receiv-
ing cases in the asymptomatic group were seronegative
for anti-N IgG, this subgroup comprised only one Al
value and was therefore excluded from statistical analysis
(Fig. 5D).

Comparison of IgG Als in primarily and secondarily
SARS-CoV-2 infected cases

As a previous history of infection with a microbe can
affect humoral immune response quantity and quality to
the current re-exposure to the same microbe, we analyzed
IgG Als with respect to infection history of individuals.
To this aim, first anti-S and anti-N IgG Als were com-
pared between primarily infected and reinfected cases of
each group separately. No statistically significant differ-
ences in anti-S and anti-N IgG Als were found between
primarily and secondarily infected cases within each group
(data not shown). In the symptomatic group, anti-S IgG
Als of primarily infected and reinfected patients were
determined to be 57.04% [13.08-95.52%] and 87.16%
[12.73-98.11%], respectively. Also, anti-N Als were
50.91% [26.57-76.59%] and 42.19% [22.71-83.24%]
in these symptomatic patients. In asymptomatic SARS-
CoV-2 carriers, anti-S IgG Als were found to be 93.75%
[47.68-98.64%] and 95.44% [62.93-98.09%] in primar-
ily infected and reinfected cases, respectively. The levels
of Al for IgG antibodies against SARS-CoV-2 N anti-
gen were relatively lower and determined to be 72.15%
[53.96-87.95%] and 77.46% [42.84-93.77%], respectively,
in the first infection and reinfection cases.

The next step was to make comparisons on serum IgG
Als in primarily infected cases of symptomatic and asymp-
tomatic groups as well as in reinfected cases of the two
groups, respectively. According to the acquired data illus-
trated in Fig. 6, only primarily infected cases of the two
groups showed statistically significant differences in terms
of serum anti-S and anti-N IgG Al values, while the dif-
ferences between secondarily infected cases were not sta-
tistically significant. In symptomatic patients infected with
SARS-CoV-2 for the first time, anti-S and anti-N IgG Al
values were calculated to be 57.04% [13.08-95.52%] and
50.91% [26.57-76.59%], respectively, while the corre-
sponding Al values in asymptomatic cases were found
to be 93.75% [47.68-98.64%] (P <0.001) and 72.15%
[53.96-87.95%] (P <0.001) as shown in Fig. 6A, B. With
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regard to SARS-CoV-2 reinfected cases, although anti-S and
anti-N Al values were higher in the asymptomatic group
(95.44% [62.93-98.09%] and 77.46% [42.84-93.77%],
respectively) in comparison to symptomatic patients (87.16%
[12.73-98.11%] and 42.19% [22.71-83.24%], respectively),
the differences were not statistically significant (Fig. 6C, D).

Comparison of IgG Als in relation to the number
of exposures to the SARS-CoV-2 S and N antigens

The AI values of anti-SARS-CoV-2 antibodies were
also compared between the two groups and within each
group based on the number of exposures to the respective
SARS-CoV-2 antigens, regardless whether these exposures
were to vaccinations or infections. Herein, an individual
who received two vaccinations and experienced a single
breakthrough infection would count as three exposures to
the SARS-CoV-2 S antigen. The same is true for a one-
time vaccinated individual who has been infected twice.
However, depending on the vaccines received, these two
individuals might have different numbers of exposures to
the SARS-CoV-2 N antigen. Taking these into account,
further statistical analyses were performed. In some cases,
very few out-of-range data were excluded to have a better
comparison between the subgroups. First, the anti-S IgG
and anti-N IgG AI values were compared between different
subgroups within each group (symptomatic and asymp-
tomatic). As illustrated in Fig. 7, statistically significant
differences were observed only for the anti-S IgG within
symptomatic subgroups. Patients who had two (S2) and
three (S3) exposures to the SARS-CoV-2 S antigen showed
significantly higher anti-S IgG Als as compared to one-
time exposed (S1) cases (P <0.001 and P <0.0001, respec-
tively). Median anti-S IgG Al values for the S2 and S3 sub-
groups were determined to be 91.21% [17.01-95.29%] and
87.32% [31.19-98.28%], respectively, while that of the S1
subgroup was 7.82% [3.40-15.36%]. In addition, antibody
avidity was compared between the two symptomatic and
asymptomatic groups for each subgroup based on the num-
ber of exposures to the respective antigens. According to
the obtained results, presented in Fig. 8, concerning anti-S
IgG, the two groups exhibited statistically significant dif-
ferences only in the S1 and S3 subgroups (P < 0.0001 and
P <0.05, respectively). Symptomatic COVID-19 patients
with one-time exposure to SARS-CoV-2 S antigen showed
a median anti-S IgG Al value of 7.82% [3.40-15.36%],
while the same subgroup of asymptomatic SARS-CoV-2
carriers had a median AI of 82.67% [31.86-99.02%].
Also, S3 subgroups of symptomatic and asymptomatic
cases showed Al values of 87.32% [31.19-98.28%] and
96.64% [61.74-98.41%], respectively. Although asympto-
matic S2 and S4 subgroups also showed higher avidity of



Medical Microbiology and Immunology (2023) 212:203-220

213

Fig.6 Comparison of IgG Al A
values between the symptomatic
and asymptomatic groups with
regard to infection count (pri-
mary infection or reinfection).
Anti-S IgG Al (A) and anti-N
1gG AI (B) values of primar-

ily infected cases were higher

in the asymptomatic SARS-
CoV-2 carriers in comparison
to corresponding values in the
symptomatic group. C, D Al
values of anti-S IgG and anti-N
IgG antibodies, respectively, of
secondarily infected cases com-
pared between the symptomatic
and asymptomatic groups. Data
are depicted as box plots with
medians, boundaries between
the interquartile ranges, and

100

75

Anti-S IgG Al

504 | o»
&
o

25

Primarily infected

Primarily infected

100

754

50

28180 00 0P & B &%

So—cR

o)

Anti-N IgG Al

254

whiskers between the minimum 0
and maximum. In all cases, .
statistical comparisons between >
the two groups were performed
by Mann—Whitney test except
for anti-N IgG in secondar- S )
ily infected cases for which Ao
unpaired ¢ test was used. Al:
avidity index. ***P <0.001 and
ns: not significant

100

754

50

Anti-S IgG Al

25+

100

i
O0@pm g

O

75 o

50

in]

Anti-N 1gG Al

anti-S IgG, the differences were not statistically significant
(Fig. 8A). Similarly, asymptomatic individuals with one
(N1) and four (N4) exposures to SARS-CoV-2 N antigen
had statistically non-significant higher Al values for this
antibody compared to the corresponding subgroups within

the hospitalized symptomatic group (P> 0.05, Fig. 8B).
However, significant differences were observed for N2
(asymptomatic: 72.19% [60.21-91.12%] vs symptomatic:
49.06% [24.44-60.03%]; P <0.001) and N3 subgroups
(asymptomatic: 73.87% [55.08-95.12%] vs symptomatic:
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Fig.7 Comparison of anti-S and anti-N IgG Al values among dif-
ferent subgroups within each group in relation to the number of
exposures to the respective SARS-CoV-2 antigens. A, B Anti-S IgG
Al and anti-N IgG Al values in different subgroups of the sympto-
matic group, respectively. C, D Al values of anti-S IgG and anti-N
IgG antibodies in different subgroups of the asymptomatic group,
respectively. Data are depicted as box plots with medians, boundaries

42.43% [25.33-79.20%]; P <0.05) as demonstrated in
Fig. 8B.

Correlation analyses

We analyzed the existence of potential correlations between
IgG titers and IgG Al values with different parameters in

the two groups including laboratory findings of hospital-
ized patients. In the symptomatic group, no correlation
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between the interquartile ranges, and whiskers between the minimum
and maximum. Kruskal-Wallis test was used for statistically compar-
ing anti-S IgG Al values among different subgroups. For anti-N IgG,
statistical comparisons among the subgroups were performed by one-
way ANOVA. Al avidity index. ***P <0.001, ****P <0.0001 and
ns: not significant

was found between anti-S IgG titer, anti-S IgG Al, anti-N
IgG titer and anti-N IgG Al with age, gender, fever, pres-
ence of comorbidity or different laboratory findings includ-
ing WBC count, CRP, ESR, D-dimer, creatinine, urea,
ALT, AST, ALP and LDH. As previously stated, 43 out
of 90 symptomatic patients had some kind of comorbid-
ity. No statistically significant difference in anti-S avidity
or anti-N avidity was found between different subgroups
with regard to comorbidity (data not shown). Totally, when
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Fig.8 Comparison of anti-S (A) and anti-N (B) IgG Al values
between the two groups in relation to the number of exposures to
the respective SARS-CoV-2 antigens. S1, S2, S3 and S4 represent,
respectively, the subgroups with one, two, three and four times expo-
sure to the SARS-CoV-2 S antigen. N1, N2, N3 and N4 correspond
to the subgroups with one, two, three and four times exposure to the
N antigen, respectively. Data are depicted as box plots with medians,
boundaries between the interquartile ranges, and whiskers between
the minimum and maximum. For each subgroup, Mann—Whitney
test was used for statistical comparison. Al: avidity index, *P <0.05,
*##%P <0.001 and ****P <0.0001

considering Al values between patients without any kind
of comorbidity with those having comorbidity (irrespective
of its type), anti-S Al values were estimated to be 89.71%
[12.96-96.89%] and 48.12% [14.04-93.92%], respectively.
Considering anti-N Al values, the corresponding values
were 51.08% [27.33-79.72%] and 43.69% [23.66-74.39%],
respectively. But, no statistically significant difference
was detected regarding neither of the antibodies evalu-
ated. However, in the symptomatic group, significant posi-
tive correlations were found between anti-S antibody titer
with anti-S antibody avidity (r=0.74, P <0.001) as well as
between anti-N antibody titer with anti-N antibody avid-
ity (r=0.63, P<0.001). In comparison, in the asympto-
matic group, more significant correlations were observed
between different antibody parameters. Not only anti-S IgG

and anti-N IgG levels were positively correlated with anti-S
avidity (r=0.584, P <0.001) and anti-N avidity (r=0.622,
P <0.001), respectively, but also we found correlations
between antibody parameters of different antigens. For
example, anti-S IgG avidity showed a positive correlation
with anti-N IgG avidity (r=0.413, P <0.001), while such a
correlation was not found in symptomatic patients. In addi-
tion, anti-S IgG titer showed a weak positive correlation with
anti-N avidity (r=0.278, P <0.05). Interestingly, correlation
between anti-N IgG titer with anti-S IgG avidity was rather
stronger (r=0.428, P <0.001) in the asymptomatic carriers.

Discussion

In the present study, we explored both antibody titers and Al
values in COVID-19 hospitalized symptomatic patients and
RT-PCR-confirmed SARS-CoV-2 asymptomatic carriers.
Firstly, we observed that anti-S and anti-N IgG levels were
higher in the symptomatic compared to the asymptomatic
group. These results are congruent with the previous reports
that demonstrated augmented anti-SARS-CoV-2 antibod-
ies in the symptomatic patients compared to asymptomatic
individuals [23-28]. The main part of our study focused
on a parameter of humoral immunity other than quantity,
i.e., the quality of the induced IgG antibodies. We found
that hospitalized COVID-19 patients possessed higher anti-
SARS-CoV-2 S and N IgG levels but, Al values of their
antibodies were significantly lower in comparison to SARS-
CoV-2-infected individuals without COVID-19 associated
symptoms. In general, it appears that higher titers of “low
avidity” anti-S and anti-N IgG antibodies are associated with
a more severe form of COVID-19 with lung complications,
while lower antibodies with “high avidity” can be correlated
with an asymptomatic disease course. According to the pre-
vious reports, interaction of RBD of SARS-CoV-2 spike pro-
tein with ACE2, as the initial step in SARS-CoV-2 infection,
is of high affinity necessitating the production of high avidity
antibodies for efficient SARS-CoV-2 neutralization [15, 29,
30]. On such a basis, it seems that although higher anti-S
IgG antibodies were present in the symptomatic group, these
antibodies lacked adequate avidity for efficient neutralization
and immunologic clearance of SARS-CoV-2 viral particles.
However, as one of the limitations of our study, we did not
investigate the neutralizing capacity of the produced anti-S
IgG antibodies in the two groups. According to our results, it
appears that high levels of low avidity anti-N IgG antibodies
might be associated with the symptomatic form of COVID-
19. Previous studies have pointed to a potentially detrimental
role for anti-N IgG in COVID-19 [8, 31], and high levels
of these non-neutralizing IgG against N protein are associ-
ated with a higher rate of medical intensive care unit (ICU)
admission, more extended hospital stay and generally poorer
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outcome probably through promoting antibody-dependent
enhancement (ADE) phenomenon, ADCC and immune
complex-mediated hyper-inflammatory responses [8]. ADE
indicates an unequivocal effect of antibody in which virus
leverages antibodies to gain access to immune cells thereby
promoting infection and viremia [8]. Non-neutralized
viral particles might bring about an excessive secretion of
pro-inflammatory cytokine as well as anti-inflammatory
cytokines inhibition causing immunopathology [32]. How-
ever, based on our findings, it seems that lower anti-N IgG
levels of higher avidity might have a protective role in this
disease through yet unknown mechanisms.

When comparing Al values in relation to vaccine type,
it was elucidated that, irrespective of vaccination doses,
only symptomatic patients that received Sinopharm had a
significantly higher anti-S IgG Al value relative to unvac-
cinated patients, although patients vaccinated with other
vaccines also showed an elevated anti-S IgG Al value. It is
worth noting that Sinopharm-receiving subgroup was, by
far, the biggest (N=48) in the symptomatic group, possibly
explaining why statistical significance was only observed
in this subgroup. However, in the asymptomatic group we
found no statistically significant difference among different
subgroups (Fig. 4C), though different vaccinees exhibited
relatively higher anti-S IgG Al values than unvaccinated car-
riers, except for Barekat subgroup. It has been demonstrated
that two rounds of vaccination with BioNTech mRNA vac-
cine (Pfizer) induces high avidity anti-S IgG [33]. In asymp-
tomatic cases, three individuals had been vaccinated with
Pfizer (two of them had received one dose and one of them
had received two dose) and these cases showed high levels
of anti-S IgG avidity (94.69% [91.86-97.58%] vs 82.67%
[32.16-97.55%] of unvaccinated subgroup). Meanwhile,
the difference with the unvaccinated subgroup was not sta-
tistically significant. The lack of observation of difference
between different subgroups (based on vaccine type) could
be due to the variations in other parameters of individuals
such as vaccination dose (first or second dose), number of
vaccinated individuals for each vaccine type, time elapsed
between the last vaccination and blood donation, infection
count (first infection or reinfection) and genetic variations
between individuals. Also, when considering IgG Al val-
ues in relation to vaccination status (unvaccinated, one dose
and two dose) in the asymptomatic group, again no statisti-
cally significant difference was observed in spite of the fact
that the vaccinated subgroups had higher anti-S IgG values
(Fig. 3C). However, in the symptomatic group, one-dose
and two-dose vaccinees showed higher anti-S IgG Al values
in comparison to unvaccinated cases (Fig. 3A). A possible
explanation for the lack of differences between anti-N IgG
Al values among different subgroups might be the formula-
tion and structure of the currently developed and licensed
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COVID-19 vaccines which mainly incorporate the S antigen
to enhance anti-S antibody titers.

From another point of view, we compared the obtained
avidity data between the two groups in relation to Al grade
(low, intermediate and high) and the number of exposures to
the respective SARS-CoV-2 S and N antigens. Based on our
findings, the two groups showed no statistically significant
difference in avidity of antibody to SARS-CoV-2 N antigen
in neither of the Al grades (Fig. 3B). For anti-S antibody,
however, low avidity asymptomatic cases showed a higher
avidity relative to the corresponding symptomatic patients,
while the reverse was true for intermediate avidity subgroups
(Fig. 3A). No significant difference was found between the
high avidity subgroups. This contradictory finding might
result from different factors such as genetic, type and dose
of vaccines received, time passed since last exposure to the
antigen and so on. Comparison of antibody avidity in rela-
tion to the number of antigen exposure within each group
revealed significant differences only in the S1 versus S2 and
S1 versus S3 subgroup of symptomatic patients (Fig. 7). Of
note, in the asymptomatic carriers with the increase in the
number of S antigen exposure, anti-S IgG avidity showed
an increasing trend, as well. However, the differences
were found not to be statistically significant. Surprisingly,
although not statistically significant, the results for SARS-
CoV-2 N antigen (within each group) were unexpected and
contradictory, so that cases with increased exposure to the
SARS-CoV-2 N antigen were found to possess lower IgG
avidity. Although somehow inconceivable at the first glance,
this contradictory finding could be, to some extent, justi-
fied in the light of recent evidence, underscoring the incom-
plete avidity maturation of IgG after SARS-CoV-2 infec-
tion which results in the production of antibodies of low
or intermediate avidity [19, 33]. However, further detailed
investigations remain to elucidate accurate mechanisms
behind such equivocal observations associated with this,
still amazing, novel virus.

There are many reports on the association of high avidity
IgG with the risk of reinfection. IgG antibodies of low avid-
ity to varicella zoster virus (VZV) have been shown to cor-
relate with the risk of acquiring primary or repeated chicken-
pox [34, 35]. Also, Paunio and colleagues have highlighted
IgG avidity significance in mediating protective immunity
against measles [36]. In the context of COVID-19, Manuy-
lov and co-workers demonstrated that anti-S RBD IgG avid-
ity could serve as a marker to predict the severity of reinfec-
tion. In their study, amid outpatients (with a mild COVID-19
course), reinfected cases had a significantly higher anti-RBD
IgG AI compared to primarily infected patients, while no
such difference was observed between hospitalized primary
and reinfected patients. Also, among primarily infected and
secondarily infected patients, outpatients showed signifi-
cantly elevated Al values in comparison to corresponding
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hospital patients. They proposed that: (1) if anti-RBD IgG
Al of a reinfected COVID-19 patient is low (<40%), there
is an 89% chance that the patient will suffer from a severe
disease and require hospitalization; (2) if anti-RBD IgG Al
of a repeat COVID-19 patients is high (>50%), there is a
94% chance that the patients will experience a mild disease
without the need for hospitalization [37]. Accordingly, we
investigated the titer and avidity of IgG antibodies directed
against the whole S protein rather than its RBD domain. In
this regard, it is worth mentioning that based on previous
reports [38, 39], there are highly immunogenic epitopes out-
side the RBD domain capable of eliciting potent neutralizing
antibody responses. Besides, though we did not investigate
the neutralizing ability of anti-S IgG antibodies, there is con-
vincing evidence indicating the existence of a direct correla-
tion between the titer of neutralizing antibodies and AI [17].
Our results are consistent with the findings of Manuylov
et al.’s study in terms of elucidation of non-significant dif-
ference for IgG Al between primary and reinfected hospital-
ized patients (as discussed in the “result” section). Indeed,
considering each antibody investigated (anti-S or anti-N
IgG) in our study, no statistically significant difference was
observed between primarily and secondarily infected cases
within each group (symptomatic and asymptomatic) though
anti-S IgG Als were higher in reinfected cases. We found
statistically significant differences only between primar-
ily infected (and not reinfection) cases of the two groups
for both antibodies as illustrated in Fig. 5. In addition, a
significant difference was found between the symptomatic
and asymptomatic groups in terms of reinfection cases
(symptomatic: 7/90 vs asymptomatic: 21/90; P=0.007).
Since previous exposure to a microbe can induce antibody
affinity maturation thereby providing protection from fur-
ther infections with the same microbe or at least reduces
disease severity caused by reinfection, the presence of more
reinfected cases in asymptomatic group seems logical. Also,
reinfected cases of the asymptomatic group had a longer
time passed since their first SARS-CoV-2 infection to the
second one in comparison to that for the symptomatic group
(190 vs 150 days, respectively). This longer period might,
to some extent, account for the higher but insignificant Al
values observed for asymptomatic secondarily infected cases
relative to those of symptomatic secondarily infected ones.
However, the effects of other factors such as vaccination,
number of reinfected cases, etc., could not be ignored.

Our results are in line with the findings of Hendriks
et al.’s study that reported a correlation between high lev-
els of antibodies with low affinity and disease severity in
COVID-19 patients [3]. Similar to our study, they found a
significantly higher antibody titers against SARS-CoV-2
antigens (RBD, N, S1 and S1S2) in hospitalized or criti-
cally ill patients compared to mild patients. Also, critically
ill patients possessed anti-RBD antibodies of significantly

lower binding strength compared to mildly ill patients and
low affinity anti-N antibodies were observed in the hospital-
ized and critically ill patients only. In contrast, lower insig-
nificant antibody affinities toward S2 and S1S2 (full spike
protein) were found in mild patients compared to hospital-
ized patients and critical patients. They also demonstrated
that only in patients with hospitalized disease severity,
binding strength of anti-RBD antibody pool was signifi-
cantly lower in men compared to women. In our study, we
found no correlation between Al values and gender. These
researchers found significant correlation between IgG anti-
body responses with D-dimer levels. Besides, patients with
pulmonary embolism showed higher IgG antibodies to all
four tested SARS-CoV-2 antigens. The comprehensive study
performed by Tang et al. in 2021 explored antibody affinity
maturation (in antibody off-rate constants representing the
stability of the antigen—antibody complex) toward a puri-
fied SARS-CoV-2 perfusion spike ectodomain in hospital-
ized COVID-19 patients [40]. Based on their findings, in
patients with a fatal outcome minimal or no anti-S antibody
affinity maturation was detected from the first specimen to
the last one till demise. In COVID-19 survived patients fol-
lowing ICU admission, antibody affinity gradually increased
over time. Of note, non-ICU patients exhibited even higher
anti-S antibody affinity maturation before being discharged.
In general, affinities of anti-S antibodies were shown to be
significantly higher among COVID-19 survivors (ICU or
non-ICU) in comparison with the fatal cases. Consistently,
of 90 hospitalized COVID-19 patients in our study, 9 died
during hospitalization owing to fatal COVID-19 complica-
tions. Of them, one was seronegative for anti-S IgG (age
65), six had low anti-S avidity (mean age 76.3), one had
an intermediate avidity (age 72) and one had a high avidity
antibody (age 81).

During the acute phase of infection, avidity of IgG is low,
while it reaches higher values following several weeks or
months [41]. However, this seems not to be the case regard-
ing SARS-CoV-2 infection in which incomplete avidity mat-
uration occurs following natural infection [19]. Bauer and
colleagues elucidated that the avidity of IgG against SARS-
CoV-2 RBD, N and spike glycoprotein 1 (S1) augmented
with time, but the ultimate avidity level was lower in most
cases than that found in other viral infections [42]. Benner
et al.’s study evaluated anti-N and anti-S Al responses over
30 days after symptom onset in the hospitalized COVID-19
patients. They found that over days post the onset of symp-
toms, anti-S IgG titer and avidity increased and reached
their peak on around day 21 prior to beginning to plateau.
Also, anti-N IgG titers increased over time, but reached the
peak earlier than anti-S IgG on around day 15 post-symptom
onset. However, similar to anti-S IgG, anti-N IgG avidity
followed the same trend and reached the peak on around
day 21 [43]. In the present study, we also collected samples
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from hospitalized patients at least 21 days post-symptom
onset (median time 25 days), which could reflect the highest
IgG titer and avidity. In that study, blood samples were taken
from convalescent plasma donors for which median time
post-symptom onset was 49 days. They found that anti-S IgG
avidity was positively correlated with age among males, but
not females. Additionally, convalescent donors with a his-
tory of hospitalization during their infection course exhibited
stronger anti-S IgG avidity in comparison to donors without
hospitalization history. In line with our results, a strong posi-
tive correlation was reported for anti-S IgG titer and avid-
ity. On the contrary, anti-N IgG level showed no significant
correlation with anti-N IgG avidity. Moreover, both anti-S
IgG titer and avidity showed a positive correlation with neu-
tralizing antibody titers. Regarding anti-N IgG, however, a
strong positive correlation was observed between anti-N IgG
titer with neutralizing antibody titer while the association of
anti-N IgG avidity and neutralizing antibody titer was weak
[43]. In our study, we found significant correlations between
anti-S IgG titer with anti-S IgG avidity and anti-N IgG titer
with anti-N IgG avidity in COVID-19 hospitalized group.
In the study of Heireman et al. on 68 hospitalized COVID-
19 patients, initial and follow-up specimens were obtained
at a median of 14 days (range 10-18 days) and 120 days
(range 84-189 days) post-symptom onset, respectively. In
that study, AI>60% was considered as a cut-off value to
identify high avidity antibodies. The proportion of AI>60%
was significantly lower for anti-S IgG in comparison to anti-
N IgG for first specimens and vice versa for follow-up ones
[44]. As the main limitation of our study, we obtained only
one sample from the subjects which hindered the possibility
of conducting follow-up experiments. Compared to the study
of Heireman et al., in our study, Al >50% was regarded as
a cut-off point for determining high avidity IgG. Moreover,
42/90 (46.6%) symptomatic patients had "high avidity" anti-
S IgG, while this percentage was 51.1% (46/90) for anti-N
IgG.

Conclusion

Altogether, our study demonstrated that hospitalized symp-
tomatic COVID-19 patients had serum anti-S and anti-N
IgG antibodies of lower avidity in comparison to asympto-
matic SARS-CoV-2 carriers, although their antibody titers
were higher. This study points to the significance of anti-
S and anti-N IgG avidity in protection from symptomatic
COVID-19. Thus, incorporation of antibody quality, apart
from antibody quantity, into currently employed laboratory
tests following vaccination to predict protective immunity
toward this, yet of devastating potential, viral infection or for
prognostic purposes, is highly recommended.
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