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ABSTRACT

Background: Few studies have evaluated COVID-19 vaccine *Corresponding author:
efficacy in patients with inborn errors of immunity (IEI). :\fﬂa;ﬁ';g‘;; ”:;ﬂemhé and
Objective: To evaluate the levels of antibody (Ab) production Allergy Research Institute
and function after COVID-19 vaccination in IEI patients with I(\'/gﬁi'z'a)l’ ;i:;:c”els"’z?’mg of
phagocytic, complement, and Ab deficiencies and their comparison Tehran, Iran '
with healthy controls. Email: mnourizadeh80@gmail.
Methods: Serum samples were collected from 41 patients and com

32 healthy controls at least one month after the second dose of Cite this article as:
vaccination, while clinical evaluations continued until the end of the i‘diﬁgsaﬁf:d&iﬁiﬁoﬁimdi .
third dose. Levels of specific anti-receptor-binding domain (RBD) Fazlouaghi R E i —
IgG and anti-RBD neutralizing antibodies were measured using Z. Antibody Production after
EUROIMMUN and ChemoBind kits, respectively. Conventional (g’ Heeneron  Buents
SARS-CoV-2 neutralization test (c(VNT) was also performed. Cutoff ZranJimmunol.2023;20(4):400-409,
values of <20, 20-80, and >80 (for cVNT and Chemobined) and 0.8- 401 10-22034/iji.2023.97759.2525.
4.2,4.2-8.5,and >8.5 (for EUROIMMUN) were defined as negative/ Received: 2023-01-15

weak, positive/moderate, and positive/significant, respectively. Revised: 2023-06-29

Results: A considerable distinction was observed between the AcPied:2023-0703
Ab-deficient patients and the controls for Ab concentration

(EUROIMMUN, p<0.01) and neutralization (ChemoBind,

p<0.001). However, there was no significant difference compared

with the other patient groups. A near-zero cVNT in Ab-deficient

patients was found compared to the controls (»p<0.01). A significant

correlation between the two kits was found using the whole data

(R?=0.82, p<0.0001).

Conclusion: Despite varying degrees of Ab production, all Ab

deficient patients, as well as almost half of those with complement

and phagocytic defects, did not effectively neutralize the virus

(cVNT). In light of the decreased production and efficiency of the

vaccine, a revised immunization plan may be needed in IEIL

Keywords: COVID-19 Vaccines, Immunologic Deficiency Syndromes,

Neutralization Tests, Viral Antibodies

400 Iran J Immunol Vol. 20, No. 4, December 2024



Antibody Production after COVID-19 Vaccination in PID Patients

INTRODUCTION

Since the discovery of Coronavirus disease
2019 (COVID-19) in December 2019,
the virus has impacted almost all patient
groups throughout the world. However,
some groups of people, such as those with
inborn errors of immunity (IEI), may have
weaker immune reactions to vaccines (1).
IEI 1s a heterogeneous group of disorders
characterized by defects in innate or adaptive
immunity, leading to increased susceptibility
to infections and other complications (2).
IEI includes over 300 distinct illnesses
that impact different parts of the immune
system, including B cells, T cells, natural
killer cells, phagocytes, complement system,
and cytokines (3). Depending on the type
and severity of [EI, patients may suffer from
recurrent or severe infections, autoimmunity,
allergy, inflammation, malignancy, or organ
dysfunction (4).

Since both the innate and adaptive
immune responses are essential in deterring
the virus, patients with various types of
immunodeficiencies are afflicted (5). A mass
vaccination policy is a reasonable approach
to counteracting the effects of the disease on
the general population and IEI patients (6).
Nevertheless, there is insufficient conclusive
data regarding the effects of COVID-19 and
its vaccination on patients with IEI. To guide
clinical practice and public health policies,
additional data is necessary (7).

The impact of COVID-19 on IEI patients
is not fully understood. On the one hand, IEI
patients may be more vulnerable to SARS-
CoV-2 infection and its complications due
to their impaired immune function and
comorbidities (8-11). On the other hand,
some IEI patients may have a less severe
course of COVID-19 due to their impaired
inflammatory response or existing immunity,
or the type of treatment protocols like using
intravenous immunoglobulin (IVIG) to
protect themselves (10, 12). Therefore, it is
important to monitor the clinical outcome
and immune response of IEI patients
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after COVID-19 infection or vaccination.
Several studies have reported the clinical
characteristics and outcomes of COVID-19
in IEI patients. Drzymalla et al. conducted
a systematic review comprising 68 articles,
involving 459 patients with IEI who were
diagnosed with COVID-19 (1). The authors
calculated a case fatality rate of 9%, a
hospitalization rate of 49%, and an oxygen
supplementation rate of 29%. The authors
found that patients with antibody production
defects had worse outcomes than the other
groups. However, they also noted that the
data were limited by heterogeneity, selection
bias, and reporting bias.

The effectiveness and safety of COVID-19
vaccines in [EI patients are also being studied
(13, 14). Several studies have shown that
certain patients with IEI exhibited various
types of immune response after receiving the
COVID-19 vaccination (15). The aim of this
study was to evaluate antibody production after
the second dose of COVID-19 vaccination and
clinical evaluations for COVID-19 following
every dose of vaccination in IEI patients and
compare it with healthy controls.

MATERIALS AND METHODS

Study Design and Sample Size

This cross-sectional study included 41 IEI
patients and 32 healthy controls. The inclusion
criteria for the IEI patients were: 1) having
a confirmed diagnosis of IEI by a clinical
immunologist before the study; 2) receiving
at least one dose of COVID-19 vaccine;
and 3) providing informed consent. The
exclusion criteria for the IEI patients were:
1) having a history of blood transfusion or
immunoglobulin therapy within 4 to 6 weeks
before the study, and 2) having any other
chronic or acute diseases that could affect
the immune response. The diagnosis of IEI
had been established before the investigation
by a clinical immunologist at Immunology,
Asthma, and Allergy Research Institute
(IAARI), Tehran, Iran. IEI diagnosis for all
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patients was made using clinical evaluation,
and immunological assessments including
tetrazolium test (NBT), dihydrorhodamine
(DHR), immunoglobulins, antibody titration,
complement assessment, lymphocyte
transformation test (LTT), and genetic
analysis. This study has been approved by
the ethics committee of Immunology, Asthma
and Allergy research Institute (IAARI)
with the approval code: IRTUMS.JTAARI.
REC.1399.005.

Data Collection Procedures

Blood samples were obtained from both
patients and controls after the second dose of
the COVID-19 vaccine and stored at -20 °C
for later analysis. Participants were also
surveyed using a questionnaire, gathering
information such as demographic details, the
specific type of immune system disorder (for
IEI patients), the brand of vaccine received
(Sinopharm, AstraZeneca, or Sputnik), the
number of vaccine doses administered, and
any COVID-19-like symptoms experienced
before and after each vaccination dose. Blood
samples from all participants were tested at
least one month after the second vaccination.
Data for the study was collected through a
telephone survey and blood samples obtained
between October 2020 and July 2021.

Conventional Virus Neutralization Test (cVNT)

A conventional virus neutralization test
(cVNT) was performed with the “Wuhan”
SARS-CoV-2 strain, isolated using a
nasal swab from an Iranian patient and
characterized after several passages on
VeroE6 cells (as target cells). Using the
Spearman-Karber method, the amount of
SARS-CoV-2 virus can be determined by a
50% tissue culture infectious dose (TCID50)
endpoint dilution assay. This assay requires
infecting cell cultures with a fixed amount of
virus and different amounts of serum having
neutralizing antibodies against SARS-
CoV-2, and then checking the cytopathic
effect (CPE) of the virus on the cells. The
end-point is the highest serum dilution
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that blocks at least 50% of CPE in the cell
cultures. The virus titer is then computed
using a formula that considers the dilution
factor, the number of wells tested, and the
fraction of wells with CPE. The virus titer
can be shown as TCID50 per ml or TCID50
per gram of tissue (16).

In this study, a two-fold serial dilution
of serum samples was done in a 96-well
microplate, from 1:2 to 1:1024 (1:210) in
triplicates. The dilutions were mixed with an
equal volume of SARS-CoV-2 (100 TCID50/
mL) and then transferred to wells containing
monolayers of target cells. The microplate was
sealed with pressure film and incubated at 4 °C.
After 60 minutes, it was transferred to 37 °C
in a 5% CO? incubator and monitored daily
for the viral cytopathic effect not inhibited by
the neutralization antibody. Each microplate
assay included 1) blank control wells for
cell culture (serum-free and virus-free), 2)
positive standard serum samples (30 serum
samples were collected from patients with a
history of COVID-19, tested and confirmed
with a specific titer, then pooled), 3) negative
control serum samples containing a pool of
serum samples collected 15 years before
the COVID-19 pandemic (2004), and 4) the
positive control for the virus (serum-free
wells containing isolated and characterized
SARS-CoV-2 with a virus titration of 30 to
300 log,, CCID, /mL). In each microplate,
4 wells were allocated for each of the four
above-mentioned control samples. After 4
to 6 days of incubation at 37 °C, the virus-
neutralizing antibody titer at 50% inhibition
was calculated by the Spearman-Karber
method (17). Cutoff values of <20, 20-80
and >80 were defined as negative/weak,
positive/moderate, and positive/significant,
respectively.

Specific Anti-RBD IgG using EUROIMMUN
ELISA Kit

The coated  microplates from
EUROIMMUN KIT (EI 2606-9601 G) were
used for evaluating specific IgG against SARS-
CoV-2 using enzyme-linked immunosorbent
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assay (ELISA). The ready-to-use plates were
coated with the immunologically relevant
receptor binding domain (RBD) of the Sl
subunit of the spike protein and the test
was done according to the manufacturer’s
instructions. To estimate the samples in a
semi-quantitative way, a ratio was computed
from the extinction of the sample and that of
the calibrator. Subsequently, the samples were
categorized using modified cutoffs derived
from Iranian healthy control data. Cutoff
values of 0.8—4.2, 4.2—-8.5, and >8.5 were
considered negative/weak, positive/moderate,
and positive/significant, respectively.

Anti-RBD Neutralizing Antibody Test

The conventional virus neutralization test
is the preferred way to detect functional,
SARS-CoV-2-specific neutralizing antibodies
in serum samples. Another option is surrogate
ELISA using ACE?2 as the target structure to
detect antibodies neutralizing the virus (18).

Neutralizing antibodies against the viral
RBD were quantitatively assessed using
a commercial ELISA kit (ChemoBind,
Tehran, Iran) according to the manufacturer’s
instructions. Initially, 100 pL of 6 dilutions
of standards: 0, 10, 20, 40, 80, and 120 were
added to each well. The negative and positive
controls (provided by the kit) were seeded
serially in each well already coated with RBD
antigens. Then, the samples were diluted
100 times (5 pL serum plus 450 pL sample
diluent), and 100 pL of each sample was added
to each well. After 1 h of incubation, the plate
was washed 3 times with a wash buffer, and
100 pL of Streptavidin anti-IgG antibody
was added to each well, and incubated for
30 min.. After 3 times washing, 100 uL TMB
(3,3°,5,5-tetramethylbenzidine) substrate was
added to each well and the reaction was halted
using the stop solution. The plate was read
by an ELISA reader at 450 nm and 630 nm
and concentrations were calculated using the
standard curve. Cutoff values of <20, 20—100
and >100 were defined as negative/weak,
positive/moderate, and positive/significant,
respectively.
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Statistical Analysis

The data analysis was performed using R
software version 4.2. To harmonize the data
and enable comparison across different units,
the data from three methods were transformed
using the inverse hyperbolic sine function.
The Pearson correlation coefficient and its
p-value were calculated using the ‘stat cor
function in R, which uses a nonparametric
bootstrap method to estimate the confidence
interval of the coefficient. We employed the
Kruskal-Wallis test to compare the groups,
given that not all the groups exhibited a
normal distribution. A p-value less than 0.05
was considered significant.

RESULTS

Patients’ Characteristics

The participants comprised 27 men and
14 women in the IEI group, 27 females and 5
males in the control group. The median ages
(min-max) during the sampling for the IEI
group and the control group were 33 years
(19-78) and 41 years (29-70), respectively. The
IEI cases included patients with complement
deficiency (hereditary angioedema: 19
cases), Ab deficiency [common variable
immunodeficiency (CVID): 8 cases, hyper-
IgE syndrome (HIES): 2 cases, and X-linked
agammaglobulinemia (XLA): 2 cases]
phagocytic function deficiency [chronic
granulomatous disease (CGD): 7 cases and
neutropenia: 3 cases]. Of the 41 patients, 39
(95%) had received Sinopharm vaccines and
2 (5%) had received AstraZeneca vaccines for
all three doses. The distribution of vaccine
types among the controls was as follows:
AstraZeneca (n=29; 90.6%), Sinopharm (n=1;
6.3%), and Sputnik (n=2; 3.1%). The patient
characteristics are shown in Table 1.

COVID-19 Before and After Vaccination
among the Patients

Prior to the availability of COVID-19
vaccination, we conducted a phone-based
survey as the initial phase of our project.
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Table 1. Patients’ characteristics

Patients Diagnosis Number of Gender Age

Patients (F/M) (Years)

Complement Deficiency HAE 19 (44.2%) 9/10 42.243.9°
. . Neutropenia 3 (7.3% 1/2 27.3£1.8
Phagocytic Deficiency CG% 7 ((17.1%)) 2/5 32,1227
XLA 2 (4.9%) 0/2 25.542.5

Antibody Deficiency CVID 8 (19.5%) 1/7 33.2+3.9
HIES 2 (4.9%) 1/1 37.5+17.5

HAE, hereditary angioedema; CGD, chronic granulomatous disease; XLA, X-linked agammaglobulinemia;
CVID, common variable immunodeficiency; HIES, hyper-immunoglobulin-E syndrome; *mean+SD

Table 2. Data on COVID-19 before and after three doses of vaccination

Covid-19 before

Covid-19 after 1*

Covid-19 after 2"  Covid-19 after 3¢

Patients .. .. .. ..
vaccination vaccination vaccination vaccination
HAE 8/19 7/19 3/19 1/19
Neutropenia 0/3 0/3 1/3 1/3
CGD 3/7 3/7 2/7 2/7
CVID 6/8 4/8 3/8 4/8
XLA 0/2 0/2 0/2 12
HIGE 172 1/2 1/2 1/2
Total 18/41 15/41 10/41 10/41

HAE, hereditary angioedema; CGD, chronic granulomatous disease; CVID, common variable immunodeficiency;
XLA, X-linked agammaglobulinemia; HIES, hyper-immunoglobulin-E syndrome

The aim was to determine the prevalence of
COVID-19 among patients with inborn errors
of immunity (IEI) and assess the awareness
of their families regarding adherence to the
health protocols. According to our records,
44% (18/41), 36.6% (15/41), 24.4% (10/41),
and 24.4% (10/41) of the patients reported a
history of COVID-19-like symptoms before
and after the first, second and third doses of
vaccination, respectively (Table 2). Some
patients suffered from the disease 2 or more
times. Only one patient with HAE died due
to an angioedema attack after the first dose
of vaccination, and was therefore excluded
from the study. Only two patients with
CVID (Ab deficiency group) had a history
of hospitalization due to hypoxemia (oxygen
saturation less than 95%) and ground glass
opacities (GGO) in their CT findings.
Antibody  Production After COVID-19
Vaccination

The results of different antibody detection
tests were grouped into 3 categories based on
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the increase in antibody function or levels:
‘negative/weak’, ‘positive/moderate’, and
‘positive/significant’. The cutoff values for
the anti-SARS-CoV-2 IgG EUROIMMUN
ELISA Kit were modified based on the
healthy controls (Iranian blood samples
following exposure to the wild-type SARS-
CoV-2 virus [Wuhan]). Cutoff points for
ChemoBind were set according to the
kit’s instructions. Cutoff values of <20,
20—80, and >80 (for cVNT and ChemoBind
kit) and 0.8—4.2, 4.2—-8.5, and >8.5 (For
EUROIMMUN ELISA kit) were defined
as negative/weak, positive/moderate, and
positive/significant, respectively.

As shown in Fig. 1, the descriptive
analysis of the IEI patients in each subgroup
(complement deficiency, phagocytic deficiency
and antibody deficiency) has been illustrated
following the second dose of vaccination
compared with the healthy controls.

The ChemoBind anti-RBD neutralizing
Ab test (Fig. 1A) and the EUROIMMUNE kit
for specific anti-RBD IgG (Fig. 1B) indicated
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ChemoBind EUROIMMUNE
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Fig. 1. Descriptive analysis of the patients in each IEI group (complement deficiency, phagocytic
deficiency and antibody deficiency) and the healthy controls following the second dose of vaccination.
The assessment of the anti-RBD neutralizing Ab test using the Chemobind kit (A), specific anti-RBD
IgG using the EUROIMMUNE kit (B), and cVNT (C) for all the patients (n=41) and the healthy controls
(n=32) revealed a notable disparity between antibody deficient patients and the healthy individuals,
although a partial level of Ab concentration and function were found using the kits. Moreover, a correlation
between the two methods of anti-RBD neutralizing Ab test by ChemoBind kit and IgG concentration
using Euroimmune kit was found using the data of all the patients and the healthy controls (D). *p<0.05,
**p<0.01, ***p<0.001. cVNT: conventional virus neutralization test

that individuals lacking complement and
phagocyte function exhibited a wide range
of Ab production slightly lower than in
the healthy individuals. However, these
differences were not statistically significant
and there was no considerable difference
between the two groups of phagocytic and
complement patients. On the other hand,
patients with antibody deficiencies had
lower levels of antibodies using ChemoBind
and EUROIMMUNE kits than both the
complement and phagocytic deficient
patients (not statistically significant) and the
healthy controls (with a significance level of
2<0.001 and p<0.01 for the ChemoBind and
EUROIMMUNE Kkits, respectively).

While patients with impaired antibody
production exhibited a diverse range of
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antibody production and function when
assessed using the ChemoBind and
EUROIMMUNE kits, the cVNT method
(the gold standard test for neutralization)
revealed a nearly negligible capacity
for neutralization in these patients
compared with the healthy controls.
This finding, as illustrated in Fig. 1C,
was notably different from the results
observed in the healthy controls (p<0.001).
As shown in Fig. 1D, a positive and strong
correlation was found between anti-
RBD neutralizing Ab test by ChemoBind
kit and IgG concentration using the
EUROIMMUNE kit by the linear regression
model (R*=0.82, p<0.0001). This model was
calculated using cumulative data of patients
(n=41) and the healthy controls (n=32).
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DISCUSSION

Herein we conducted a nine-month study
with two aims: first, to evaluate the clinical
outcomes of [EI patients who might have been
infected by COVID-19 before or after receiving
the COVID-19 vaccine, using a phone survey;
and second, to analyze the production and
function of anti-SARS-CoV-2 antibodies after
the second dose of vaccination.

Few studies have looked at how COVID-19
affects IEI patients and their antibody
reactions (19). According to our data, prior
to vaccination, 18 out of 41 patients (43%)
exhibited symptoms of COVID-19. After
receiving the COVID-19 vaccination, 36.6%
experienced symptoms following the first
dose, while 24.4% experienced symptoms
after the second and third doses. Among the
patients, two individuals were hospitalized
due to the severity of their condition. In
line with our study, Pieniawska-Smiech et
al. indicated that among 99 children with
IEIL, 26.5% got infected with SARS-CoV-2,
only three needed hospital care and none
died. After a year follow-up, 47.06% of them
had positive tests for the anti-SARS-CoV-2
antibody and they mostly had mild and short-
lived symptoms even among the patients
with defects in IgG production (20, 21). The
mortality rates of [EI patients with COVID-19
are higher, according to some reports, but
others disagree on how often they get infected
(8). In addition, an international study on 94
IEI patients concluded that COVID-19 risk
factors in IEI patients are similar to those
reported in the general population (22). Lower
hospitalization rates and a general protective
role for COVID-19 have also been described
in IEI patients, particularly in those with
B-cell dysfunction (5, 12, 23).

COVID-19 vaccine efficacy in IEI patients
is also an area of investigation. Our findings
revealed that patients with complement and
phagocyte deficiencies displayed a wide
range of antibody production, slightly lower
than that of the healthy controls. However,
these differences did not reach statistical
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significance. Interestingly, there were no
significant differences observed between the
two groups of phagocytic and complement
patients, indicating that the impact of
complement and phagocyte function on
antibody production may be comparable.
On the other hand to statistically significant”
to "In contrast, individuals with antibody
deficiencies showed notably reduced antibody
levels, as indicated by both kits and the
cVNT, in comparison to both complement
and phagocytic deficient patients (though not
reaching statistical significance) and healthy
controls (which was statistically significant).
These findings highlight the importance
of antibody deficiencies in compromising
the production and functionality of anti-
SARS-CoV-2 antibodies, suggesting that
individuals with antibody complications may
have reduced protection against COVID-19.
Further investigations are warranted to better
understand the underlying mechanisms and
explore potential interventions to enhance
the immune response in these individuals.
The absence of neutralizing antibodies in the
cVNT test suggests that the limited amounts
of antibodies produced in these patients,
although not completely absent, lacked
the potency to effectively counteract viral
propagation.

In a survey by Hagin et al., specific IgG
antibodies were detected after vaccination
in 18 of 26 IEI patients, and 19 patients
also developed an S-peptide—specific T cell
response. Nevertheless, the antibody titer was
lower than the level in the healthy population
which was in accordance with our results (12,
21). This phenomenon is unlike what is seen
in secondary immunodeficiencies (24-26).
Although inactivated vaccines are regarded
as safe, more evidence is needed to establish
effective guidelines on the type and schedule
of vaccines in different IEI subgroups (27).

Based on the impaired generation and
function of anti-SARS-Cov2 antibodies
in patients with antibody complications,
different vaccination doses may not provide
a protective effect, which needs to be
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elucidated. We did not measure the valency
of the spike protein or the antibodies, as this
was beyond the scope of our study. However,
we acknowledge that valency may play a role
in the diverse antibody responses observed
in the IEI patients and the healthy controls.

In addition, our results showed a
strong positive correlation between the
IgG concentration measured using the
EUROIMMUN kit and the neutralizing
capacity assessed by the ChemoBind kit,
indicating a close link between antibody
production and functional effectiveness in our
study population. This significant correlation
emphasizes the importance of considering both
aspects when assessing the overall effectiveness
of the immune system against the target
antigen. Similar findings were reported by
Dolscheid-Pommerich et al., who investigated
the association between a quantitative ELISA
(IgG) and a microneutralization assay in
COVID-19 outbreak study populations (28).

The clinical implications of this study
are that COVID-19 vaccination may induce
antibody production in most IEI patients, except
for those with antibody production defects.
However, antibody production alone may not be
sufficient to protect against COVID-19 infection
and its complications. Therefore, IEI patients
should continue to follow preventive measures
such as wearing masks and social distancing.
Moreover, IEI patients may benefit from other
interventions such as immunoglobulin therapy
or monoclonal antibodies (29).

This study has some limitations that
need to be acknowledged: 1) the sample size
was small and unbalanced between the IEI
patients and the controls; 2) the IEI patients
were heterogeneous and included different
types of immunodeficiencies that may have
different responses to COVID-19 infection and
vaccination; 3) the controls were not matched
with the [EI patients in terms of age, gender,
vaccine type, or COVID-19 history; 4) the age
range does not include the pediatric population
and does not represent the whole population
of the IEI patients. Moving forward, further
research is warranted to conduct larger and
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more rigorous studies that compare antibody
production after COVID-19 vaccination in
the IEI patients using different methods.
Additionally, investigating the correlation
between antibody production and clinical
outcomes is crucial. Exploring other aspects
of the immune response, such as cellular
immunity and cytokine levels, could provide
valuable insights into COVID-19 infection
and vaccination in the IEI patients (30).

CONCLUSION

In conclusion, while IEI patients are
generally considered to be at higher risk
for severe COVID-19 due to their impaired
immune function and comorbidities, our
survey suggests that some IEI patients may
experience a milder course of the disease.
As a result of our study, all IEI patients had
weaker Ab production and function compared
with the healthy controls, but this difference
was much bigger in patients with problems
in making antibodies. These findings
emphasize the importance of monitoring the
immune response and clinical outcomes of
the IEI patients after the vaccination. While
vaccination is a crucial strategy to combat the
effects of the disease, it may be necessary to
explore alternative approaches.
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