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Purpose: Deficiencies in CD19 and CD81 (forming the CD19-complex with CD21 and CD225) cause a severe
clinical phenotype. One CD21 deficient patient has been described. We present a second CD21 deficient patient,
with amild clinical phenotype and compared the immunobiological characteristics of CD21 and CD19 deficiency.
Methods: CD21 deficiencywas characterized by flowcytometric immunophenotyping and sequencing. Real-time
PCR, in vitro stimulation and next generation sequencing were used to characterize B-cell responses and affinity
maturation in CD21−/− and CD19−/− B cells.
Results: A compound heterozygous mutation in CD21 caused CD21 deficiency. CD21−/− B cells responded
normally to in vitro stimulation and AID was transcribed. Affinity maturation was less affected by CD21 than by
CD19 deficiency.
Conclusions: Both CD21 and CD19 deficiencies cause hypogammaglobulinemia and reduced memory B cells.
CD19 deficiency causes a more severe clinical phenotype. B-cell characteristics reflect this, both after in vitro
stimulation as in affinity maturation.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Genetic defects leading to primary antibody deficiencies (PAD) have
been described in both the B cell co-receptor complex and the comple-
ment cascade [1,2]. Previously 12 patients have been described with
deficiencies in CD19 and CD81, both part of the B cell co-receptor
complex [3–9]. Thus far, only a single patient with a deficiency in
CD21, also part of this complex, has been described [10]. All of these
patients exhibit hypogammaglobulinemia and impaired vaccination
responses and suffer from recurrent infections. However, age of disease
onset and severity of infections are variable.

CD19, CD81 and CD21 form, together with CD225, the B cell co-
receptor complex (Fig. 1) that enhances B-cell receptor (BR) mediated
signaling [11–14]. In this complex, CD81 (a tetraspanin) is essential
for CD19 expression on the B-cell membrane [4,15]. CD19 has a cyto-
plasmic tail with multiple tyrosine-kinase residues, needed for intracel-
lular signaling [11,13,16,17]. CD21 is also known as complement
receptor 2 (CR2) or EBV receptor [18–20]. It is expressed on both B
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cells and follicular dendritic cells [21]. The 145 kDa protein consists of
15 short consensus repeats, a transmembrane domain and a short
cytoplasmic tail [20,22]. The 19 exons of the CD21 gene are encoded
on chromosome 1q32 [20]. CD21 facilitates complement binding via
C3d-opsonized immune complexes and responses to low dose antigens
[18,20]. Functioning as a complement receptor, CD21 is involved in an-
tigen uptake and presentation, clearance of immune complexes and ap-
optotic cells, induction of tolerance, generation of immunological
memory, and survival, activation, and differentiation of B cells [21,23,
24]. Studies in mice have been done with CD21/CD35 knock-out
models, since these proteins are encoded by the same Cr2 locus [25].
Results from these studies indicate that CD21/CD35 deficiency leads to
decreased specific antigenic antibody responses [26–29] and increased
susceptibility to autoimmune diseases [30]. In several immunological
diseases such as HIV and autoimmune disorders increased CD21low/−

B-cell populations can be found [31–34].
Since CD81 is required for expression of CD19 on the plasma mem-

brane, patients with CD19 and CD81 deficiencies show a highly similar
phenotype with recurrent ear-nose-throat and respiratory infection
starting early in childhood [3–9]. Most patients develop accompanying
skin and gastro-intestinal infections. Upon flowcytometric analysis, all
patients have normal B-, T- and NK-cell numbers, but reduced transi-
tional and memory B-cell numbers. Both CD81 deficiency and CD19
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Schematic representation of the B cell co-receptor complex, in which CD81 is vital
for CD19 expression on the cell membrane [15], CD19 has an intracellular tail with multi-
ple tyrosine-kinase residues [11,16] and CD21 is able to connect to the BR via antigen
bound complement [18–21]. Co-activation of the BR and B cell co-receptor complex,
leads to dual receptor signaling [45].
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deficiency result in reduced frequencies of somatic hypermutations
(SHMs) [7]. BR activation upon antigenic in vitro stimulation is impaired
in CD19 and CD81 deficient cells. This emphasizes the necessity of CD19
and CD81 in the co-receptor complex to enable BR signaling.

The first patient described with a CD21 deficiency [10] suffered
from recurrent upper respiratory tract infections in early childhood.
In his early twenties, this patient developed recurrent infections, in-
cluding respiratory tract and gastrointestinal infections. He had
hypogammaglobulinemia mainly affecting immunoglobulin (Ig)G;
IgA levels were slightly reduced and IgM levels were normal. Vacci-
nation responses to protein antigens were normal, but the response
to pneumococcal polysaccharide vaccination was moderately impaired.
Flowcytometric analysis revealed normal B–T and NK-cell numbers, but
reduced memory B cells. BR mediated signaling was affected in a
complement-dependent manner in case of sub-optimal stimulation
but unaffected upon strong stimulation. This underlines the comple-
ment receptor function of CD21 as an enhancer of B cell co-receptor
signaling.

Here we describe a second patient (13-year old male) with a
compound heterozygous CD21 deficiency resulting in hypo-
gammaglobulinemia. We compared the clinical and immuno-
biological characteristics of CD21 deficiency with CD19 deficiency.
We show that CD21 deficient B cells have a normal BR mediated sig-
naling upon maximal stimulation in vitro, but slightly reduced SHM
frequency and class switch recombination (CSR).

2. Methods

2.1. Cell samples and ethical approval

Peripheral blood was obtained from the CD21 deficient patient, age-
matched healthy controls and both parents of the patientwith informed
consent and according to the guidelines of the local Medical Ethics
Committees.

2.2. Flowcytometric immunophenotyping

Eight-color flowcytometric immunophenotyping of peripheral
blood was performed on a Canto II (BD BioSciences, San Jose, CA,
USA). Data were analyzed using FACS Diva (BD Biosciences) and
Infinicyt software (Cytognos, Salamanca, Spain). The following
antibodies were used: CD19-PerCP-Cy5.5 (SJ25C1), CD21-PECy7 (B-
ly4), IgD-biotin (IA6-2), CD27-APC (L128), CD38-APC-H7 (HB7; all
from BD Biosciences), CD24-PB (SN3; Exbio, Prague, Czech Republic),
CD45-PO (HI30; Invitrogen, Life Technologies, Carlsbad, CA, USA), IgG-
PE (K0103-41437) and IgA-FITC (IS11-8E10; both Miltenyi, Bergisch
Gladbach, Germany), polyclonal IgD-FITC and IgM-PE (Southern Bio-
technologies, Birmingham, AL, USA). CD21 absence was determined
using the following four CD21 antibodies: CD21-APC (CR2; BD Biosci-
ences), CD21-PB (LT21; Exbio), CD21-PE (LB21; Serotech, Hercules,
CA, USA), and CD21-PerCP (Bu32; BioLegend, San Diego, CA, USA).

2.3. Molecular analysis

DNA was isolated from blood granulocytes after separation using
Ficoll Hypaque (GE Healthcare, Little Chalfont, UK) according to the
manufacturer's instructions. Sequence analysis of CD21was performed
following PCR-amplification of the coding regions with TaqGold™
(Life Technologies), followed by direct sequencing on an ABI Prism
3130 XL fluorescent sequencer (Applied Biosystems, Bleiswijk, The
Netherlands). Primer sequences are available upon request. Sequences
were analyzed with CLC DNA-workbench software (CLCBio, Aarhus,
Denmark) and compared to theNCBI reference sequence (NG_013006).

2.4. Sorting of B-cell subsets and Ig transcript analysis

Naive, natural effector and memory B cells from 4 healthy controls
and the patient were sorted from post-Ficoll mononuclear cells on a
FACS Aria I (BD Biosciences) using the following antibodies: CD19-
PerCP-Cy5.5 (SJ25C1), CD27-APC (L128), CD3-FITC (SK7; all from BD
Biosciences) and polyclonal IgD-PE (Southern Biotechnologies). mRNA
was extracted usingGenelutemammalian total RNAKit (Sigma-Aldrich,
Saint Louis, MO, USA) and converted into cDNA. Taqman based RQ-PCR
with gene specific primers and probes (sequences available upon
request) was used to measure CD19, CD21, CD81, CD79A and PAX5 tran-
script levels as described before [3,4]. Expression levels were normal-
ized to ABL and PAX5.

2.5. Ca2+ flux analysis

Post-Ficoll PBMCs from the CD21-deficient patient and a healthy
control were used to determine free intracellular Ca2+ levels before
and after stimulation with anti-IgM as described previously [35]. Ca2+

influxes for the CD19 deficient cells were determined previously
(Patient CD19-1.1) [3,4].

2.6. In vitro stimulation

PBMCs were cultured in 24-well plates (2 × 106 PBMCs per well) in
1 ml of IMDM culture medium, supplemented with 10% FCS, penicillin
(100 U/ml) and streptomycin (100 μg/ml), at 37 °C and stimulated
with anti-IgM (10 μg/ml) and anti-CD40 (10 μg/ml) and either hIL-4
(10 ng/ml) or hIL-10 (10 ng/ml) as described previously [7]. After 3
and after 6 days of culture cells were harvested and RNA was isolated.
This RNA was used to synthesize cDNA. Taqman based RQ-PCR with
gene specific primers and probes (sequences available upon request)
was used tomeasure CD19, AID andABL transcription levels as described
before [7]. AID levels were normalized to ABL and CD19 levels and com-
pared to expression levels in unstimulated cells to calculate the fold
increase in transcript levels.

2.7. Analysis of SHM and CSR

cDNA was prepared following RNA isolation of post-Ficoll PBMCs of
patients and age-matched healthy controls. This cDNAwas used to am-
plify IGA and IGG transcripts using VH1-6 consensus BIOMED-2 primers
[36] and Cγ (3′Cγ-CH1, [37]) and Cα (IGHA-R, [38]) primers. The
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primers were adapted for 454 sequencing by adding the forward A, or
the reverse B adaptor, the ‘TCAG’ key and multiplex identifier (MID)
adaptor. PCR products were purified by gel extraction with the
QIAQuick gel extraction kit (Qiagen, Valencia, CA, USA) and Agencourt
AMPure XP beads (Beckman Coulter, Fullerton CA, USA). Subsequently,
the PCR concentration was measured using the Quant-iT™ PicoGreen®
dsDNA Assay Kit (Invitrogen). The purified PCR products were se-
quenced on the 454 GS Junior instrument using the GS Junior sequenc-
ing kit XL+, sequencing kit and PicoTiterPlate kit (454 Life Sciences,
Roche, Brandford CT, USA) according to the manufacturers recommen-
dations. Using the Antigen Receptor Galaxy Tool [39] sequences were
demultiplexed based on their MID sequence and quality checked.
FASTA files were uploaded in IMGT HighV-Quest [40]. For all sequences
the subclass of constant region was determined. Uniqueness of se-
quences was determined by V gene usage, amino acid sequence of the
CDR3 and C gene usage. Only unique, productive sequences were used
to calculate the frequency of mutated nucleotides in the VH gene
(from CDR1 until FR3).

In addition, IGG and IGA transcripts were amplified and analyzed as
described previously [41,42]. The mutation frequency was determined
for the VH segment, with exclusion of FR1, of each unique transcript.

2.8. Statistical analysis

Differences inmutation frequencies in SHMwere analyzed using the
nonparametric Mann–Whitney U-test (1 tailed) and transcript expres-
sion differences were analyzed by the two-tailed T test for independent
samples (P b 0.05 was considered significant) in the GraphPad Prism
program (GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Clinical and immunological presentation/case report

Our patient was a 13-year old boy, the second child of non-
consanguineous Dutch parents without family history of recurrent in-
fections or autoimmune diseases. He was referred to the department
of Pediatrics of the University Medical Centre Groningen for evaluation
hypogammaglobulinemia, which was discovered in the work-up for a
possible auto-immune origin of myalgia and rigidity. He did not have
a history of recurrent infections. No abnormalities were found upon
physical examination. Total serum IgG was 4.4 g/l (ref. 7–16 g/l for
age). IgG subclass analysis showed reduced IgG1 (2.5 g/l), reduced
IgG2 (0.5 g/l) and absent IgG4 (b0.1 g/l), whereas IgG3 was normal
(0.2 g/l). IgA levels were reduced (0.3 g/l (ref. 0.7–4 g/l)), as were IgM
levels (0.3 g/l, (ref. 0.4–2.3 g/l)). Serum IgE levels were in the high
normal range (109 g/l). He had been vaccinated according to the
DutchNational Vaccination Programandhis antibody titerswerewithin
the normal range, however additional booster vaccinations with subse-
quent determination of antibody levels have not been done. Autoim-
mune antibodies were negative. A C1q binding test was performed to
analyze presence of immune complexes; no abnormalities were found.
Analysis of B- and T- cell subsets revealed normal B–T- and NK-cell
Table 1
Distribution of B-cell subsets in our CD21 deficient patient at 13 years of age.

B cell subsets % Absolute coun

Transitional B (CD38high/CD24high) 9.5 52
Naive Mature (CD38dim/CD24dim/IgD+/CD27−) 81.0 446
MZ/Natural effector (CD38dim/CD24dim/IgD+/CD27+) 5.3 29
Memory (CD38dim/CD24dim/IgD−/CD27+) 1.6 9

IgM 23.0
IgG 39.5
IgA 37.5

Plasmablasts 0.3

Numbers indicated in bold are deviating from the normal values.
numbers with slightly increased naive B cells and reduced memory B
cells (Table 1). However, none of the B cells expressed CD21 (Fig. 2A).

After three years of follow-up, now 16 years old, the patient is in
good health and has not experienced any (serious) infection. There
has been no further reduction in his Ig levels.

3.2. Flowcytometric immunophenotyping

The absence of CD21 expression on B cells was confirmed using
different antibody–fluorochrome combinations with multiple CD21
clones. Furthermore, following fixation and permeabilization, CD21
could not be detected intracellularly either (data not shown). Analysis
of parental peripheral blood showed a decreased expression of CD21
on the surface of B cells in both parents, as compared to healthy controls
(Fig. 2A). Expression of CD19 on the cellmembranewas increased in the
CD21-deficient patient and to a lesser extent in his parents (Fig. 2B).
CD81 expression was normal in both the patient and his parents, as
was CD35 (complement receptor 1) expression (data not shown).

3.3. Molecular analysis

Sequence analysis of all 19 exons and splice sites of the CD21 gene
revealed the presence of two heterozygous mutations (Fig. 2C, D): a
nonsense mutation in exon 2 (c.424CNT; p. Arg142Stop), and a two-
nucleotide deletion in exon 15 leading to a frame shift and a premature
stop codon (c.2777_2778delTA; p.Ile926SerfsX14). Bothmutations lead
to premature truncations of the protein in such way that the protein
lacks its transmembrane and cytoplasmic domain. Analysis of the par-
ents revealed that the mother was heterozygous for the mutation in
exon 2 and the father was heterozygous for the exon 15 mutation
(Fig. 2C). We concluded that these two truncating mutations lead to
the absence of CD21 expression on the cellmembrane and in the cytosol
of B cells.

3.4. Transcript levels of CD19, CD81 and CD21

To study the nature of the increased membrane expression of CD19
on CD21-deficient cells, we determined the transcript levels of CD19,
CD21 and CD81 in CD27-IgD+ naive, CD27 + IgD+ natural effector
and CD27+ IgD−memory B cells of 4 healthy controls and the patient
(Fig. 3A). In all subsets from the patient, CD21 transcripts were severely
reduced. CD19 transcript levels in all the patient's subsets were compa-
rable to normal. CD81 and CD79A (anchor protein for the BR) transcript
levels in the patient, were in normal ranges in all subsets. The increased
expression of CD19 did not seem to result from altered transcriptional
regulation.

3.5. BR signaling

To study the effects of CD21 absence on BR signaling, we analyzed
Ca2+ influx following stimulation of the patient's B cells with anti-
IgM. CD21-deficient B cells showed a normal initial Ca2+ flux from the
rough endoplasmatic reticulum into the cytoplasm, which is indicative
t (cells/μl) Normal values (10–16 yr)

4–108 Within CD19+ gate
87–390 –
7–90 –

10–76 –
5–32% Within memory B-lymphocytes

25–74% –
14–47% –

Within CD19+ gate



Fig. 2. CD21 deficiency due to a compound heterozygousmutation. A. CD21membrane expression on B cells of the patient (in red), his parents (in purple), a healthy control (in blue) and
CD19 negative lymphocytes from the healthy control (in gray). B. CD19membrane expression on B cells of the patient (in red), his parents (in purple),a healthy control (in blue) and CD19
negative lymphocytes from the healthy control (in gray). C. Compound heterozygous mutations in the CD21 gene of the patient. Both parents carry one of both mutations. D. Schematic
representation of CD21 with 15 short consensus repeats (SCR). Position of the mutations found here (R142X and I926SfsX14) and the mutations found previously (c.1225+ 1 G N C and
W766X, in Italics) [10] are depicted.
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for a normal response upon stimulation with high amounts of anti-IgM
(Fig. 3B). In contrast, cells fromCD19-deficient patients showed a defec-
tive Ca2+ flux after maximal stimulation (Fig. 3B, [3,4]). Thus, signaling
via BR upon stimulation is normal in CD21 deficiency, but impaired in
CD19 deficiency.

3.6. In vitro stimulation

We studied whether the absence of CD21 affected the induction of
AID transcription, since AID is a major regulator in affinity maturation
after antigenic stimulation [43]. We stimulated total PBMCs from the
CD21-deficient patient in vitro for 3 or 6 days with anti-CD40, anti-
IgM and either hIL-4 or hIL-10 to induce transcription of AID. Using
real-timequantitative PCR the levels of AID transcriptswere determined
after stimulation and compared to unstimulated cells. To correct for the
amount of B cells present in each sample, we normalized for CD19 tran-
scripts. AID transcription was upregulated in B-cells of healthy controls
after 3 days of stimulation and was further enhanced after 6 days of
stimulation. Induction of AID transcription in B cells from the CD21-
deficient patient was less than the normal control after 3 days of stimu-
lation. After 6 days of stimulation, the patient cells reached the same
levels in AID transcripts as the healthy control cells after 3 days
(Fig. 3C). These results show that AID transcription can be induced in
CD21-deficient B cells, but at slower pace.

3.7. SHM analysis

To study the effect of CD21-deficiency on the frequency of SHM, we
prepared PBMC derived cDNA from the CD21-deficient patient, age-
matched CD19-deficient patients (6–12 years) and aged-matched
healthy controls (6–14 years). IGG and IGA transcripts were amplified
in a PCR reaction with specific primers and PCR products were se-
quenced using next-generation sequencing. The proportion of unique
productive sequences in the CD21 deficiency is comparable to the
healthy controls but lowered in the CD19 deficiency (data not shown).
SHM frequencies in transcripts of the CD21-deficient patient were
slightly lower than those of age-matched controls (Fig. 4A), but signifi-
cantly higher than in CD19-deficient patients.

These findings are in line with previous analysis of these transcripts
in CD19 deficiency [3,4].

3.8. Analysis of CSR

To study Ig CSR, we determined the IGG and IGA constant region sub-
class usage in amplified IGG and IGA transcripts prepared from PBMC
derived cDNA. Compared to the healthy control, usage of downstream
IGG regions (IGG2 and IGG4) was reduced in CD21 deficiency, resulting
in increased IGG1 usage. In CD19 deficiency this increased IGG1 usage is
even more pronounced (Fig. 4B). IGA usage in CD21 deficiency was
comparable to normal, while in CD19 deficiency both IGA1 and IGA2
transcripts were overall strongly reduced and could only be amplified
by conventional cloning and sequencing (Fig. 4B).

4. Discussion

We describe the second patient with a CD21 deficiency caused by
two compound heterozygous mutations in the CD21 gene. Both muta-
tions cause a premature stop-codon resulting in truncated proteins
both lacking their transmembrane and cytoplasmic domains.

In contrast to the first described CD21-deficient patient, this patient
has no remarkable infections so far, despite his hypogammaglobulinemia.
However, at the age of 13, the previously described patient was asymp-
tomatic as well, developing recurrent infections only during early adult-
hood [10]. Both patients exhibit hypogammaglobulinemia, with normal
vaccination responses. This indicates that their immune system is capable
of mounting a seemingly normal immune response. With time, however,
infections haveoccurred in thefirst patient, resulting in theneed for intra-
venous immunoglobulin (IVIG) substitution. This in contrast with CD19
and CD81 deficiencies leading to (severe) recurrent infections already in
childhood, requiring frequent hospital admission, surgery for chronic si-
nusitis and IVIG at early age [3–9]. The CD19-deficient patients often



Fig. 3. Transcription of CD19-complex members and response to in vitro stimulation. A. Expression levels of CD19, CD21, CD81 and CD79A in naive, natural effector and memory B cells of
controls (n= 4) and the CD21-deficient patient, normalized to ABL. B. Ca2+ influx in CD21 deficient B cells resembles influx in healthy control cells upon maximal stimulation with anti-
IgM. Ca2+ influx in CD19-deficient cells is severely reduced uponmaximal stimulationwith anti-IgM. Response to ionomycin is the same in all samples. Ca2+ influx for the CD19deficiency
was performed by Van Zelmet al., previously [3]. B.AID transcription inCD21-deficient B cells and healthy control B cells after in vitro stimulationwith anti-IgM, anti-CD40 and either hIL-4
or hIL-10. Expression after 3 and 6 dayswas normalized to ABL and compared to unstimulated cells from the same samples. CD19 expression levelswere used to correct for the amount of B
cells, present in the sample. In CD21-deficient B cells, AID transcription can be induced.
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have splenomegaly and impaired vaccination responses, indicating that
defects in CD19-complex can seriously impair B-cell function.

CD21 deficiency, like CD19 deficiency, does not lead to a decrease in
absolute B-, T- and NK-cell numbers. CD21 deficiency leads to increased
naive mature B cells and slightly decreased memory B cells, whereas
CD19 deficiency and CD81 deficiency result in a more prominent de-
crease in transitional (CD81) and memory B cells (both CD19 and
CD81). It seems that in CD21 deficiency an immune response is
mounted upon encounter of an antigenic stimulus, but with reduced
memory formation, whereas in CD19 and CD81 deficiency the immune
response is severely hampered. This is in line with the observation that
in CD19 andCD81 deficiency, signaling upon BR stimulation is impaired,
while calcium influx upon maximal stimulation is unaffected in CD21
deficiency. Previously, Thiel et al. showed that calcium influx in CD21
deficiency is impaired only in a complement dependent manner [10].
Thus, hypogammaglobulinemia in CD19 and CD81 deficiency can, at
least partially, be explained by defective BR signaling, whereas this is in-
tact in CD21 deficiency.

Interestingly, the CD21-deficient B cells show an increase in CD19
expression on the plasma membrane which was not reflected on



Fig. 4. SHM and CSR in CD21 and CD19 deficiency compared to in aged matched donors (all samples between 6 years and 14 years of age), data frommultiple donors was combined for
controls (n=4) andCD19deficiency (n=4). A. SHM frequencydetermined inuniqueproductive sequencesN represents thenumber of uniqueproductive sequences thatwere analyzed.
B. Usage of IG constant gene segments determined for unique productive sequences. In CD19 deficiency no NGS data for IgA was available, sequences were all derived from cloning and
sanger sequencing. The number in the center of the plots represents the number sequences that were analyzed.
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transcript level. This increased CD19 expression on the membrane is
also seen in CD21− cells found in auto-immune diseases [32–34] and
on CD21low/− cells in healthy individuals, although in health very few
of those cells can be detected. Increased CD19 expression was also
found in CD21/CD35 deficient mice [44–46]. In contrast, in CD19 defi-
ciency, CD21 expression is decreased on the plasma membrane. This
suggests that CD19 and CD21 expression levels are inter-connected.
The formation of a regulatory loop between CD19, CD21 and C3 has pre-
viously been postulated inmouse studies, which also showed that CD19
can function independent of complement activation [44,45]. Our results
indicate that this is not due to deregulated transcription. Possibly, the
increased CD19 expression is compensating for the loss of CD21where-
as in the case of the loss of CD19, CD21 cannot compensate and might
even be down regulated.

CD21 deficient B cells respondnormal tomaximal stimulation, but in
the patient we see a profound hypogammaglobulinemia and a reduc-
tion in class switched memory B cells. After in vitro stimulation, AID
transcription could be induced in patients B cells (largely naive B
cells). The delay that we see in the patient sample could be caused by
the reduced number of memory B cells in the patient sample compared
to the healthy control, which show fast induction of AID after stimula-
tion. It seems that overstimulation or prolonged exposure to antigenic
stimuli can induce a proper response, but short or weak stimulation
does not evoke a response. This would be consistent with CD21 acting
as a receptor for complement: lowering the threshold for a response
to stimulation [18–21,47].

Although the number ofmemory B cells is reduced in CD21 deficien-
cy, they have a close to normal frequency of SHM and show a normal
ability for CSR, although they seem to switch preferentially to the
more upstream constant genes. This contrasts with the CD19 deficiency
where SHM frequency is substantially lower andwhere the skewing to-
wards IGG1 is more pronounced. We hypothesize that CD21 negative B
cells need strong or prolonged stimulation to evoke an antigenic re-
sponse. However, when this stimulation is strong enough, the cells
will respond with almost appropriate affinity maturation. CD19-
deficient B cells cannot respond to even these strong stimuli, resulting
in disturbed affinity maturation.

In our patient, IgE levels are opposed to IgA and IgG levels in a
high-normal range. It seems that class-switching to IgE is not ham-
pered, showing that class-switch machinery functions correctly
and the reduced usage of downstream genes is rather a reflection
of an impaired secondary germinal center response than inability
of CD21 deficient cells to switch to distantly located constant
regions.

Thus, in CD21deficiency the hypogammaglobulinemia and impaired
memory formation seem to result from a defect in signaling threshold
rather than from an intrinsic inability to form memory cells whereas
in CD19 and CD81 deficiency the clinical syndrome can be attributed
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to a defect in B-cell memory formation already during an early phase of
memory formation.

5. Conclusions

In conclusion, CD21 deficiency results in reduced numbers of mem-
ory B cells. However, the fraction of productive unique sequences is nor-
mal and SHM frequency is only slightly reduced. CSR is intact but shows
a slight preference for switching to upstream genes. An increased sig-
naling threshold seems to cause of an impaired immune response,
resulting in hypogammaglobulinemia and reduced memory B cells.
This might partially be restored by increased CD19 expression.
Prolonged or repeated antigen exposure can probably result in normal
antigen specific memory formation. In contrast, in CD19 deficiency im-
paired BR signaling is seen and therefore a defect in the early phase of
memory formation with a more severe clinical phenotype. Whereas
CD21 and CD19 belong to the same protein complex; the absence of
CD21 gives a milder immunological and clinical phenotype than CD19
deficiency.

Acknowledgments

The authors would like to thank A. Muggen for technical support
with the Ca2+ flux assays and S. Posthumus-van Sluijs for technical
assistance.

This work was supported by ZonMW (Vidi grant 91712323 to
M.v.d.B.).

The research for this manuscript was (in part) performedwithin the
framework of the Erasmus Postgraduate School Molecular Medicine.

References

[1] R.S. Geha, L.D. Notarangelo, J.L. Casanova, H. Chapel, M.E. Conley, A. Fischer, L.
Hammarstrom, S. Nonoyama, H.D. Ochs, J.M. Puck, C. Roifman, R. Seger, J.
Wedgwood, C., International union of immunological societies primary immunode-
ficiency diseases classification, primary immunodeficiency diseases: an update from
the international union of immunological societies primary immunodeficiency dis-
eases classification committee, J. Allergy Clin. Immunol. 120 (2007) 776–794.

[2] B. Gathmann, B. Grimbacher, J. Beaute, Y. Dudoit, N. Mahlaoui, A. Fischer, V. Knerr, G.
Kindle, E.R.W. Party, The European internet-based patient and research database for
primary immunodeficiencies: results 2006–2008, Clin. Exp. Immunol. 157 (Suppl. 1)
(2009) 3–11.

[3] M.C. van Zelm, I. Reisli, M. van der Burg, D. Castano, C.J. van Noesel, M.J. van Tol, C.
Woellner, B. Grimbacher, P.J. Patino, J.J. van Dongen, J.L. Franco, An antibody-
deficiency syndrome due to mutations in the CD19 gene, N. Engl. J. Med. 354
(2006) 1901–1912.

[4] M.C. van Zelm, J. Smet, B. Adams, F. Mascart, L. Schandene, F. Janssen, A. Ferster, C.C.
Kuo, S. Levy, J.J. van Dongen, M. van der Burg, CD81 gene defect in humans disrupts
CD19 complex formation and leads to antibody deficiency, J. Clin. Invest. 120 (2010)
1265–1274.

[5] H. Kanegane, K. Agematsu, T. Futatani, M.M. Sira, K. Suga, T. Sekiguchi, M.C. van
Zelm, T. Miyawaki, Novel mutations in a Japanese patient with CD19 deficiency,
Genes Immun. 8 (2007) 663–670.

[6] H. Artac, I. Reisli, R. Kara, I. Pico-Knijnenburg, S. Adin-Cinar, S. Pekcan, C.M. Jol-van
der Zijde, M.J. van Tol, L.E. Bakker-Jonges, J.J. van Dongen, M. van der Burg, M.C.
van Zelm, B-cell maturation and antibody responses in individuals carrying a mutat-
ed CD19 allele, Genes Immun. 11 (2010) 523–530.

[7] M.C. van Zelm, S.J. Bartol, G.J. Driessen, F. Mascart, I. Reisli, J.L. Franco, B. Wolska-
Kusnierz, H. Kanegane, L. Boon, J.J. van Dongen, M. van der Burg, Human CD19
and CD40L deficiencies impair antibody selection and differentially affect somatic
hypermutation, J. Allergy Clin. Immunol. 134 (2014) 135–144.

[8] M.C. van Zelm, J. Smet, M. van der Burg, A. Ferster, P.Q. Le, L. Schandene, J.J. van
Dongen, F. Mascart, Antibody deficiency due to a missense mutation in CD19 dem-
onstrates the importance of the conserved tryptophan 41 in immunoglobulin super-
family domain formation, Hum. Mol. Genet. 20 (2011) 1854–1863.

[9] N. Vince, D. Boutboul, G. Mouillot, N. Just, M. Peralta, J.L. Casanova, M.E. Conley, J.C.
Bories, E. Oksenhendler, M. Malphettes, C. Fieschi, D.S. Group, Defects in the CD19
complex predispose to glomerulonephritis, as well as IgG1 subclass deficiency, J. Al-
lergy Clin. Immunol. 127 (538-541) (2011) e531–e535.

[10] J. Thiel, L. Kimmig, U. Salzer, M. Grudzien, D. Lebrecht, T. Hagena, R. Draeger, N.
Volxen, A. Bergbreiter, S. Jennings, S. Gutenberger, A. Aichem, H. Illges, J.P. Hannan,
A.K. Kienzler, M. Rizzi, H. Eibel, H.H. Peter, K. Warnatz, B. Grimbacher, J.A. Rump,
M. Schlesier, Genetic CD21 deficiency is associated with hypogammaglobulinemia,
J. Allergy Clin. Immunol. 129 (801-810) (2012) e806.

[11] R.H. Carter, D.T. Fearon, CD19: lowering the threshold for antigen receptor stimula-
tion of B lymphocytes, Science 256 (1992) 105–107.
[12] C.J. van Noesel, A.C. Lankester, R.A. van Lier, Dual antigen recognition by B cells,
Immunol. Today 14 (1993) 8–11.

[13] S. Sato, A.S. Miller, M.C. Howard, T.F. Tedder, Regulation of B lymphocyte develop-
ment and activation by the CD19/CD21/CD81/Leu 13 complex requires the cytoplas-
mic domain of CD19, J. Immunol. 159 (1997) 3278–3287.

[14] T.F. Tedder, M. Inaoki, S. Sato, The CD19-CD21 complex regulates signal transduction
thresholds governing humoral immunity and autoimmunity, Immunity 6 (1997)
107–118.

[15] T. Shoham, R. Rajapaksa, C.C. Kuo, J. Haimovich, S. Levy, Building of the tetraspanin
web: distinct structural domains of CD81 function in different cellular compart-
ments, Mol. Cell. Biol. 26 (2006) 1373–1385.

[16] L.E. Bradbury, V.S. Goldmacher, T.F. Tedder, The CD19 signal transduction complex
of B lymphocytes. Deletion of the CD19 cytoplasmic domain alters signal transduc-
tion but not complex formation with TAPA-1 and Leu 13, J. Immunol. 151 (1993)
2915–2927.

[17] D.A. Tuveson, R.H. Carter, S.P. Soltoff, D.T. Fearon, CD19 of B cells as a surrogate ki-
nase insert region to bind phosphatidylinositol 3-kinase, Science 260 (1993)
986–989.

[18] M. Aegerter-Shaw, J.L. Cole, L.B. Klickstein, W.W. Wong, D.T. Fearon, P.A. Lalley, J.H.
Weis, Expansion of the complement receptor gene family. Identification in the
mouse of two new genes related to the CR1 and CR2 gene family, J. Immunol. 138
(1987) 3488–3494.

[19] K. Iida, L. Nadler, V. Nussenzweig, Identification of the membrane receptor for the
complement fragment C3d by means of a monoclonal antibody, J. Exp. Med. 158
(1983) 1021–1033.

[20] J.H. Weis, C.C. Morton, G.A. Bruns, J.J. Weis, L.B. Klickstein, W.W. Wong, D.T. Fearon,
A complement receptor locus: genes encoding C3b/C4b receptor and C3d/Epstein–
Barr virus receptor map to 1q32, J. Immunol. 138 (1987) 312–315.

[21] M.C. Carroll, D.E. Isenman, Regulation of humoral immunity by complement, Immu-
nity 37 (2012) 199–207.

[22] M.D. Moore, N.R. Cooper, B.F. Tack, G.R. Nemerow, Molecular cloning of the cDNA
encoding the Epstein–Barr virus/C3d receptor (complement receptor type 2) of
human B lymphocytes, Proc. Natl. Acad. Sci. U. S. A. 84 (1987) 9194–9198.

[23] A. Erdei, A. Isaak, K. Torok, N. Sandor, M. Kremlitzka, J. Prechl, Z. Bajtay, Expression
and role of CR1 and CR2 on B and T lymphocytes under physiological and autoim-
mune conditions, Mol. Immunol. 46 (2009) 2767–2773.

[24] J. Twohig, L. Kulik, C. Haluszczak, J. Reuter, A. Rossbach, M. Bull, V.M. Holers, K.J.
Marchbank, Defective B cell ontogeny and immune response in human complement
receptor 2 (CR2, CD21) transgenic mice is partially recovered in the absence of C3,
Mol. Immunol. 44 (2007) 3434–3444.

[25] H. Molina, T. Kinoshita, K. Inoue, J.C. Carel, V.M. Holers, A molecular and im-
munochemical characterization of mouse CR2. Evidence for a single gene
model of mouse complement receptors 1 and 2, J. Immunol. 145 (1990)
2974–2983.

[26] J.M. Ahearn, M.B. Fischer, D. Croix, S. Goerg, M. Ma, J. Xia, X. Zhou, R.G. Howard, T.L.
Rothstein, M.C. Carroll, Disruption of the Cr2 locus results in a reduction in B-1a cells
and in an impaired B cell response to T-dependent antigen, Immunity 4 (1996)
251–262.

[27] H. Molina, V.M. Holers, B. Li, Y. Fung, S. Mariathasan, J. Goellner, J. Strauss-
Schoenberger, R.W. Karr, D.D. Chaplin, Markedly impaired humoral immune re-
sponse in mice deficient in complement receptors 1 and 2, Proc. Natl. Acad. Sci. U.
S. A. 93 (1996) 3357–3361.

[28] O. Pozdnyakova, H.K. Guttormsen, F.N. Lalani, M.C. Carroll, D.L. Kasper, Impaired an-
tibody response to group B streptococcal type III capsular polysaccharide in C3- and
complement receptor 2-deficient mice, J. Immunol. 170 (2003) 84–90.

[29] K.J. Marchbank, C.C. Watson, D.F. Ritsema, V.M. Holers, Expression of human com-
plement receptor 2 (CR2, CD21) in Cr2−/− mice restores humoral immune function,
J. Immunol. 165 (2000) 2354–2361.

[30] T.A. Rettig, J.N. Harbin, A. Harrington, L. Dohmen, S.D. Fleming, Evasion and interac-
tions of the humoral innate immune response in pathogen invasion, autoimmune
disease, and cancer, Clin. Immunol. 160 (2015) 244–254.

[31] H. Doi, S. Tanoue, D.E. Kaplan, Peripheral CD27–CD21-B-cells represent an
exhausted lymphocyte population in hepatitis C cirrhosis, Clin. Immunol. 150
(2014) 184–191.

[32] S. Moir, J. Ho, A. Malaspina, W. Wang, A.C. DiPoto, M.A. O'Shea, G. Roby, S. Kottilil, J.
Arthos, M.A. Proschan, T.W. Chun, A.S. Fauci, Evidence for HIV-associated B cell ex-
haustion in a dysfunctional memory B cell compartment in HIV-infected viremic in-
dividuals, J. Exp. Med. 205 (2008) 1797–1805.

[33] S. Suryani, D.A. Fulcher, B. Santner-Nanan, R. Nanan, M.Wong, P.J. Shaw, J. Gibson, A.
Williams, S.G. Tangye, Differential expression of CD21 identifies developmentally
and functionally distinct subsets of human transitional B cells, Blood 115 (2010)
519–529.

[34] C. Wehr, H. Eibel, M. Masilamani, H. Illges, M. Schlesier, H.H. Peter, K. Warnatz, A
new CD21 low B cell population in the peripheral blood of patients with SLE, Clin.
Immunol. 113 (2004) 161–171.

[35] A.F. Muggen, S.Y. Pillai, L.P. Kil, M.C. van Zelm, J.J. van Dongen, R.W. Hendriks, A.W.
Langerak, Basal Ca(2+) signaling is particularly increased in mutated chronic lym-
phocytic leukemia, Leukemia 29 (2015) 321–328.

[36] J.J. van Dongen, A.W. Langerak, M. Bruggemann, P.A. Evans, M. Hummel, F.L.
Lavender, E. Delabesse, F. Davi, E. Schuuring, R. Garcia-Sanz, J.H. van Krieken,
J. Droese, D. Gonzalez, C. Bastard, H.E. White, M. Spaargaren, M. Gonzalez, A.
Parreira, J.L. Smith, G.J. Morgan, M. Kneba, E.A. Macintyre, Design and standard-
ization of PCR primers and protocols for detection of clonal immunoglobulin
and T-cell receptor gene recombinations in suspect lymphoproliferations: re-
port of the BIOMED-2 Concerted Action BMH4-CT98-3936, Leukemia 17
(2003) 2257–2317.

http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0005
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0005
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0005
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0005
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0005
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0005
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0010
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0010
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0010
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0010
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0015
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0015
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0015
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0015
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0020
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0020
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0020
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0020
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0025
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0025
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0025
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0030
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0030
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0030
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0030
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0035
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0035
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0035
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0035
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0040
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0040
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0040
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0040
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0240
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0240
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0240
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0240
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0050
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0050
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0050
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0050
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0050
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0055
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0055
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0060
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0060
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0065
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0065
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0065
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0070
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0070
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0070
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0075
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0075
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0075
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0080
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0080
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0080
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0080
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0085
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0085
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0085
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0090
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0090
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0090
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0090
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0095
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0095
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0095
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0100
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0100
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0100
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0105
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0105
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0110
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0110
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0110
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0115
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0115
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0115
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0120
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0120
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0120
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0120
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0125
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0125
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0125
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0125
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0130
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0130
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0130
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0130
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0135
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0135
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0135
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0135
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0140
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0140
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0140
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0145
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0145
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0145
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0145
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0150
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0150
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0150
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0155
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0155
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0155
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0160
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0160
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0160
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0160
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0165
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0165
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0165
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0165
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0170
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0170
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0170
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0175
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0175
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0175
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0175
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0180
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0180
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0180
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0180
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0180
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0180
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0180
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0180


127M.W.J. Wentink et al. / Clinical Immunology 161 (2015) 120–127
[37] T. Tiller, E. Meffre, S. Yurasov, M. Tsuiji, M.C. Nussenzweig, H. Wardemann, Efficient
generation of monoclonal antibodies from single human B cells by single cell RT-PCR
and expression vector cloning, J. Immunol. Methods 329 (2008) 112–124.

[38] M. Berkowska, Generation of an immunocompetent B-cell repertoire,
ImmunologyErasmus University, Rotterdam 2012, p. 175.

[39] M.J. Moorhouse, D. van Zessen, I.J.H.S. Hiltemann, S. Horsman, P.J. van der Spek, M.
van der Burg, A.P. Stubbs, ImmunoGlobulin galaxy (IGGalaxy) for simple determina-
tion and quantitation of immunoglobulin heavy chain rearrangements from NGS,
BMC Immunol. 15 (2014) 59.

[40] E. Alamyar, P. Duroux, M.P. Lefranc, V. Giudicelli, IMGT((R)) tools for the nucleotide
analysis of immunoglobulin (IG) and T cell receptor (TR) V-(D)-J repertoires, poly-
morphisms, and IG mutations: IMGT/V-QUEST and IMGT/HighV-QUEST for NGS,
Methods Mol. Biol. 882 (2012) 569–604.

[41] G.J. Driessen, M.C. van Zelm, P.M. van Hagen, N.G. Hartwig, M. Trip, A. Warris, E. de
Vries, B.H. Barendregt, I. Pico, W. Hop, J.J. van Dongen, M. van der Burg, B-cell repli-
cation history and somatic hypermutation status identify distinct pathophysiologic
backgrounds in common variable immunodeficiency, Blood 118 (2011) 6814–6823.

[42] M.C. van Zelm, S.J. Bartol, G.J. Driessen, F. Mascart, I. Reisli, J.L. Franco, B. Wolska-
Kusnierz, H. Kanegane, L. Boon, J.J. van Dongen, M. van der Burg, Human CD19
and CD40L deficiencies impair antibody selection and differentially affect somatic
hypermutation, J. Allergy Clin. Immunol. 134 (2014) 135–144.
[43] P. Revy, T. Muto, Y. Levy, F. Geissmann, A. Plebani, O. Sanal, N. Catalan, M. Forveille,
R. Dufourcq-Labelouse, A. Gennery, I. Tezcan, F. Ersoy, H. Kayserili, A.G. Ugazio, N.
Brousse, M. Muramatsu, L.D. Notarangelo, K. Kinoshita, T. Honjo, A. Fischer, A.
Durandy, Activation-induced cytidine deaminase (AID) deficiency causes the auto-
somal recessive form of the Hyper-IgM syndrome (HIGM2), Cell 102 (2000)
565–575.

[44] M. Hasegawa, M. Fujimoto, J.C. Poe, D.A. Steeber, T.F. Tedder, CD19 can regulate B
lymphocyte signal transduction independent of complement activation, J. Immunol.
167 (2001) 3190–3200.

[45] R.A. Barrington, T.J. Schneider, L.A. Pitcher, T.R. Mempel, M. Ma, N.S. Barteneva,
M.C. Carroll, Uncoupling CD21 and CD19 of the B-cell coreceptor, Proc. Natl.
Acad. Sci. U. S. A. 106 (2009) 14490–14495.

[46] K.M. Haas, M. Hasegawa, D.A. Steeber, J.C. Poe, M.D. Zabel, C.B. Bock, D.R. Karp, D.E.
Briles, J.H. Weis, T.F. Tedder, Complement receptors CD21/35 link innate and protec-
tive immunity during Streptococcus pneumoniae infection by regulating IgG3 anti-
body responses, Immunity 17 (2002) 713–723.

[47] S.N. Shishido, S. Varahan, K. Yuan, X. Li, S.D. Fleming, Humoral innate immune re-
sponse and disease, Clin. Immunol. 144 (2012) 142–158.

http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0185
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0185
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0185
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0190
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0190
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0195
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0195
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0195
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0195
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0200
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0200
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0200
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0200
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0205
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0205
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0205
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0205
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0210
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0210
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0210
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0210
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0215
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0215
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0215
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0215
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0215
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0215
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0220
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0220
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0220
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0225
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0225
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0225
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0230
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0230
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0230
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0230
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0235
http://refhub.elsevier.com/S1521-6616(15)30027-9/rf0235

	CD21 and CD19 deficiency: Two defects in the same complex leading to different disease modalities
	1. Introduction
	2. Methods
	2.1. Cell samples and ethical approval
	2.2. Flowcytometric immunophenotyping
	2.3. Molecular analysis
	2.4. Sorting of B-cell subsets and Ig transcript analysis
	2.5. Ca2+ flux analysis
	2.6. In vitro stimulation
	2.7. Analysis of SHM and CSR
	2.8. Statistical analysis

	3. Results
	3.1. Clinical and immunological presentation/case report
	3.2. Flowcytometric immunophenotyping
	3.3. Molecular analysis
	3.4. Transcript levels of CD19, CD81 and CD21
	3.5. BR signaling
	3.6. In vitro stimulation
	3.7. SHM analysis
	3.8. Analysis of CSR

	4. Discussion
	5. Conclusions
	Acknowledgments
	References


