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ABSTRACT

Objective: CD19 is a cellular receptor belonging to the immunoglobulin (Ig) superfamily
and serves as a critical signaling component in B-cells differentiation and activation. This
study investigates gene expression changes in the phosphoinositide 3-kinase/protein
kinase B (PI3K/AKT) and nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB) pathways in patients with CD19 deficiency. The role of CD19 in B-cell function
was explored, along with its potential impact on these signaling pathways and the overall
immune response.

Materials and Methods: RNA samples were obtained from three patients diagnosed with
CD19 deficiency, as well as heterozygous carriers and healthy controls. Gene expression
profiles related to the PI3K/AKT axis and NF-«kB pathway were analyzed using quantitative
polymerase chain reaction (PCR).

Results: The study revealed significant alterations in the expression of signaling pathway
components, including PI3K, phosphoinositide-3-kinase regulatory subunit 1 (p85), TNF
receptor-associated factor 2 (TRAF2), forkhead box O1 (FOXO1), and NF-kB, in CD19-
deficient patients. While PI3K and NF-kB expression were significantly downregulated
in these patients, CD19, p85, FOXO1, and TRAF2 expression were markedly upregulated.
These changes suggest impaired B-cell function, leading to weakened immune system
responses.

Conclusion: CD19 deficiency disrupts B-cell receptor signaling, resulting in significant
alterations in the PI3K/AKT axis and NF-kB pathways. These disruptions impair B-cell
maturation and survival, ultimately leading to compromised immune responses. This study
provides the first detailed molecular insights into the effects of CD19 deficiency, enhancing
our understanding of how these signaling pathways regulate immune function.

Keywords: B cell maturation, CD19 deficiency, immune responses, nuclear factor kappa B
(NF-kB), phosphoinositide 3-kinase-protein kinase B (PI3K/AKT) axis.
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INTRODUCTION

CD19is a cellular receptor belonging to the immunoglobulin
superfamily (IgSF), consisting of a 61 kDa protein with
556 amino acids, localized on chromosome 16. CD19 is a
transmembrane protein essential for B-cell development
and activation, serving as a critical signaling component.’-
CD19 cooperates with CD21, CD81, and CD225 in mature B
cells to regulate B-cell receptor (BCR) signaling. The CD19
complex also strengthens adaptive immunity by mediating
interactions between the innate and adaptive systems.* ®
The cytoplasmic domain of CD19 acts as a specific adapter
protein, recruiting multiple kinases upon BCR-mediated
signaling.® Within the BCR complex, CD19 regulates B-cell
function via the phosphatidylinositol 3-kinase-protein
kinase B (PI3K/AKT) and nuclear factor kappa B (NF-kB)
signaling pathways.”#

CD19 gene mutations cause CD19 deficiency, classified
as a common variable immunodeficiency (CVID) within
the “predominantly antibody deficiencies” subgroup of
inborn errors of immunity (IEI).>'° Although IEl cases due to
variations in the CD19 coreceptor are rare, CD19 deficiency
(c.973_973insA; p. Arg325AlafsX4) was first described by our
group in 2006, and to date, only 11 cases have been reported
in the literature.”"> The frequency of CD19 deficiency cases
resulting from isolated CD19 gene mutations is relatively
low, leading to limited available data on the disease. Current
findings indicate that CD19 deficiency clinically presents with
recurrent infections, accompanied by laboratory findings
such as hypogammaglobulinemia, absent CD19 expression
in flow cytometry, low CD21 expression, and altered memory
B-cells levels.""">

Although variations in the CD19 gene affect the BCR
complex, no data are available in the literature regarding
their impact on downstream signaling pathways. Therefore,
this study aimed to evaluate gene expression changes
involved in the PI3K/AKT (Pathway-1) and NF-kB (Pathway-2)
signaling pathways, including CD19, PI3K, AKT, forkhead box
O1 (FOXO1), NF-kB-inducing kinase (NIK), tumor necrosis
factor receptor-associated factor 2 (TRAF2), TRAF3, inhibitor
of nuclear factor kappa-B kinase subunit alpha (/IKKa), NF-
kB, RELB proto-oncogene (RelB), nuclear factor kappa B
subunit 2 (p52), nuclear factor kappa B subunit 3 (p65),
RELA proto-oncogene (RelA), nuclear factor kappa B subunit
1 (p50), phosphoinositide-3-kinase regulatory subunit 1
(p85), phosphoinositide-3-kinase catalytic subunit alpha
(p110), and mitogen-activated protein kinase kinase kinase
(MAP3K). Gene expression analysis was performed using the
quantitative polymerase chain reaction (QPCR) method in
patients with CD19 deficiency.
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KEY MESSAGES

« CD19 deficiency impairs immune function by
disrupting the PI3K/AKT axis and NF-kB signaling
pathways, leading to alterations in B-cell function.

« Regarding gene expression changes, decreases in
PI3K and NF-kB and increases in CD19, p85, FOXO1,
and TRAF2 were prominent among the related
mechanisms.

« This study elucidates the molecular mechanisms
underlying CD19 deficiency, highlighting the crucial
role of these pathways in immune dysregulation.

MATERIALS AND METHODS
Study Design and Patients

This study was conducted in the Department of
Pediatric Immunology and Allergy in May 2023. Three
previously documented patients with CD19 deficiency
(c.973_973insA; p. Arg325AlafsX4; GenBank: AH005421.2)
were included (Fig. 2).""'2817 All patients came from
separate families, and consanguinity was present between
their parents. The study also included six heterozygous
carriers of the identified mutation: four relatives (parents
and two siblings) of one patient (P3) and two relatives
(child and partner) of another patient (P2). Blood samples
(2 mL) were collected from all participants. qPCR analyses
were performed in triplicate. Gene expression results were
analyzed and compared across three distinct groups:
patients, heterozygous carriers, and healthy controls.
CD19-mediated signaling pathways are illustrated in Figure
1a. The study received approval from the Institutional
Review Board of Necmettin Erbakan University (Approval
Number: 2023/4221), and all participants provided written
informed consent.

Molecular Analysis

To evaluate gene expression changes involved in the
Pathway-1 and Pathway-2 signaling pathways, primers for the
target genes were designed (Table 1).

Two-milliliter peripheral blood samples were collected
from all participants in K3-EDTA tubes for gene expression
analysis. Peripheral blood mononuclear cells (PBMCs)
were isolated by gradient centrifugation (400g, 30 min)
using Ficoll-Hypaque. For RNA isolation, peripheral blood
mononuclear cells were suspended in 500 pL of QlAzol
reagent (Qiagen, India). RNA precipitation was performed
following phase separation with chloroform. The RNA was
washed with 70% ethanol and stored in nuclease-free
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Figure 1. Volcano plot showing gene expression results (log,): (a) CD19-mediated signaling pathways are illustrated,
(b) Heterozygous vs. control, (c) Patient vs. control, (d) Patient vs. heterozygous and CD19-mediated signaling pathways. (Red
dots indicate increased significant expression, blue dots indicate decreased significant expression, and grey dots represent
insignificant changes or unchanged expression. For volcano plots, the right side of the “0” point on the fold-change (Log,)
axis represents increased expression, while the left side represents decreased expression. The value of “1.3"on the significance
(-Log,,) axis indicates p<0.05 at the top and p>0.05 at the bottom).

water. Complementary DNA (cDNA) synthesis was carried
out using a high-capacity kit with an RNase inhibitor
(A.B.T™, Tirkiye) and the ProFlex 3x32 well polymerase
chain reaction (PCR) system (TF Scientific Inc.,, USA).
Subsequently, gene expression levels were evaluated
based on qPCR results.

For gPCR analysis, SYBR mix (Hibrigen, 2x SYBR Green Master
Mix, Tiirkiye) was used, and amplification was performed on
the QuantStudio 3 gPCR system (TF Scientific Inc., USA). The
final reaction volume was 10 pL, consisting of 5 uL of 2X SYBR
mix, 5 pMol primers, and 2 pL of cDNA. The qPCR protocol
included an initial denaturation at 95°C for 10 seconds,
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Figure 2. CD19 gene structure, mutation location in the gene, and protein representation (Created in BioRender. Karaselek,

M. (2025) https://BioRender.com/z77z651).

followed by 40 cycles of two-step amplification at 95°C for 15
seconds and 57°C for 30 seconds.

Statistical Analysis

Livak's method was used to calculate relative gene expression,
normalized (ACt) to [-actin.'® Group comparisons were
performed using normalized delta Ct values, analyzed with
Jamovi (Version 2.5) (Retrieved from https://www.jamovi.org,
Accessed on June 27, 2024), using Student’s t-test. An alpha
value of 0.05 was set as the threshold for statistical significance.
VolcaNoseR was used to generate volcano plots, highlighting
distinctive and/or upregulated features."”

RESULTS
Demographic Characteristics of Patients

The patients’ ages at diagnosis and current age were 8/31
years (P1), 10/21 years (P2), and 6/8 years (P3), respectively.
The male-to-female ratio was 1:2. Flow cytometry analysis
showed no CD19 expression in patients (Table 2), whereas
heterozygous individuals exhibited half the CD19 expression
levels observed in controls (Fig. 1b). On admission, all patients
presented with recurrent sinopulmonary infections.

Gene Expression Analyses of Pathway-1 and Pathway-2
Signaling Pathways

Gene expression results for the pathways were compared
across three distinct groups: patients, heterozygous carriers,
and healthy controls.
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Expression levels in patients compared to controls showed
significant upregulation of CD19 (7.67-fold; p<0.001), p85 (4.57-
fold; p=0.007), FOXO1 (6.11-fold; p=0.001), TRAF2 (7.25-fold;
p=0.001), TRAF3 (3.10-fold; p<0.001), NIK (3.80-fold; p=0.025), RelB
(4.22-fold; p=0.045), and MAP3K (7.66-fold; p=0.015). Conversely,
PI3K (7.21-fold; p<0.001) and NF-kB (1.83-fold; p=0.002) were
significantly downregulated in patients (Fig. 1c). No significant
alterations were observed in the expression of other genes.

Expression levels in heterozygous carriers compared to
controls showed significant downregulation of PI3K (3.02-
fold; p<0.001) and NF-kB (1.48-fold; p=0.038), while TRAF2
(2.94-fold; p=0.012) and MAP3K (2.14-fold; p=0.174) were
significantly upregulated. No significant alterations were
observed in the expression of other genes (Fig. 1b).

Expression levels in patients compared to heterozygous
carriers showed significant upregulation of CD19 (4.11-fold;
p<0.001), p85 (4.98-fold; p=0.001), FOXO1 (6.93-fold; p<0.001),
TRAF2 (2.47-fold; p=0.032), TRAF3 (3.50-fold; p=0.001), NIK
(3.19-fold; p=0.013), RelB (3.38-fold; p=0.017), and MAP3K
(3.59-fold; p=0.040). Conversely, PI3K (2.39-fold; p<0.001) was
significantly downregulated in patients (Fig. 1d). No significant
alterations were observed in the expression of other genes.

DISCUSSION

CD19 deficiency is a rare disorder characterized by recurrent
infections, low antibody levels, and the absence of CD19
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Table 1. Genes and primers used in the study
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Genes Forward (5'>3') Reverse (5'>3’)

TRAF2 GCTCATGCTGACCGAATGTC GCCGTCACAAGTTAAGGGGAA
TRAF3 GCGTGTCAAGAGAGCATCGTT GCAGATGTCCCAGCATTAACT
NIK AAAATGGCCCGTGTGTGTTG GCCGAGTGGAGACTCATCC
IKKA ATGAAGAAGTTGAACCATGCCA CCTCCAGAACAGTATTCCATTGC
RELB CCATTGAGCGGAAGATTCAACT CTGCTGGTCCCGATATGAGG
NFKB1 GAAGCACGAATGACAGAGGC GCTTGGCGGATTAGCTCTTTT
RELA ATGTGGAGATCATTGAGCAGC CCTGGTCCTGTGTAGCCATT

P65 GTGGGGACTACGACCTGAATG GGGGCACGATTGTCAAAGATG
P52 GGGCCGAAAGACCTATCCC CAGCTCCGAGCATTGCTTG
MAP3K CTACACGCAGTTGCAGTACAT CAGCAGGATCTGGATCTCCC
PIK3CA AGTAGGCAACCGTGAAGAAAAG GAGGTGAATTGAGGTCCCTAAGA
AKT1 TCCTCCTCAAGAATGATGGCA GTGCGTTCGATGACAGTGGT
P85 TGGACGGCGAAGTAAAGCATT AGTGTGACATTGAGGGAGTCG
P110 TGAGGTTAAGGCGGCTAGGA CATGGCGTACTCATCCCCATC
FOXO1 TCGTCATAATCTGTCCCTACACA CGGCTTCGGCTCTTAGCAAA
CcD19 AGAGTCTGACCACCATGCCA GCGTTATCTCCCTCTTCCACC
B-Actin CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT

Table 2. Laboratory features of the patients

Parameters Patients Normal range
P1 P2 P3
Age at diagnosis (years) 8 10 6
Lymphocytes (counts/mm?3) 3.700 1.600 1.800 (1.500-5.200)*
CD3+CD4+ (counts/mm?3) 1.369 552 512 (500-2.700)*
CD3+CD8+ (counts/mm?) 814 637 702 (300-2.100)*
CD19+ (counts/mm?) 0* 0* 0* (200-2.200)*
CD20+ (counts/mm?) 740 820 912 (200-2.000)*
CD3-CD16+CD56+(counts/mm?3) 222 320 252 (200-900)*
I9G (mg/dL) 347* 346* 156* (842-1.943)*
IgA (mg/dL) 25% 12*% 6* (62-390)*
IgM (mg/dL) 88 56 54 (54-392)*

#: Normal range; *: Below normal value.

expression.® Due to the rarity of this condition, studies are
limited. In this study, we investigated how CD19 deficiency
within the BCR/CD19 complex affects the Pathway-1 and
Pathway-2 signaling pathways, focusing on changes in gene
expression. This study is the first to report significant alterations
in CD19 expression and downstream signaling pathways at the
mMRNA level. These findings underscore the critical role of these

two signaling pathways in regulating genes related to immune
responses and inflammation, potentially influencing disease
pathogenesis.

While CD19 aberrations alone can cause inborn errors of
immunity, they have also been implicated in lymphomas and
autoimmune disorders.'2°2! In our cohort, all patients were
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diagnosed with IEl, and one patient also had systemic lupus
erythematosus (SLE). This observation aligns with previous
studies suggesting that CD19 deficiency contributes to both
immune dysregulation and autoimmune phenotypes.>8

The CD19 molecule is essential for the functioning of BCR
signaling. Upon BCR/CD19 ligation, multiple signaling
pathways are activated, notably the Pathway-1 axis and
NF-kB cascades, which contribute to B-cell differentiation,
proliferation, and survival.”?>* In this study, we found that
several genes, including CD19, p85, FOXOT, TRAF2, TRAF3,
NIK, RelB, and MAP3K, were more highly expressed in patients
than in controls. These findings suggest that highly expressed
CD19, a key surface receptor, may indicate hyperactivation or
abnormal B-cell responses within the immune system.?>%

Despite CD79 mRNA upregulation, we observed a notable
downregulation of PI3K and NF-kB gene expression, indicating
potential suppression of these pathways and their effects
on immune responses. Inhibition of the Pathway-1 axis may
result in significant impairments in cell growth, survival, and
metabolic processes.”® This suppression may have negative
consequences on immune function, contributing to the
disease phenotype observed in CD19-deficient patients.

The B-cell activating factor receptor (BAFFR)-PI3K axis was
also implicated in our findings. BAFFR is responsible for B-cell
activation and survival and modulates both the Pathway-1
axis and Pathway-2 signaling.?”?® The observed suppression
of PI3K may result from disruptions in BAFFR signaling,
affecting B-cell survival and homeostasis.”* As BAFFR-PI3K
signaling is crucial for B-cell function, its suppression may
weaken the immune system and impair B-cell function as the
disease progresses.?3°

In heterozygous individuals, we observed similar reductions
in PI3K and NF-kB gene expression. This suggests partial
disruption of BAFFR signaling, potentially affecting cell
survival and homeostasis.>® CD19, in turn, enhances B-cell
activation and strengthens this pathway, which might explain
the differing degrees of immune dysregulation observed
between heterozygous and homozygous individuals.

Increased expression of TRAF2 and MAP3K highlights their
potential roles in disease development. TRAF2, a critical
regulator of tumor necrosis factor (TNF) receptor signaling,
is crucial for activating the alternative NF-kB pathway, which
might serve as a compensatory mechanism for BAFFR-PI3K
disruption. Thus, alternative NF-«B activation may help sustain
cell survival in this context.3>3

Despite increased CDT19 gene expression, the deficiency
observed at the protein level could be attributed to post-
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transcriptional regulation. Increased mRNA synthesis, but
reduced mRNA stability or translational efficiency, could
explain this discrepancy. Additionally, proteolytic degradation
might reduce CD19 protein stability, further contributing to
immune dysregulation.34%

When comparing patients and heterozygous individuals,
the upregulation of CD79, FOXO1, p85, and TRAF3 in patients
highlights the more severe nature of immune dysfunction.
Increased FOXOT1 expression, associated with Pathway-1
inhibition, may trigger apoptosis mechanisms, leading to
a reduction in B-cell numbers and a weakened immune
response.26:3°

The upregulation of TRAF3 is also associated with
alternative NF-kB pathway activation. TRAF3 regulates NIK
degradation, thereby inhibiting the classical NF-kB pathway.
Consequently, increased TRAF3 expression shifts signaling
towards the alternative pathway, which could exacerbate
chronic inflammatory processes and promote disease
progression.??3¢37 We suggest that the increase in FOXOT1 is
caused by disruption of the PI3K/AKT axis (Pathway-1) and that
the CD19 receptor provides an important stimulus within this
downstream signaling process.?*2628

In this study, changes in CD19 gene expression levels were
thoroughly investigated. However, an important limitation is
that the effects of these changes at the protein level and their
functional implications were not evaluated. While variations
in B-cell subsets can occur in the absence of CD19, our
primary focus was on evaluating interactions within signaling
pathways rather than B-cell proportions. Therefore, further
studies are needed to validate the effects of CD19 deficiency
at the protein level, assess B-cell subpopulation differences,
and better understand the biological significance of these
molecular alterations.

CONCLUSION

The dysregulation observed in the PI3K/AKT axis and NF-«kB
pathways suggests that functional immune deficiency and
cellular stress may play key roles in disease pathogenesis.
The disruptions in the BAFFR-PI3K axis could impact immune
function and cell survival, while alternative NF-kB activation
may perpetuate chronic inflammatory processes. Future studies
targeting these pathways could provide therapeutic strategies
to slow disease progression or enhance immune responses.
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