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Abstract: Predominantly antibody deficiencies (PADs) are inborn disorders characterized by immune
dysregulation and increased susceptibility to infections. Response to vaccination, including severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), may be impaired in these patients, and
studies on responsiveness correlates, including cytokine signatures to antigen stimulation, are sparse.
In this study, we aimed to describe the spike-specific cytokine response following whole-blood
stimulation with SARS-CoV-2 spike peptides in patients with PAD (n = 16 with common variable
immunodeficiency and n = 15 with selective IgA deficiency) and its relationship with the occurrence
of coronavirus disease 2019 (COVID-19) during up to 10-month follow-up period. Spike-induced
antibody and cytokine production was measured using ELISA (anti-spike IgG, IFN-γ) and xMAP
technology (interleukin-1β (IL-1β), IL-4, IL-6, IL-10, IL-15, IL-17A, IL-21, TNF-α, TGF-β1). No
difference was found in the production of cytokines between patients with PAD and controls. Anti-
spike IgG and cytokine levels did not predict contraction of COVID-19. The only cytokine that
distinguished between vaccinated and naturally infected unvaccinated PAD patients was IFN-γ
(median 0.64 (IQR = 1.08) in vaccinated vs. 0.10 (IQR = 0.28) in unvaccinated). This study describes
the spike-specific cytokine response to SARS-CoV-2 antigens, which is not predictive of contracting
COVID-19 during the follow-up.

Keywords: antibody deficiency; common variable immunodeficiency; selective IgA deficiency;
SARS-CoV-2; COVID-19; cytokine

1. Introduction

Predominantly antibody deficiencies (PADs) are a group of disorders characterized
by impaired B cell differentiation and decreased synthesis of immunoglobulins, resulting
in recurrent sinopulmonary infections and, in some cases, poor vaccine response [1]. The
most common diagnoses include selective IgA deficiency (SIgAD) and common variable
immunodeficiency (CVID). Patients with SIgAD have reduced serum immunoglobulin A
(IgA) levels below 0.07 g/L, with normal levels of other immunoglobulins. They are often
asymptomatic and do not usually have an impaired response to vaccination. Symptomatic
patients may experience recurrent respiratory and gastrointestinal infections and have a
higher risk of atopic or autoimmune diseases compared to the general population [2]. CVID
is the most common symptomatic antibody deficiency. The European Society for Immun-
odeficiencies Registry working definition for CVID is decreased levels of immunoglobulins
(IgG, IgA, and/or IgM) and low switched memory B cells or poor vaccine response in
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individuals older than 4 years of age with no other identifiable cause or severe T cell de-
fects [3]. Recurrent bacterial infections are the hallmark of the disease; however, the majority
of patients also experience immune dysregulation-related non-infectious complications,
including autoimmune diseases and malignancy [4]. Immune dysregulation, including dys-
regulated cytokine response, has been long known to be a part of the immunopathogenesis
of predominantly antibody deficiencies, such as CVID and SIgAD [4–7].

When the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic
broke out in late 2019 [8], initial reports indicated increased disease-related morbidity
and mortality in immunocompromised patients [9–13], including those with PAD [14–16].
After vaccines became available, several studies have investigated both the reactogenicity
and immunogenicity of SARS-CoV-2 vaccines in PAD patients, and most studies con-
cluded that the immune response in PAD patients was inferior to that in healthy vaccine
recipients [17–32].

The main SARS-CoV-2 antigen is thought to be the spike (S) protein, which binds to
the human angiotensin-converting enzyme 2 receptor via the receptor-binding domain of
the virus and thus enters the cell. This protein consists of three parts: a signal peptide, an N-
terminal S1 protease fragment containing the receptor-binding domain, and a C-terminal S2
protease fragment [33,34]. Coordinated cellular immunity is essential for disease control in
viral infections, including SARS-CoV-2, while dysregulated and exacerbated inflammatory
responses play a pivotal role in the development of severe coronavirus disease-19 (COVID-
19) infection [35–37]. During natural infection with SARS-CoV-2, it has been observed
that along with traditional markers of inflammation, such as C-reactive protein (CRP) and
serum amyloid A, there are higher levels of specific pro-inflammatory cytokines, including
interleukin 6 (IL-6), IL-1β, IL-8, IL-10, interferon gamma (IFN-γ), and tumor necrosis factor
alpha (TNF-α) [38]. In addition, several other cytokines and chemokines have been shown
to have altered expression in COVID-19, and the levels of some of these cytokines have
been linked to the prognosis of COVID-19 [39–59]. However, some have speculated that
in patients with inborn errors of immunity, immunodeficiency might act as a protective
factor against the cytokine storm, which is the main trigger for the severe course of COVID-
19 [60]. Therefore, the interplay between cytokine dysregulation in patients with PAD is
intriguing; on the one hand, these patients may fail to mount an efficient immune response
to vaccination, which could lead to a more severe course of the disease [61]. In contrast, a
reduced inflammatory response could be related to a decreased risk of cytokine storms that
lead to multi-organ failure [60].

In addition, attempts have been made to identify biomarkers related to efficient vaccine
responses, and several associations between cytokine levels and SARS-CoV-2-specific
humoral immune responses have been observed. Several studies with immunocompetent
individuals have examined the correlates of SARS-CoV-2-specific humoral response and
found changes in levels of M-CSF, IL-1α, IFN-γ, IL-1β, IL-10, IL-12p70, IL-6, IL-17A, IL-15,
and IFN signaling-related cytokines (CXCL10, MCP-1, MCP-2, and MCP-3) to be correlated
with SARS-CoV-2-specific antibody response in healthy volunteers [45,62–65]. Regarding
PAD patients, several studies have examined the T cell response role in protection against
SARS-CoV-2, showing IL-2 and/or IFN-γ secretion in response to pooled SARS-CoV-
2 antigens [18,24–28]. Nonetheless, the understanding of the wider range of cytokines
produced following SARS-CoV-2 antigen stimulation in individuals with predominantly
antibody deficiencies is currently limited.

In this study, we aimed to describe the cytokine signatures following whole-blood
stimulation with SARS-CoV-2 antigen in SARS-CoV-2 naturally infected and vaccinated
PAD patients and compare these results with those of healthy controls. We also assessed
whether cytokine profile or other immunological parameters were related to vaccine ef-
fectiveness for preventing coronavirus disease 2019 (COVID-19) during the follow-up
period and cytokine signature relatedness with patients’ clinical parameters and anti-spike
antibody levels.
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2. Materials and Methods
2.1. Study Population

Patients with CVID and symptomatic SIgAD who were treated at a tertiary immunol-
ogy center (Pauls Stradins Clinical University Hospital, Riga, Latvia) were enrolled in the
study from April to July 2022. In total, 38 adult individuals were included in the study:
31 predominantly antibody deficiency patients (16 with CVID and 15 with SIgAD) and 7
healthy controls. All 31 patients were diagnosed according to the European Society for
Immunodeficiencies diagnostic criteria [3]. To gather data on the demographic and clinical
characteristics of patients, a thorough medical history of the patients was compiled, and
their medical records were assessed. At the onset of the study, patient medical history
was collected for several clinical parameters, including the frequency and type of infec-
tions (including SARS-CoV-2 infection and SARS-CoV-2 vaccination status), autoimmune
diseases, levels of autoantibodies (rheumatoid factor, anti-nuclear antibody (ANA) and ex-
tractable nuclear antigen antibody (ENA) screening, antineutrophil cytoplasmic antibodies
(p-ANCA, c-ANCA, atypical ANCA), antibodies against cardiolipins and phospholipids,
lupus anticoagulant, anti-double-stranded DNA, anti-histone, anti-thyroid peroxidase,
anti-tissue transglutaminase, anti-gliadin, and anti-gastric parietal cell antibodies), benign
polyclonal lymphoproliferation (lymphadenopathy, splenomegaly, and hepatomegaly),
granulomatous disease, enteropathy, atopy, or allergy (asthma, allergic rhinitis, food allergy,
and atopic dermatitis), and malignant diseases. Data regarding patient immunoglobulin
levels (IgG, IgM, and IgA) and lymphocyte subpopulations on the day of blood collection
were also retrieved from the patients’ medical records. Lymphocytes were divided into
the following subpopulations: B cells (CD19+), T cells (CD3+), T helper cells (CD3+CD4+),
T cytotoxic cells (CD3+CD8+), T natural killer cells (CD3+CD56+), and activated T cells
(CD3+HLADR+). The SARS-CoV-2 vaccination course was considered to be completed
if the individual had received two doses if naïve to SARS-CoV-2 infection, or one dose if
previously infected. The severity of COVID-19 in personal history was assessed using the
World Health Organization Clinical Progress scale [66]. Immunological phenotyping was
based on the EUROclass classifications [67]. CVID severity was assessed using the CVID
severity score proposed by Ameratunga [68]. Following written consent to participate in
this study, blood samples were obtained from patients and control participants. Four to
ten months (122–317 days) after blood sample collection, the patient’s medical documenta-
tion (SARS-CoV-2 PCR test results, booster vaccination status) was reviewed again, and
participants were contacted to determine if they had a positive SARS-CoV-2 rapid antigen
test result during this time. In cases where a patient received an additional dose of the
vaccine as a booster during the follow-up period, the duration of their follow-up time was
modified to account for the period leading up to the date on which they received the booster
dose. This study was conducted in accordance with the principles of the Declaration of
Helsinki. The study protocol was reviewed and approved by the Central Board of the
Ethics Committee of the Health Ministry of the Republic of Latvia (No. 01-29.1/2878).

2.2. Blood Collection

Peripheral venous blood samples were collected from all the participants. A peripheral
blood sample for SARS-CoV-2 anti-spike IgG was collected in a serum collection tube,
centrifuged after 30 min, and frozen at −20 ◦C until the day of measurement. A sample
for peripheral blood mononuclear cell (PBMC) isolation and phenotyping of B and T
lymphocyte subsets was collected in a lithium heparin-coated tube, and PBMCs were
isolated as described previously [25]. Samples for the assessment of CD4+ and CD8+
cell cytokine responses to SARS-CoV-2 peptide stimulation and cytokine determination
before/after SARS-CoV-2 peptide stimulation were collected in heparinized whole-blood
QuantiFERON SARS-CoV-2 blood collection tubes (Qiagen, Hilden, Germany), incubated
at 37 ◦C for 20 h, centrifuged according to the manufacturer’s protocol, and frozen at −20
◦C for subsequent analysis. QuantiFERON SARS-CoV-2 blood collection starter kit contains
four types of blood collection tubes: negative control, Ag1 tube (contains epitopes from the
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S1 fragment of the SARS-CoV-2 spike protein, measures response mediated by CD4+ cell
response), Ag2 tube (contains epitopes from the S1 and S2 fragments of the SARS-CoV-2
spike protein, measures response mediated by both CD4+ and CD8+ cells), and positive
control (mitogen control) [34,69]. Negative control was used to measure cytokine baseline
levels and non-specific cytokine release during the incubation, while the Ag2 tube was
used to measure cytokine levels after antigen stimulation.

2.3. Humoral Response to SARS-CoV-2

The humoral response to SARS-CoV-2 (IgG class antibodies to SARS-CoV-2 S1 domain
of the spike protein) was assessed using the semi-quantitative enzyme-linked immunosor-
bent assay (ELISA) from Euroimmun (Anti-SARS-CoV-2 IgG assay, Euroimmun, Lübeck,
Germany), following the manufacturer’s recommendations and as described previously.
An IgGAM ratio (optical density compared with the calibrator) > 1.1 was considered a
positive response. SARS-CoV-2 anti-spike response was considered low if the levels were
<1.1, moderate if the anti-spike IgG levels were between 1.1 and 10, and high if levels
were >10.

2.4. Cytokine Detection

Cytokine levels before and after SARS-CoV-2 S1 and S2 pool peptide stimulation were
determined by Luminex xMAP technology using Luminex 200 equipment (A DiaSorin
Company, Austin, TX, USA) and a multiplex assay (MILLIPLEX MAP Human TH17
Magnetic Bead Panel, Cat#: HTH17MAG-14 K and MILLIPLEX MAP TGF-ß1 Magnetic
Bead Single Plex Kit, Cat#: TGFBMAG-64K-01, both from Merck Millipore, Darmstadt,
Germany), following the manufacturer’s protocol. Levels of the following cytokines were
measured: transforming growth factor beta 1 (TGF-ß1), IL-1β, IL-4, IL-6, IL-10, IL-15,
IL-17A, IL-21, and TNF-α. Antigen-specific responses were quantified as the increase or
decrease in cytokine levels in SARS-CoV-2 S1 and S2 pool peptide-stimulated samples
compared with paired unstimulated negative controls. For the analysis, cytokines falling
below the lowest detection limit were adjusted to 0.5, and absent values were removed.

Levels of interferon gamma (IFN-γ) production before and after SARS-CoV-2 S1 and S2
pool peptide stimulation were assessed using QuantiFERON SARS-CoV-2 ELISA assay (Qia-
gen, Hilden, Germany), as previously reported [69], according to the manufacturer’s protocol.

2.5. T and B Cell Subset Phenotyping

T and B cell subpopulations from freshly isolated PBMCs were determined by flow
cytometry as described previously [25]. B cells were subdivided into the following
subpopulations: naïve B cells (CD19+CD27−IgM+IgD+), marginal zone-like B cells
(CD19+CD27+IgM++IgD+), switched memory B cells (CD19+CD27+IgM−IgD−), IgM-
only memory B cells (CD19+CD27+IgM++IgD−), transitional B cells (CD19+IgD+CD27-
IgM++CD38++), CD21low B cell (CD19+ IgM+,CD21-CD38-), plasmablasts (CD19+CD21+
CD38+++IgM−), and atypical memory B cells (CD19+CD21−CD27−IgD−). T cells were
subdivided as follows: naïve T helper cells (CD3+CD4+CD27+CD45RA+), central/transitory
memory T helper cells (CD3+CD4+CD27+CD45RA−, effector memory T helper cells
(CD3+CD4+CD27−CD45RA−), terminally differentiated T helper cells (CD3+CD4+CD27−
CD45RA+), recent thymic emigrant T cells (CD3+CD4+CD31+CD45RO−), naïve T cyto-
toxic cells (CD3+CD8+CD27+CD45RA+), central/transitory memory T cytotoxic cells
(CD3+CD8+CD27+CD45RA−), effector memory T cytotoxic cells (CD3+CD8+CD27−CD45
RA−), terminally differentiated T cytotoxic cells (CD3+CD8+CD27−CD45RA+), T regula-
tory cells (CD3+CD4+CD25+FOXP3+CD127dim).

2.6. Statistical Analysis

The Shapiro–Wilk test was used to determine whether continuous variables were
normally distributed. The results indicated that the data were not normally distributed;
therefore, medians and interquartile ranges (IQRs) were used in data presentation, and
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nonparametric statistical methods were used in subsequent analysis. The differences in
categorical variables were examined using the chi-square and Fisher exact tests. The Mann–
Whitney U or Kruskal–Wallis test was used to compare continuous variables between
two or more groups, respectively. The Wilcoxon signed-rank test was used to compare
two dependent samples. Spearman’s rank test was used to assess the correlation between
continuous variables. A binominal regression analysis was used to predict the occurrence
of COVID-19. In binominal regression analysis, the dependent variable was whether
COVID-19 was present during the follow-up period, while the independent variables were
measured at the beginning of this period as follows: levels of anti-spike IgG, changes
in cytokine levels (IFN-γ, TGF-β, IL-1β, IL-4, IL-6, IL-10, IL-15, IL-17A, IL-21, TNF-α)
following whole-blood stimulation with SARS-CoV-2 S1 and S2 pool antigens, as well as
levels of total IgG, IgA, and IgM, and different lymphocyte subpopulations as previously
noted. Statistical significance was set at p value < 0.05. Statistical analysis was performed
using IBM SPSS Statistics version 23 (IBM, New York, NY, USA). Graphs were generated
using GraphPad Prism version 8 (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Study Population

Overall, 38 individuals were enrolled in the study: 31 patients with predominantly
antibody deficiency (29.0% male, median age 40 years, IQR = 22) and seven control subjects
(28.5% male, median age 50 years, IQR = 21). In the patient group, 16 and 15 patients
were diagnosed with CVID and SIgAD, respectively. The clinical characteristics of the
participants are presented in Table 1.

Table 1. Demographic and clinical parameters of the predominantly antibody deficiency patients.

Diagnosis Sex Age Vaccination to
SARS-CoV-2

Days after
Vaccination

COVID-19 in
Personal Medical
History Prior to

Blood Collection

COVID-19
during

Follow-Up
Period

Clinical Manifestations
and Non-Infectious

Complications

Infection-
Related

Complications

CVID Female 30 Pfizer BioN-
TechBNT162b2 153

Yes, 118 days after
COVID-19, WHO

score * 2
No Recurrent pneumonia,

otitis media, tonsillitis Bronchiectasis

CVID Female 50 Spikevax
mRNA-1273 139 No No

Recurrent pneumonia,
otitis media, skin

infections; viral warts;
allergic rhinitis;

lymphadenopathy,
splenomegaly

Bronchiectasis

CVID Female 27 Spikevax
mRNA-1273 126

Yes, 55 days after
COVID-19, WHO

score 2
No

Recurrent pneumonia,
sinusitis, osteomyelitis;
allergic rhinitis; celiac
disease; Hashimoto
thyroiditis; type I
diabetes mellitus

No

CVID Female 28 Pfizer BioN-
TechBNT162b2 151 No No

Recurrent pneumonia,
sinusitis, tonsillitis, skin

infections; atopic
dermatitis; psoriasis;
lymphadenopathy,

hepatosplenomegaly

No

CVID Female 35 Jcovden
Ad26.CoV2 146

Yes, 387 days after
COVID-19, WHO

score 2
No

Recurrent pneumonia,
sinusitis, urinary tract
infections; viral warts;

atopic dermatitis;
Hashimoto thyroiditis;

lymphadenopathy

Bronchiectasis,
hearing

impairment due
to recurrent otitis

media

CVID Male 40 Pfizer BioN-
TechBNT162b2 128 No No

Recurrent pneumonia,
sinusitis, meningitis;

atopic dermatitis;
splenomegaly

No

CVID Male 37 Spikevax
mRNA-1273 345

Yes, 100 days after
COVID-19, WHO

score 2
No Recurrent pneumonia,

otitis media, sinusitis Bronchiectasis
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Table 1. Cont.

Diagnosis Sex Age Vaccination to
SARS-CoV-2

Days after
Vaccination

COVID-19 in
Personal Medical
History Prior to

Blood Collection

COVID-19
during

Follow-Up
Period

Clinical Manifestations
and Non-Infectious

Complications

Infection-
Related

Complications

CVID Male 28 Pfizer BioN-
TechBNT162b2 173 No Yes

Recurrent pneumonia,
otitis media, sinusitis,
skin infections; severe

EBV infection in
anamnesis;

lymphadenopathy

No

CVID Female 58 Spikevax
mRNA-1273 123

Yes, 41 days after
COVID-19, WHO

score 2
No

Recurrent pneumonia,
otitis media; asthma;

primary biliary
cholangitis;

lymphadenopathy,
hepatosplenomegaly;

non-infectious diarrhea

Hearing
impairment due
to recurrent otitis

media

CVID Female 61 Pfizer BioN-
TechBNT162b2 171

Yes, 453 days after
COVID-19, WHO

score 6
No

Recurrent pneumonia,
otitis media, tonsilitis;

asthma;
lymphadenopathy,

hepatosplenomegaly

Bronchiectasis

CVID Female 55 Pfizer BioN-
TechBNT162b2 167 No Yes

Recurrent pneumonia,
sinusitis, tonsillitis;

allergic rhinitis;
non-infectious diarrhea;

meningioma

No

CVID Male 37 Pfizer BioN-
TechBNT162b2 321

Yes, 86 days after
COVID-19, WHO

score 5
No Recurrent pneumonia;

non-infectious diarrhea Bronchiectasis

CVID Female 63 Spikevax
mRNA-1273 189 No No

Recurrent pneumonia,
otitis media, sinusitis,

tonsillitis, skin
infections, meningitis

Bronchiectasis,
hearing

impairment due
to recurrent otitis

media

CVID Male 69 Pfizer BioN-
TechBNT162b2 216

Yes, 98 days after
COVID-19, WHO

score 5
Yes

Recurrent pneumonia,
tonsillitis; asthma;

chronic lymphocytic
leukemia of B cell type

Bronchiectasis

CVID Female 48 No
vaccination N/A

Yes, 73 days after
COVID-19, WHO

score 4
No Recurrent pneumonia;

enteropathy No

CVID Male 45 No
vaccination N/A

Yes, 358 days after
COVID-19, WHO

score 1
No

Recurrent pneumonia,
otitis media, sinusitis,

osteomyelitis, recurrent
Herpes Zoster; vitiligo

Bronchiectasis

SIgAD Female 37 Spikevax
mRNA-1273 325

Yes, 95 days after
COVID-19, WHO

score 2
No Angioedema;

Hashimoto thyroiditis No

SIgAD Female 19 Pfizer BioN-
TechBNT162b2 277 No No

Recurrent pneumonia,
otitis media, urinary

tract infections,
tonsillitis, sepsis in
anamnesis; allergic

rhinitis; type 1 diabetes

No

SIgAD Female 53 Pfizer BioN-
TechBNT162b2 94

Yes, 526 days after
COVID-19, WHO

score 4
No

Recurrent skin
infections; rheumatoid
arthritis, drug-induced

osteoporosis with
pathological fractures

No

SIgAD Female 30 Pfizer BioN-
TechBNT162b2 47 No No

Recurrent sinusitis,
tonsillitis; atopic

dermatitis asthma;
lymphadenopathy,

splenomegaly;
non-infectious diarrhea

No

SIgAD Female 51 No
vaccination N/A

Yes, 105 days after
COVID-19, WHO

score 2
No Lichen ruber planus in

oral cavity mucosa No

SIgAD Male 21 Pfizer BioN-
TechBNT162b2 195 No No

Atopic dermatitis;
psoriasis; non-infectious

diarrhea
No
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Table 1. Cont.

Diagnosis Sex Age Vaccination to
SARS-CoV-2

Days after
Vaccination

COVID-19 in
Personal Medical
History Prior to

Blood Collection

COVID-19
during

Follow-Up
Period

Clinical Manifestations
and Non-Infectious

Complications

Infection-
Related

Complications

SIgAD Female 52 Pfizer BioN-
TechBNT162b2 135 No No

Recurrent tonsillitis;
allergic rhinitis;

idiopathic urticaria
No

SIgAD Female 68 Spikevax
mRNA-1273 73 No Yes

Recurrent urinary tract
infections; rheumatoid
arthritis; gastric cancer

in anamnesis

No

SIgAD Female 25 Pfizer BioN-
TechBNT162b2 291

Yes, 345 days after
COVID-19, WHO

score 2
No

Recurrent urinary tract
infections, tonsillitis;
viral warts; atopic

dermatitis;
non-infectious diarrhea

No

SIgAD Male 44 Spikevax
mRNA-1273 304

Yes, 77 days after
COVID-19, WHO

score 2
No

Recurrent skin
infections; atopic

dermatitis, eosinophilic
esophagitis; celiac

disease, Hashimoto
thyroiditis

No

SIgAD Female 42 Pfizer BioN-
TechBNT162b2 126

Yes, 59 days after
COVID-19, WHO

score 2
No Recurrent tonsillitis No

SIgAD Female 34 Spikevax
mRNA-1273 148

Yes, 35 days after
COVID-19, WHO

score 2
No

Recurrent tonsillitis,
meningitis in

anamnesis, recurrent
Herpes Zoster; allergic

rhinitis

No

SIgAD Female 36 No
vaccination N/A

Yes, 108 days after
COVID-19, WHO

score 2
Yes Recurrent otitis media,

sinusitis No

SIgAD Female 41 Pfizer BioN-
TechBNT162b2 25

Yes, 244 days after
COVID-19, WHO

score 2
Yes Recurrent tonsillitis;

hepatomegaly No

SIgAD Male 32 Pfizer BioN-
TechBNT162b2 204 No Yes

Recurrent sinusitis,
tonsillitis; atopic

dermatitis
No

Control Female 52 Pfizer BioN-
TechBNT162b2 487 No No N/A N/A

Control Male 37 Pfizer BioN-
TechBNT162b2 316

Yes, 140 days after
COVID-19, WHO

score 2
No N/A N/A

Control Male 50 Spikevax
mRNA-1273 147

Yes, 140 days after
COVID-19, WHO

score 2
No N/A N/A

Control Female 50 Pfizer BioN-
TechBNT162b2 96 No No N/A N/A

Control Female 31 Spikevax
mRNA-1273 162

Yes, 774 days after
COVID-19, WHO

score 2
No N/A N/A

Control Female 30 Pfizer BioN-
TechBNT162b2 203 No Yes N/A N/A

Control Female 60 Pfizer BioN-
TechBNT162b2 229

Yes, 113 days after
COVID-19, WHO

score 2
Yes N/A N/A

Abbreviations: CVID—common variable immunodeficiency; SIgAD—selective IgA deficiency; SARS-CoV-2—
severe acute respiratory syndrome coronavirus 2; COVID-19—coronavirus disease 2019; WHO—World Health
Organization. * Ambulatory mild disease: score 1—asymptomatic, viral ribonucleic acid (RNA) detected; score
2—symptomatic, independent; score 3—symptomatic, assistance needed; Hospitalized: moderate disease: score
4—hospitalized, no oxygen therapy required; score 5—hospitalized, oxygen by mask or nasal prongs; Hospitalized:
severe disease: score 6—hospitalized with non-invasive ventilation or high flow oxygen; score 7—intubation and
mechanic ventilation partial pressure of oxygen/fraction of inspired oxygen ratio (pO2/FiO2) ≥ 150 or oxygen
saturation/fraction of inspired oxygen ratio (SpO2/FiO2) ≥ 200; score 8—mechanic ventilation pO2/FiO2 < 150
or SpO2/ FiO2 < 200 or vasopressors; score 9—mechanic ventilation pO2/FiO2 < 150 or SpO2/FiO2 < 200 and
vasopressors, dialysis, or extracorporeal membrane oxygenation (ECMO); Dead: score 10—dead.
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3.2. Prior Exposure to SARS-CoV-2 Antigen and COVID-19 during the Follow-Up Period in the
Study Population

All patients and control group subjects had been previously exposed to the SARS-
CoV-2 antigen at the time of blood sample collection via natural infection (4 patients,
0 controls), vaccination (12 patients, 3 controls), or both (15 patients, 4 controls). Of all
vaccinated individuals (27 patients and 7 controls), the median time to completion of the
vaccination regimen was 164 (IQR = 114) days: median 153 (IQR = 90) days in patients and
203 (IQR = 169) days in the healthy vaccine recipient group. The median duration between
positive SARS-CoV-2 PCR test results and the date of evaluation for unvaccinated patients
was 106 days (IQR = 144). Seven patients and two controls developed COVID-19 during
the follow-up period, all of whom had mild disease according to the WHO classification
(up to a score of 3) and were treated in an out-patient setting.

3.3. Changes in Cytokine Production Following SARS-CoV-2 Antigen Stimulation

To examine the changes in cytokine levels in response to SARS-CoV-2 antigen stimu-
lation, we initially assessed the overall differences in cytokine production by comparing
the baseline levels with those after stimulation in all study participants. Subsequently, we
performed a similar analysis after excluding individuals who had not been vaccinated.
Furthermore, we compared cytokine levels between the patient and control groups to
determine whether significant differences existed in both baseline levels and changes in
cytokine levels following antigen stimulation. Additionally, we examined the potential dif-
ferences in cytokine levels and changes between patients diagnosed with common variable
immunodeficiency (CVID) and selective IgA deficiency (SIgAD). All relevant statistical
data are presented in Supplementary Table S1, which provides a detailed display of all
pertinent statistical analyses.

Overall, we found a statistically significant increase in the levels of IFN-γ, IL-10, IL-15,
IL-17A, IL-1β, and TNF-α, but not IL-21, IL-4, and IL-6, and a decrease in TGF-β1 follow-
ing SARS-CoV-2 antigen stimulation (see Figure 1 and Supplementary Table S1a). After
excluding patients who had not been vaccinated, changes were observed in the levels of the
cytokines mentioned previously, except for changes in IL-15, which were not statistically
significant (see Supplementary Table S1a). However, in the Mann–Whitney U test, we did
not observe a significant difference between the patient and control groups regarding the
increase in cytokine levels after SARS-CoV-2 antigen stimulation (see Supplementary Table
S1b). In contrast, such differences were observed in the baseline cytokine levels; patients
were characterized by significantly elevated baseline levels of IL-10 and IL-4 compared
with the control group (see Supplementary Table S1b).

In addition, when categorizing patients based on diagnosis, we observed significant
changes in IFN-γ, IL-10, IL-15, and IL-4 levels in the SIgAD subgroup, whereas only
changes in the levels of IFN-γ and TGF-β1 were observed in the CVID subgroup (see
Supplementary Table S1a). We also found a statistically significant difference in the increase
in IL-4 synthesis following SARS-CoV-2 antigen stimulation between different diagnosis
groups: IL-4 did not increase in the CVID group (median 0 ng/mL), but we found a median
1.2 ng/mL increase in the SIgAD group (see Supplementary Table S1b).
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Figure 1. Wilcoxon test results for changes in cytokine levels following whole-blood SARS-CoV-2
antigen stimulation in patients and controls. (a) Levels of IFN-γ before and after SARS-CoV-2 antigen
stimulation; n = 38. (b) Levels of IL-10 before and after SARS-CoV-2 antigen stimulation; n = 38.
(c) Levels of IL-15 before and after SARS-CoV-2 antigen stimulation; n = 34. (d) Levels of IL-β before
and after SARS-CoV-2 antigen stimulation; n = 20. (e) Levels of TNF-α before and after SARS-CoV-2
antigen stimulation; n = 36. (f) Levels of TGF-β1 before and after SARS-CoV-2 antigen stimulation;
n = 38.

3.4. Predictors of COVID-19 during the Follow-Up Period in PAD Patients

To determine potential clinical parameters that may be associated with the occurrence
of COVID-19 during the follow-up period, we conducted a binomial logistic regression
analysis and employed the Mann–Whitney U test. All the relevant statistical data are
presented in Supplementary Table S2.

Binomial logistic regression analysis indicated that variables such as anti-spike IgG
levels, cytokine levels following SARS-CoV-2 antigen stimulation, total IgG, IgM, and
IgA levels, and lymphocyte subpopulations cannot be used to predict the likelihood of
contracting COVID-19 (see Supplementary Table S2a). However, the Mann–Whitney U test
demonstrated significant differences in cytotoxic T and NK cell subpopulations between
patients who contracted COVID-19 during the follow-up period and those who did not (see
Figure 2 and Supplementary Table S2b). However, the effect size of this test was moderate.
After excluding patients who had not been vaccinated, significant differences in cytotoxic T
cells, but not NK cells, were observed (see Supplementary Table S2b).

When categorizing patients based on their diagnosis, a consistent observation of
differences in cytotoxic T cells, but not NK cells, was found in the CVID group, while
in the SIgAD group, we did not find a statistically significant difference in lymphocyte
subpopulations between the patients who contracted COVID-19 and those who did not.

We did not find a statistically significant relationship between the occurrence of
COVID-19 during the follow-up period and anti-spike IgG or cytokine levels after the
SARS-CoV-2 antigen stimulation (see Supplementary Table S2b).
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Figure 2. Associations of cytotoxic T cell and NK cell percentages with occurrence of COVID-19
in follow-up. (a) Mann–Whitney U test results for associations between cytotoxic T (CD8+) cells
and occurrence of COVID-19 in follow-up in patients who did (n = 7) or did not (n = 24) have
COVID-19 during the follow-up period. (b) Mann–Whitney U test results for associations between
NK (CD3−CD56+) cells and occurrence of COVID-19 in follow-up in patients who did (n = 7) or did
not (n = 24) have COVID-19 during the follow-up period.

3.5. Associations between the Cytokine Levels and Previous SARS-CoV-2 Vaccination

To ascertain potential differences in cytokine levels between vaccinated and unvac-
cinated patients and controls, the Kruskal–Wallis test was conducted. Furthermore, we
assessed whether the cytokine response was correlated with the type of vaccination received
within the patient group. All the relevant statistical data are presented in Supplementary
Tables S3 and S6.

The Kruskal–Wallis test indicated a significant difference in the median increase in
IFN-γ levels in the vaccinated, unvaccinated, and control groups (see Figure 3a and Sup-
plementary Table S3a). When categorizing patients based on their diagnosis, a consistent
observation of a difference between vaccinated and unvaccinated individuals was found in
the CVID group, but not in the SIgAD group (see Supplementary Table S3b). No other sig-
nificant differences were found in the increase in cytokine levels after SARS-CoV-2 antigen
stimulation between the vaccinated and unvaccinated patients or vaccinated controls.
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Figure 3. Associations between the cytokine levels and previous SARS-CoV-2 vaccination. (a) Mann–
Whitney U test results for associations between the IFN-γ level changes after SARS-CoV-2 antigen
stimulation in vaccinated patient group (n = 28), unvaccinated patient group (n = 4), and control
group (n = 7). (b) Spearman’s correlation between the increase in levels of TGF-β1 after whole-blood
stimulation with SARS-CoV-2 spike protein S1 and S2 pool peptides in vaccinated patients (n = 27)
and control group individuals (n = 7). ns—non-significant.
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Furthermore, there was no significant correlation between the type of vaccine admin-
istered and changes in cytokine levels (see Supplementary Table S3c).

Regarding the cytokine response correlation with time after the last vaccine dose, the
only cytokine whose level changed after antigen stimulation correlated with time after
vaccination was TGF-β1 (in the patient group) (Figure 3b and Supplementary Table S6c).

3.6. Associations between the Cytokine Levels and SARS-CoV-2 Humoral Response

We also assessed whether the cytokine response to SARS-CoV-2 antigen stimulation
was related to the anti-spike IgG antibody levels. All the relevant statistical data are
presented in Supplementary Tables S4 and S6.

No significant correlation was observed between the levels of anti-spike IgG and the
increase in cytokine levels following SARS-CoV-2 antigen stimulation in patients with
PAD (see Supplementary Table S6c). However, when categorizing patients based on low,
moderate, or high anti-spike antibody response, patients with low antibody response
exhibited a higher median decrease in TGF-β1 levels after stimulation with SARS-CoV-2
antigen and compared to patients with a moderate or high humoral response or control
group individuals (see Figure 4 and Supplementary Table S4a).
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Figure 4. Kruskal–Wallis test results for associations between the levels of TGF-β1 after SARS-CoV-2
antigen stimulation and SARS-CoV-2 humoral response. Median decrease in levels of TGF-β1 after
SARS-CoV-2 antigen stimulation in patients with low (n = 3), moderate, or high anti-spike IgG
response (n = 28) and controls (n = 7). ns—non-significant.

3.7. Associations between the Cytokine Levels and Patient’s Demographic and Clinical Characteristics

We also assessed whether there were any correlations between age and cytokine re-
sponses to SARS-CoV-2 antigen stimulation as well as any differences in cytokine responses
in relation to various clinical manifestations. All relevant statistical data are presented in
Supplementary Tables S5 and S6.

In the patient group, age was significantly correlated with changes in the levels of
TGF-β1 and IL-1β following SARS-CoV-2 antigen stimulation (see Supplementary Table S6a).

Distinct variations were observed in the cytokine profiles when comparing various
complications and comorbidities. The Kruskal–Wallis test indicated that there was a
significant difference in the median increase in the level of IL-4 and the frequency of detected
autoantibodies in personal medical history, while in the control group or patients without
autoantibodies, no increase was observed; in patients who had detected autoantibodies in
their personal medical history, we found a median 1.26 ng/mL increase in the levels of IL-4
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following SARS-CoV-2 antigen stimulation (see Figure 5a and Supplementary Table S5a).
Additionally, baseline IL-4 and TNF-α levels were higher in patients with autoantibodies.
We found no association between increased cytokine levels, including IL-4, after SARS-CoV-
2 antigen stimulation and clinically detectable autoimmune diseases (see Supplementary
Table S5a). However, when categorizing patients according to diagnosis, in the CVID group,
TGF-β1 levels were related to the presence of autoimmune disease (see Supplementary
Table S5c). An increase in the level of IL-4 following SARS-CoV-2 antigen stimulation, but
not the baseline IL-4 level, was also correlated with the levels of total IgG and total IgM
(see Figure 6 and Supplementary Table S6c).
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Figure 5. Associations between the IL-4, IL-10, TNF-α, and IL-21 levels and patient’s clinical character-
istics. (a) Mann–Whitney U test results for associations between IL-4 level changes after SARS-CoV-2
antigen stimulation in patients with detected autoantibodies (n = 8), patients without the condition
(n = 8), and control group (n = 2). (b) Mann–Whitney U test results for associations between IL-10
level changes following SARS-CoV-2 antigen stimulation in patients with hepatomegaly (n = 4),
patients without the condition (n = 27), and control group (n = 7). (c) Mann–Whitney U test results for
associations between IL-10 level changes following SARS-CoV-2 antigen stimulation in patients with
splenomegaly (n = 5), patients without the condition (n = 26), and control group (n = 7). (d) Mann–
Whitney U test results for associations between the changes in IL-10 level following SARS-CoV-2
antigen stimulation in patients with lymphadenopathy (n = 7), patients without the condition (n = 24),
and control group (n = 7). (e) Mann–Whitney U test results for associations between the changes in
TNF-α following SARS-CoV-2 antigen stimulation in patients with B+SmB- (n = 4), B+SmB+ pheno-
type (n = 9), and control group individuals (n = 7). (f) Spearman’s correlation between the CVID
patients’ severity score and increase in levels of IL-21 after whole-blood stimulation with SARS-CoV-2
antigen in CVID patients (n = 9). ns—non-significant.

Changes in IL-10 levels after SARS-CoV-2 antigen stimulation were found to be sig-
nificantly associated with lymphadenopathy, splenomegaly, and hepatomegaly. IL-10
levels decreased after SARS-CoV-2 antigen stimulation in patients with lymphadenopathy,
whereas an increase was observed in those without the condition and in the control group.
A similar trend was observed for splenomegaly and hepatomegaly, as well as for changes
in IL-15 levels and splenomegaly (see Figure 5b–d and Supplementary Table S5a). When
categorizing patients based on their diagnosis, a consistent observation of changes in IL-10
levels was found in the CVID group, but not in the SIgAD group, since only one patient
with each of these conditions was present in the SIgAD subgroup (see Supplementary
Table S5c,d).
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in IL-10 levels was found in the CVID group, but not in the SIgAD group, since only one 

patient with each of these conditions was present in the SIgAD subgroup (see Supplemen-

tary Table S5c,d). 

In the CVID patient subgroup, we also assessed the association with the EUROclass 

classification groups and found a statistically significant difference between the increase 
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Figure 6. Correlation matrix of the changes in levels of cytokines following SARS-CoV-2 antigen
stimulation and immunological parameters. Spearman r values are shown from red (−1.0) to blue
(1.0). The absence of an r value in certain blank cells signifies that the corresponding Spearman’s
correlation coefficient (r) value is 0.

In the CVID patient subgroup, we also assessed the association with the EUROclass
classification groups and found a statistically significant difference between the increase in
levels of TNF-α after SARS-CoV-2 stimulation; patients with low switched memory B cell
percentages (EUROclass group B+SmB-) had a higher increase in TNF-α levels compared
to patients with normal switched memory B cell percentages or the control group subjects
(see Figure 5e and Supplementary Table S5b). There was only one patient with B- and
one patient with CD21low high phenotype and two with transitional cell high phenotype;
therefore, the median values for these patients have not been reported.

In the CVID patient subgroup, we assessed a correlation with the CVID severity score,
and only spike-induced IL-21 response correlated with the severity of CVID (rs = 0.809,
p = 0.009, n = 9).
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3.8. Correlation between the Cytokine Levels and Lymphocyte Subsets

Correlations between changes in cytokine levels following SARS-CoV-2 antigen stimu-
lation and immunological parameters are shown in Figure 6 and Supplementary Table S6.

Overall, we found a significant correlation between the increase in the levels of Th17
cytokines (IL-17A and IL-21) after SARS-CoV-2 antigen stimulation, as well as TGF-β with
the pro-inflammatory cytokines IL-1β and TNF-α (see Supplementary Table S6b). We also
observed a correlation between the baseline levels of pro-inflammatory cytokines: IL-1β
correlated with the levels of IL-6 and TNF-α, and IL-6 with TNF-α and IL-10 correlated
with IL-4 and IL-15 (see Supplementary Table S6a).

Regarding correlations with lymphocyte subsets, several B cell subsets were correlated
with changes in cytokine levels after SARS-CoV-2 antigen stimulation: marginal zone-like B
cells and IgM-only memory B cells correlated with changes in IFN-γ and IL-10 levels, while
IFN-γ was also correlated with CD21low B cells. Changes in IL-4 levels also correlated with
IgM-only memory B cells, CD21low B cells, and T helper cells. Changes in IL-1β levels were
related to total and atypical B cells, whereas changes in IL-6 levels were related to naïve
B cells. Natural killer T cells correlated with changes in IL-10, IL-17A, and IL-21 levels.
Changes in IL-17A levels also correlated with total T cells and terminally differentiated T
cells. Natural killer cells were correlated with changes in IL-17A and TNF-α levels (see
Figure 6 and Supplementary Table S6c).

4. Discussion

In this study, we present the spike-specific cytokine response observed after whole-
blood stimulation with the SARS-CoV-2 antigen in naturally infected unvaccinated and
vaccinated PAD patients and explore the cytokine profile and other immunological param-
eters as markers for predicting the contraction of COVID-19 infection during the up to
10-month follow-up period.

Overall, we were not able to predict the occurrence of COVID-19 based on the anti-
spike humoral response, baseline cytokine levels, changes in cytokine levels following
whole-blood SARS-CoV-2 antigen stimulation, or other immunological parameters in
patients with PAD. However, patients with higher percentages of cytotoxic T and NK
cells showed a lower incidence of COVID-19 during the follow-up period. This finding
is consistent with the current understanding that these specific cell types play a crucial
role in the antiviral immune response, including that against SARS-CoV-2 [70]. Functional
exhaustion of cytotoxic lymphocytes (such as CD8+ cytotoxic T cells and NK cells) has
been associated with poor COVID-19 prognosis [33,44], whereas substantial CD8+ T cell
responses have been associated with mild COVID-19 disease [71]. Cytokine levels after
SARS-CoV-2 antigen stimulation did not prove to be predictive of COVID-19. To the best of
our knowledge, there have been no prior studies examining the potential of cytokine levels
as predictive markers of occurrence of COVID-19 in patients with PAD; however, previous
research conducted on healthy individuals during an 8-month follow-up period following
CoronaVac vaccination found that those who exhibited lower levels of IFN-γ in the IFN-γ
release assay were at a higher risk of contracting COVID-19 [72]. Similarly, we were unable
to predict the likelihood of being infected with SARS-CoV-2 through anti-spike antibody
levels, which is consistent with the findings of the COV-AD study [72].

Cytokines that have previously exhibited alterations in their levels following vaccina-
tion in immunocompetent individuals include IFN-γ, IL-10, IL-15, IL-17A, IL-1 β, TNF-α,
IP-10/CXCL10, IL-6, IFN-α2, IL-12p70, IL-18, IL-23, and IL-33 [73–78]. Interestingly, in
addition to several of the mentioned cytokines, we also observed a decrease in the level
of TGF-β1 following whole-blood stimulation with the SARS-CoV-2 antigen, and this
decrease was more prominent in patients who showed a low anti-spike IgG response as
well as in CVID patients with an autoimmune disease. The main source of TGF-β1 is
epithelial cells, but it can be produced by most immune cells in response to infection, and it
mainly acts as a regulator of multiple types of immune cells, including T regulatory (Treg)
cells, NK cells, and macrophages [79]. The TGF-β1 role in antibody synthesis is mainly
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induced by the induction of T regulatory cells to suppress B cells [80,81] and the induction
of an isotype switch to mainly IgA1 and IgA2 class antibodies [82]. In a study on the
dynamics of adaptive immune response in severe COVID-19 examining the plasmablast
transcriptome changes over the course of eight weeks, plasmablasts showed a continuous
immune reaction; during the first week, plasmablasts showed an immune response directed
against SARS-CoV-2, characterized by the synthesis of IgG antibodies against the spike and
nucleocapsid proteins, but later response switched to IgA-expressing plasmablasts, which
were are not specific to SARS-CoV-2 proteins and reflected continued instruction of the
B lymphocytes by TGF-β1 [82]. In addition, in the upper airways of immunocompetent
patients, TGF-β1 transcript level expression was lower in SARS-CoV-2-infected patients
than in controls, and in asymptomatic individuals, TGF-β1 correlated negatively with
IFN-γ, suggesting its role in the regulation of early antiviral inflammatory response [83]. In
our cohort, changes in the levels of TGF-β1 were significantly correlated with the levels of
IL-1β and TNF-α. Indeed, TGF-β1 can activate nuclear factor-kappa-light-chain-enhancer
of activated B cells (NF-kB), which can further upregulate various cytokines, including
IFN-γ, TNF-α, and IL-1 β [84,85]. Further research is warranted to determine the function
of TGF-β1 in the adaptive immune reactions related to COVID-19 in patients with PAD.

This report confirms a higher IFN-γ response to SARS-CoV-2 antigen stimulation in
vaccinated PAD patients than in unvaccinated patients who were exposed to the SARS-
CoV-2 virus via natural COVID-19, similar to that previously reported in individuals in
the general population [74,86], although conflicting evidence exists [87]. In our cohort,
we found no difference in the changes in other cytokine levels after SARS-CoV-2 antigen
stimulation when comparing vaccinated and unvaccinated patients, although previously
in a study with healthy individuals, TNF-α levels in response to stimulation with peptide
pools corresponding to the SARS-CoV-2 spike, nucleocapsid, or membrane protein were
significantly higher in individuals who had completed a vaccination regimen than in
unvaccinated individuals [74]. These differences could be because we only examined
cytokine responses to S1 and S2 pools in this study.

We also examined whether the spike-specific cytokine response was associated with
any specific non-infectious complications. In this study, we found an association between
the magnitude of the increase in IL-4 and the presence of autoantibodies in patients’ serum,
as well as an increase in IL-4 correlated with total IgG and IgM levels, but not with anti-spike
IgG. This finding is in line with a study of COVID-19 patients where excessive plasmablast
expansion was correlated with autoantibody production, and these plasmablasts devel-
oped according to IL-4− and BAFF-driven developmental trajectories. Although they were
not enriched in autoreactive B cells, two distinct memory populations (CD80+/ISG15+
and CD11c+/SOX5+/T-bet+/−) with signs of autoreactivity were identified, which were
considered to be the source of COVID-19 autoantibodies [88]. Indeed, the evidence of the
development of autoimmune conditions following COVID-19 has accumulated during the
past few years [44,89–95]. In addition, we found a correlation between IL-21 and CVID
severity score in patients with CVID. Within secondary lymphoid organs, T follicular helper
(Tfh) cells are primarily engaged in ensuring B cell survival, proliferation, and differentia-
tion by producing significant quantities of IL-21 and IL-4 [96], and the majority of inborn
errors of immunity patients exhibit spike-specific circulating Tfh cells [28]. Regarding CVID
and SIgAD patients, association studies suggest that defective IL-4 and IL-21 signaling
has been linked to an increased prevalence of non-infectious complications, including
autoimmunity [4,97–100].

IL-10 was identified as another cytokine whose increase was associated with a specific
patient phenotype. IL-10 is an anti-inflammatory cytokine that is capable of inhibiting the
synthesis of pro-inflammatory cytokines and is produced mainly by T cells, especially Treg
and Tfh cells, as well as monocytes and B regulatory cells [7]. In our study, the extent of the
spike-specific IL-10 response was significantly lower in patients with benign polyclonal
lymphoproliferation, manifested as hepatomegaly, splenomegaly, and lymphadenopathy.
In the EUROclass trial, splenomegaly was associated with dysregulation of B cell homeosta-
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sis, including reduced switched-low memory B cells, which could indicate dysregulated
germinal center development [67]. We also observed that the level of the pro-inflammatory
cytokine TNF-α was significantly higher in patients with low switched memory B cell
counts (EUROclass B+SmB−). Although the cytokine response to SARS-CoV-2 antigen
has not been examined previously in the context of non-infectious complications of PAD,
the response of circulating Tfh isolated from CVID patients to submitogenic PHA+IL-2
stimulation, as indicated by the intracellular expression of Tfh cytokines (IL-4, IL-10, IL-21),
with non-infectious complications (autoimmunity and/or granulomatous disease) was
lower than that in patients without these complications. In contrast, the IL-4 response
was higher in patients with autoimmunity and/or granulomatous disease [101]. Studies
of IL-10 levels without antigen stimulation suggest that low IL-10 production in patients
with CVID-like disorders with homozygous deletion of the inducible T cell co-stimulator
(ICOS), a key receptor of Tfh help to germinal center B cells, may contribute to the disturbed
germinal center reaction in secondary lymphoid organs, and patients with this genetic
defect can be associated with splenomegaly [102]. In addition, CVID patients have been
shown to have a decreased frequency of naïve regulatory T cells, one of the major sources
of IL-10, in CVID patients with splenomegaly [103].

Several major limitations should be considered. First, the sample size was limited
due to the rarity of these conditions, which reduced the statistical power and limited the
ability to detect significant associations; therefore, the utility of predicting factors should be
studied in larger cohorts. Second, the timeframe within the measurements after completion
of the immunization schedule was broad in this cohort. Third, whole-blood stimulation
has limitations that should be considered: T cell responses are complex, and natural or
vaccine-induced T cell stimulation can activate different cell subpopulations and molecular
pathways, resulting in distinct functional cytokine expression profiles and clinical outcomes.
In addition, we examined only the spike-induced cytokine response, and other SARS-CoV-2
proteins, such as the nucleocapsid or membrane proteins, were not included. The cytokine
IL-2 was not included in the analysis due to technical reasons. Therefore, it is possible
that predicting vaccine-induced or natural protection may be more accurate if we consider
the activation of T cells that express different cytokines or activation markers in addition
to those currently being examined. In addition, there is a limitation in comparing our
results with those of other studies, because the methods of investigation vary significantly
between studies.

5. Conclusions

No significant association was observed between spike-specific cytokine response,
anti-spike IgG levels, or other relevant factors and the likelihood of contracting COVID-19.
Similar to the healthy control groups, the most distinct difference between vaccinated and
naturally infected unvaccinated patients with PAD was the higher increase in IFN-γ levels
in the vaccinated patients.
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www.mdpi.com/article/10.3390/v15051146/s1. Table S1. Changes in cytokine levels following SARS-
CoV-2 stimulation. Table S2. Predictors of COVID-19 during the follow-up period in PAD patients.
Table S3. Associations between the cytokine levels and previous SARS-CoV-2 vaccination. Table S4.
Associations between the changes in cytokine levels following SARS-CoV-2 antigen stimulation and
SARS-CoV-2-specific humoral response. Table S5. Associations between the cytokine levels and
patient’s demographic and clinical characteristics. Table S6. Spearman correlation analysis.
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et al. Prognostic value of interleukin-18 and its association with other inflammatory markers and disease severity in COVID-19.
Cytokine 2021, 137, 155302. [CrossRef]

58. Xiao, N.; Nie, M.; Pang, H.; Wang, B.; Hu, J.; Meng, X.; Li, K.; Ran, X.; Long, Q.; Deng, H.; et al. Integrated cytokine and metabolite
analysis reveals immunometabolic reprogramming in COVID-19 patients with therapeutic implications. Nat. Commun. 2021, 12,
1618. [CrossRef]

59. Mohamed, H.A.; Abdelkafy, A.E.; Khairy, R.M.M.; Abdelraheim, S.R.; Kamel, B.A.; Marey, H. MicroRNAs and cytokines as
potential predictive biomarkers for COVID-19 disease progression. Sci. Rep. 2023, 13, 3531. [CrossRef]

60. Babaha, F.; Rezaei, N. Primary Immunodeficiency Diseases in COVID-19 Pandemic: A Predisposing or Protective Factor? Am. J.
Med. Sci. 2020, 360, 740–741. [CrossRef]

61. Jalil, M.; Pietras, J.; Ahmed, S.N.; Daniels, P.; Hostoffer, R. COVID-19 Infection in Patients with Humoral Immunodeficiency: A
Case Series and Literature Review. Allergy Rhinol. 2022, 13, 21526575221096044. [CrossRef] [PubMed]

62. Odnoletkova, I.; Kindle, G.; Quinti, I.; Grimbacher, B.; Knerr, V.; Gathmann, B.; Ehl, S.; Mahlaoui, N.; Van Wilder, P.; Bogaerts,
K.; et al. The burden of common variable immunodeficiency disorders: A retrospective analysis of the European Society for
Immunodeficiency (ESID) registry data. Orphanet J. Rare Dis. 2018, 13, 201. [CrossRef] [PubMed]

63. Martinson, N.; Gordhan, B.; Petkov, S.; Pillay, A.-D.; Seiphetlo, T.; Singh, N.; Otwombe, K.; Lebina, L.; Fredolini, C.; Chiodi,
F.; et al. Proteomic Analysis of Mucosal and Systemic Responses to SARS-CoV-2 Antigen. Vaccines 2023, 11, 334. [CrossRef]
[PubMed]

https://doi.org/10.1093/cid/ciaa248
https://doi.org/10.1007/s10753-021-01464-5
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.1186/s12967-021-02938-8
https://doi.org/10.23812/CONTI-E
https://doi.org/10.3389/fphar.2022.802228
https://doi.org/10.1038/s41467-021-25191-5
https://doi.org/10.1016/j.cyto.2022.155934
https://doi.org/10.1016/j.heliyon.2021.e06155
https://doi.org/10.3389/fimmu.2021.613422
https://doi.org/10.3390/jcm10163523
https://doi.org/10.1093/infdis/jiac313
https://doi.org/10.3390/v14040787
https://doi.org/10.3389/fimmu.2022.946730
https://doi.org/10.1038/s41598-021-93950-x
https://doi.org/10.1016/j.cyto.2020.155302
https://doi.org/10.1038/s41467-021-21907-9
https://doi.org/10.1038/s41598-023-30474-6
https://doi.org/10.1016/j.amjms.2020.07.027
https://doi.org/10.1177/21526575221096044
https://www.ncbi.nlm.nih.gov/pubmed/35496893
https://doi.org/10.1186/s13023-018-0941-0
https://www.ncbi.nlm.nih.gov/pubmed/30419968
https://doi.org/10.3390/vaccines11020334
https://www.ncbi.nlm.nih.gov/pubmed/36851212


Viruses 2023, 15, 1146 22 of 23

64. Hu, Z.; van der Ploeg, K.; Chakraborty, S.; Arunachalam, P.S.; Mori, D.A.; Jacobson, K.B.; Bonilla, H.; Parsonnet, J.; Andrews, J.R.;
Holubar, M.; et al. Early immune markers of clinical, virological, and immunological outcomes in patients with COVID-19: A
multi-omics study. Elife 2022, 11, e77943. [CrossRef]

65. Chia, W.N.; Zhu, F.; Ong, S.W.X.; Young, B.E.; Fong, S.-W.; Le Bert, N.; Tan, C.W.; Tiu, C.; Zhang, J.; Tan, S.Y.; et al. Dynamics of
SARS-CoV-2 neutralising antibody responses and duration of immunity: A longitudinal study. Lancet Microbe 2021, 2, e240–e249.
[CrossRef]

66. Marshall, J.C.; Murthy, S.; Diaz, J.; Adhikari, N.K.; Angus, D.C.; Arabi, Y.M.; Baillie, K.; Bauer, M.; Berry, S.; Blackwood, B.; et al. A
minimal common outcome measure set for COVID-19 clinical research. Lancet Infect. Dis. 2020, 20, e192–e197. [CrossRef]

67. Wehr, C.; Kivioja, T.; Schmitt, C.; Ferry, B.; Witte, T.; Eren, E.; Vlkova, M.; Hernandez-Gonzalez, M.; Detkova, D.; Bos, P.R.; et al.
The EUROclass trial: Defining subgroups in common variable immunodeficiency. Blood 2008, 111, 77–85. [CrossRef]

68. Ameratunga, R. Assessing Disease Severity in Common Variable Immunodeficiency Disorders (CVID) and CVID-Like Disorders.
Front. Immunol. 2018, 9, 2130. [CrossRef]

69. Tormo, N.; Navalpotro, D.; Martínez-Serrano, M.; Moreno, M.; Grosson, F.; Tur, I.; Guna, M.R.; Soriano, P.; Tornero, A.; Gimeno,
C. Commercial Interferon-gamma release assay to assess the immune response to first and second doses of mRNA vaccine in
previously COVID-19 infected versus uninfected individuals. Diagn. Microbiol. Infect. Dis. 2022, 102, 115573. [CrossRef]

70. Pekayvaz, K.; Leunig, A.; Kaiser, R.; Joppich, M.; Brambs, S.; Janjic, A.; Popp, O.; Nixdorf, D.; Fumagalli, V.; Schmidt, N.; et al.
Protective immune trajectories in early viral containment of non-pneumonic SARS-CoV-2 infection. Nat. Commun. 2022, 13, 1018.
[CrossRef]

71. Dijssel, J.V.D.; Hagen, R.R.; de Jongh, R.; Steenhuis, M.; Rispens, T.; Geerdes, D.M.; Mok, J.Y.; Kragten, A.H.; Duurland, M.C.;
Verstegen, N.J.; et al. Parallel detection of SARS-CoV-2 epitopes reveals dynamic immunodominance profiles of CD8 + T memory
cells in convalescent COVID -19 donors. Clin. Transl. Immunol. 2022, 11, e1423. [CrossRef]

72. Jørgensen, S.F.; Fevang, B.; Aukrust, P. Autoimmunity and Inflammation in CVID: A Possible Crosstalk between Immune
Activation, Gut Microbiota, and Epigenetic Modifications. J. Clin. Immunol. 2019, 39, 30–36. [CrossRef] [PubMed]

73. Bergamaschi, C.; Terpos, E.; Rosati, M.; Angel, M.; Bear, J.; Stellas, D.; Karaliota, S.; Apostolakou, F.; Bagratuni, T.; Patseas, D.; et al.
Systemic IL-15, IFN-γ and IP-10/CXCL10 Signature Associated with Effective Immune Response to SARS-CoV-2 in BNT162b2
mRNA Vaccine Recipients. Cell Rep. 2021, 36, 109504. [CrossRef] [PubMed]

74. Li, Z.; Xiang, T.; Liang, B.; Deng, H.; Wang, H.; Feng, X.; Quan, X.; Wang, X.; Li, S.; Lu, S.; et al. Characterization of SARS-CoV-2-
Specific Humoral and Cellular Immune Responses Induced by Inactivated COVID-19 Vaccines in a Real-World Setting. Front.
Immunol. 2021, 12, 5559. [CrossRef] [PubMed]

75. Flego, D.; Cesaroni, S.; Romiti, G.F.; Corica, B.; Marrapodi, R.; Scafa, N.; Maiorca, F.; Lombardi, L.; Pallucci, D.; Pulcinelli, F.; et al.
Platelet and immune signature associated with a rapid response to the BNT162b2 mRNA COVID-19 vaccine. J. Thromb. Haemost.
2022, 20, 961–974. [CrossRef]

76. Tahtinen, S.; Tong, A.-J.; Himmels, P.; Oh, J.; Paler-Martinez, A.; Kim, L.; Wichner, S.; Oei, Y.; McCarron, M.J.; Freund, E.C.; et al.
IL-1 and IL-1ra are key regulators of the inflammatory response to RNA vaccines. Nat. Immunol. 2022, 23, 532–542. [CrossRef]

77. Schultheiß, C.; Willscher, E.; Paschold, L.; Gottschick, C.; Klee, B.; Henkes, S.-S.; Bosurgi, L.; Dutzmann, J.; Sedding, D.; Frese, T.;
et al. The IL-1β, IL-6, and TNF cytokine triad is associated with post-acute sequelae of COVID-19. Cell Rep. Med. 2022, 3, 100663.
[CrossRef]

78. Sahin, U.; Muik, A.; Vogler, I.; Derhovanessian, E.; Kranz, L.M.; Vormehr, M.; Quandt, J.; Bidmon, N.; Ulges, A.; Baum, A.; et al.
BNT162b2 vaccine induces neutralizing antibodies and poly-specific T cells in humans. Nature 2021, 595, 572–577. [CrossRef]

79. Ramírez-Martínez, G.; Jiménez-Álvarez, L.A.; Cruz-Lagunas, A.; Ignacio-Cortés, S.; Gómez-García, I.A.; Rodríguez-Reyna, T.S.;
Choreño-Parra, J.A.; Zúñiga, J. Possible Role of Matrix Metalloproteinases and TGF-β in COVID-19 Severity and Sequelae.
J. Interf. Cytokine Res. 2022, 42, 352–368. [CrossRef]

80. Xu, A.; Liu, Y.; Chen, W.; Wang, J.; Xue, Y.; Huang, F.; Rong, L.; Lin, J.; Liu, D.; Yan, M.; et al. TGF-β–Induced Regulatory T Cells
Directly Suppress B Cell Responses through a Noncytotoxic Mechanism. J. Immunol. 2016, 196, 3631–3641. [CrossRef]

81. Strainic, M.G.; Shevach, E.M.; An, F.; Lin, F.; Medof, M.E. Absence of signaling into CD4+ cells via C3aR and C5aR enables
autoinductive TGF-β1 signaling and induction of Foxp3+ regulatory T cells. Nat. Immunol. 2013, 14, 162–171. [CrossRef]
[PubMed]

82. Ferreira-Gomes, M.; Kruglov, A.; Durek, P.; Heinrich, F.; Tizian, C.; Heinz, G.A.; Pascual-Reguant, A.; Du, W.; Mothes, R.; Fan, C.;
et al. SARS-CoV-2 in severe COVID-19 induces a TGF-β-dominated chronic immune response that does not target itself. Nat.
Commun. 2021, 12, 1961. [CrossRef] [PubMed]

83. Villalba, M.C.M.; Ramírez, O.V.; Jiménez, M.M.; Garcia, A.A.; Alfonso, J.M.; Baéz, G.G.; Arrieta, R.R.; Simón, D.R.; Gainza, D.A.;
Vázquez, B.S.; et al. Interferon gamma, TGF-β1 and RANTES expression in upper airway samples from SARS-CoV-2 infected
patients. Clin. Immunol. 2020, 220, 108576. [CrossRef] [PubMed]

84. Hamidi, S.H.; Veethil, S.K.; Hamidi, S.H. Role of pirfenidone in TGF-β pathways and other inflammatory pathways in acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection: A theoretical perspective. Pharmacol. Rep. 2021, 73, 712–727.
[CrossRef]

85. Yan, T.; Tan, Y.; Deng, G.; Sun, Z.; Liu, B.; Wang, Y.; Yuan, F.; Sun, Q.; Hu, P.; Gao, L.; et al. TGF-β induces GBM mesenchymal
transition through upregulation of CLDN4 and nuclear translocation to activate TNF-α/NF-κB signal pathway. Cell Death Dis.
2022, 13, 339. [CrossRef]

https://doi.org/10.7554/eLife.77943
https://doi.org/10.1016/S2666-5247(21)00025-2
https://doi.org/10.1016/S1473-3099(20)30483-7
https://doi.org/10.1182/blood-2007-06-091744
https://doi.org/10.3389/fimmu.2018.02130
https://doi.org/10.1016/j.diagmicrobio.2021.115573
https://doi.org/10.1038/s41467-022-28508-0
https://doi.org/10.1002/cti2.1423
https://doi.org/10.1007/s10875-018-0574-z
https://www.ncbi.nlm.nih.gov/pubmed/30465180
https://doi.org/10.1016/j.celrep.2021.109504
https://www.ncbi.nlm.nih.gov/pubmed/34352226
https://doi.org/10.3389/fimmu.2021.802858
https://www.ncbi.nlm.nih.gov/pubmed/35003131
https://doi.org/10.1111/jth.15648
https://doi.org/10.1038/s41590-022-01160-y
https://doi.org/10.1016/j.xcrm.2022.100663
https://doi.org/10.1038/s41586-021-03653-6
https://doi.org/10.1089/jir.2021.0222
https://doi.org/10.4049/jimmunol.1501740
https://doi.org/10.1038/ni.2499
https://www.ncbi.nlm.nih.gov/pubmed/23263555
https://doi.org/10.1038/s41467-021-22210-3
https://www.ncbi.nlm.nih.gov/pubmed/33785765
https://doi.org/10.1016/j.clim.2020.108576
https://www.ncbi.nlm.nih.gov/pubmed/32866645
https://doi.org/10.1007/s43440-021-00255-x
https://doi.org/10.1038/s41419-022-04788-8


Viruses 2023, 15, 1146 23 of 23

86. Petrone, L.; Petruccioli, E.; Vanini, V.; Cuzzi, G.; Fard, S.N.; Alonzi, T.; Castilletti, C.; Palmieri, F.; Gualano, G.; Vittozzi, P.; et al. A
whole blood test to measure SARS-CoV-2-specific response in COVID-19 patients. Clin. Microbiol. Infect. 2021, 27, 286.e7–286.e13.
[CrossRef]

87. Tan, A.T.; Lim, J.M.; Le Bert, N.; Kunasegaran, K.; Chia, A.; Qui, M.D.; Tan, N.; Ni Chia, W.; de Alwis, R.; Ying, D.; et al. Rapid
measurement of SARS-CoV-2 spike T cells in whole blood from vaccinated and naturally infected individuals. J. Clin. Investig.
2021, 131, e152379. [CrossRef]

88. Schultheiß, C.; Paschold, L.; Willscher, E.; Simnica, D.; Wöstemeier, A.; Muscate, F.; Wass, M.; Eisenmann, S.; Dutzmann, J.;
Keyßer, G.; et al. Maturation trajectories and transcriptional landscape of plasmablasts and autoreactive B cells in COVID-19.
iScience 2021, 24, 103325. [CrossRef]

89. Lyons-Weiler, J. Pathogenic priming likely contributes to serious and critical illness and mortality in COVID-19 via autoimmunity.
J. Transl. Autoimmun. 2020, 3, 100051. [CrossRef]

90. Shoenfeld, Y. Corona (COVID-19) time musings: Our involvement in COVID-19 pathogenesis, diagnosis, treatment and vaccine
planning. Autoimmun. Rev. 2020, 19, 102538. [CrossRef]

91. Kasperkiewicz, M.; Woodley, D.T. COVID-19 and autoimmune bullous diseases: Lessons learned. Autoimmun. Rev. 2023, 22,
103286. [CrossRef] [PubMed]

92. Laxminarayana, D. Molecular insights into onset of autoimmunity in SARS-CoV-2 infected patients. Rheumatol. Autoimmun. 2022,
2, 198–202. [CrossRef] [PubMed]

93. Catriona, C.; Paolo, P. SARS-CoV-2 induced post-translational protein modifications: A trigger for developing autoimmune
diabetes? Diabetes/Metab. Res. Rev. 2022, 38, e3508. [CrossRef] [PubMed]

94. Halpert, G.; Shoenfeld, Y. SARS-CoV-2, the autoimmune virus. Autoimmun. Rev. 2020, 19, 102695. [CrossRef]
95. Zhang, Y.; Xiao, M.; Zhang, S.; Xia, P.; Cao, W.; Jiang, W.; Chen, H.; Ding, X.; Zhao, H.; Zhang, H.; et al. Coagulopathy and

Antiphospholipid Antibodies in Patients with COVID-19. N. Engl. J. Med. 2020, 382, e38. [CrossRef]
96. Ueno, H. Human Circulating T Follicular Helper Cell Subsets in Health and Disease. J. Clin. Immunol. 2016, 36, 34–39. [CrossRef]
97. Yazdani, R.; Abolhassani, H.; Kiaee, F.; Habibi, S.; Azizi, G.; Tavakol, M.; Chavoshzadeh, Z.; Mahdaviani, S.A.; Momen, T.;

Gharagozlou, M.; et al. Comparison of Common Monogenic Defects in a Large Predominantly Antibody Deficiency Cohort. J.
Allergy Clin. Immunol. Pract. 2019, 7, 864–878.e9. [CrossRef]

98. Singh, K.; Chang, C.; Gershwin, M.E. IgA deficiency and autoimmunity. Autoimmun. Rev. 2014, 13, 163–177. [CrossRef]
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