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CD20 was the first B cell differentiation antigen identified, and CD20-specific mAbs are commonly used for
the treatment of B cell malignancies and autoantibody-mediated autoimmune diseases. Despite this the role
of CD20 in human B cell physiology has remained elusive. We describe here a juvenile patient with CD20
deficiency due to a homozygous mutation in a splice junction of the CD20 gene (also known as MS4A1) that
results in “cryptic” splicing and nonfunctional mRNA species. Analysis of this patient has led us to conclude
that CD20 has a central role in the generation of T cell-independent (TT) antibody responses. Key evidence to
support this conclusion was provided by the observation that although antigen-independent B cells developed
normally in the absence of CD20 expression, antibody formation, particularly after vaccination with TI anti-
gens, was strongly impaired in the patient. Consistent with this, TI antipolysaccharide B cell responses were
severely impeded in CD20-deficient mice. Our study therefore identifies what we believe to be a novel type of
humoral immunodeficiency caused by CD20 deficiency and characterized by normal development of antigen-

independent B cells, along with a reduced capacity to mount proper antibody responses.

Introduction
Primary antibody deficiencies are associated with an increased sus-
ceptibility to infections by encapsulated bacteria. In recent years,
a variety of genetic defects have been identified that explain these
disorders (1). Agammaglobulinemia is accompanied by a strong
reduction or even complete absence of mature circulating B cells
and results from a block of antigen-independent B cell develop-
ment in the bone marrow. Frequently, this block is caused by
mutations in the components of the pre-B cell receptor (pre-BCR)
or associated signaling molecules such as Bruton’s tyrosine kinase
(2-7). In disorders associated with defects in the responsiveness
of mature B cells, normal numbers of circulating mature B cells
are found with deficiencies of some but not all immunoglobulin
classes. These disorders fall into 2 categories. In the first of these,
hyper-IgM syndromes, genetic defects impair immunoglobulin-
class switching (e.g., IgM to IgG) and somatic mutation of immu-
noglobulin genes in response to antigens (8-10). The second and
most frequently occurring category is common variable immu-
nodeficiency (CVID), a syndrome involving hypogammaglobu-
linemia, a lack of antibody production in response to vaccina-
tion and sometimes autoimmune phenomena or granulomatous
inflammation. Genetic mutations have been found in some CVID
patients that can either be B cell intrinsic (CD19) or extrinsic
(ICOS, TACI) (11-14). Still, for the majority of patients, the molec-
ular basis for antibody deficiencies have yet to be unraveled.
CD20 was one of the first B cell-specific differentiation antigens
identified (15). Nowadays, CD20 immunotherapy using chimeric
mAbs is used for the treatment of B cell neoplasia, EBV-associ-
ated immunopathology, and a growing list of diseases with pre-
sumed autoimmune origin (16, 17). CD20 belongs to the MS4A
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family of molecules with multiple membrane spanning domains
(18, 19) and is expressed on pre-B and mature B cells but is lost
upon differentiation into plasma cells (20). CD20 is unlikely to
have a natural ligand, but in vitro studies with CD20 mAbs have
demonstrated its involvement in the regulation of B cell activa-
tion and proliferation (21, 22). Moreover, CD20 is a component
of a multimeric cell surface complex that regulates Ca?* trans-
port across the plasma membrane (23, 24). Although CD20 mAb
immunotherapy depletes normal and malignant B cells in vivo by
antibody-dependent activation of the innate monocytic network
(25), mAb crosslinking of CD20 alters Ca?* homeostasis, which
influences cell cycle progression and can lead to apoptosis of nor-
mal and leukemic B cells in vitro (23, 26). The CD20 gene struc-
ture and expression pattern is strongly conserved between mouse
and human (27-29) and CD20-deficient mice have been inde-
pendently generated by 2 groups (29, 30). CD20~~ B cells develop
and function normally, but spleen B cells exhibit demonstrable
alterations in BCR- and CD19-induced Ca?* responses (29). The
importance of CD20 for the generation and function of human
B cells has yet to be clarified.

We describe here a patient that completely lacked surface CD20
expression on B cells as a result of a homozygous mutation in the
CD20 gene (28). The patient had a persistent hypogammaglobu-
linemia, normal B cell numbers, and a strong reduction in circu-
lating memory B cells. A decreased frequency of somatic hyper-
mutations in IgG heavy chain genes was found. After repeated
vaccinations the patient mounted proper responses to recall anti-
gens but displayed a strongly reduced ability to respond to pneu-
mococcal polysaccharides. In agreement with a conserved role
of CD20 in the generation of T cell-independent (TI) antibody
responses, we found that CD20-deficient mice have a reduced abil-
ity to respond to TI antigens. Thus, CD20 has a nonredundant
role in the generation of optimal B cell responses.
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Serum IgM, IgG, and IgA levels over time in the patient. A turbidimetric method was used to determine serum immunoglobulin levels in serial
samples. The date of first presentation of the patient at the clinic is set as 0. The upper and lower ranges of normal immunoglobulin levels are
indicated by a dashed line. Intravenous immune globulin therapy was initially initiated but stopped after 6 months.

Results

Casereport. The patient, a girl of Turkish descent, was the oldest of
2 children of consanguineous parents (second cousins). She was
referred to our institute at 4 years of age, with a history of inter-
mittent respiratory infections and recurrent bronchopneumonia,
starting at 2 years of age. On physical examination, her heart rate
was normal and auscultation of the lung did not reveal abnor-
malities. A low-titer antinuclear antibody (IgG, 1:40) was found,
but there were no indications for autoreactivity. The differential
blood count and complement levels were normal. Cultures from
sputum were negative. Pulmonary function was normal for age.
Upon further investigations, she was given a diagnosis of hypo-
gammaglobulinemia due to CVID. Intravenous immune globulin
therapy was initially initiated but stopped after 6 months because
of the lack of easy vascular access and discomfort. Instead, antibi-
otic prophylaxis was provided (co-trimoxazole).

Identification of the CD20 defect. During a follow-up period of
4 years, the patient showed normal IgM and IgA levels but persis-
tently low IgG levels. Intravenous immunoglobulins were adminis-
tered for several months and induced a moderate rise in IgG levels
into the low normal range (months 1-8) (Figure 1). Immunophe-
notyping revealed that the patient had a normal distribution of
circulating immune cells (Table 1). Also, the number of CD19*
B cells was normal, but CD20 expression was conspicuously absent
(Figure 2A). Various mAbs against nonoverlapping epitopes on
CD20 were tested, and all were found to be negative (data not
shown). Both parents expressed CD20, but the expression of the
antigen appeared to be 50% of that compared with controls and the
patient’s sibling (Figure 2A). Next to the lack of CD20 expression
on B cells, it was also observed that a small lymphocyte fraction of
CD197¢CD204u! cells present in healthy controls was apparently
absentin the patient. This CD197¢CD20%! population was found
to contain T cells, especially those of the CD8*CD45R0* pheno-
type, but their specific role in the regulation of immune reaction
is as of yet unknown (31).

Analysis of CD20 cDNA fragments showed 4 aberrant mRNA
species in the patient (Figure 2B). Sequencing of the CD20 cDNA
and genomic DNA of the patient revealed a compound mutation
of the noncanonical splice donor sequence of exon 5 of the CD20
gene (homozygous 11-bp insertion as well as a partial deletion). At
this site, exon S carries a unique donor splice site TTG/GCAAGT,
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with a C replacing a T in the canonical GT recognition site (28).
The alteration at this splice donor site resulted in transcripts with
a complete deletion of exon 5 as well as with insertion of intronic
sequences due to usage of cryptic splice sites (Figure 2C). The par-
ents each carried only 1 mutated allele as indicated in the family
pedigree (Figure 2D) and also expressed, next to the single CD20
transcript found in healthy individuals, the aberrant mRNA spe-
cies (Figure 2B). A single CD20 transcript at normal levels was
found in the RNA isolated from the B cells of the healthy sibling,
in accordance with the normal CD20 surface expression on her
B cells (Figure 2, A and B).

Functional properties of CD20-deficient B cells. To study the functional
properties of CD20-deficient B cells, IgM naive and IgG memory B
cell lines were generated by retroviral transduction of patient and
control B cells with B cell lymphoma 6 protein (Bcl-6) and the Bcl-2
family member Bcl-xL. Cell growth, in the presence of CD40 ligand
(CD40L) and IL-21, of CD20-deficient and CD20-heterozygous
lines obtained from the patient and her parents was similar to con-
trols (data not shown). Furthermore, also Ca?* responses after sur-
face IgM or IgG cross-linking were intact (Figure 3A). The ability
of CD20-deficient B cells to respond efficiently to BCR-mediated
ligation suggests that the signaling function of the BCR complex is
not significantly altered in the absence of CD20 expression.

Freshly isolated B cells from the patient showed normal pro-
liferation after BCR-dependent and BCR-independent stimuli,
but IgG production was low (Figure 3B). Specifically, BCR cross-
linking with anti-IgM mAb combined with CD40 mAb in the

Table 1
Circulating immune cells for the patient and controls at admission

Lymphocyte Patient Age-matched
subset (at 3 years) controls
CD3+ 4,080/ul 1,500-4,000/ul
CD4+ (CD3*) T cells 2,210/ul 1,200-2,800/ul
CD8+ (CD3*) T cells 1,790/ul 600-1,600/ul
CD19+ (CD20+) B cells 1,530/ul 400-1,600/ul
CD16+CD56+ NK cells 540/ul 50-700/ul

Values indicate the numbers of circulating immune cells for the patient
and controls found using immunological investigation.
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Figure 2

Analysis of CD20 expression and gene sequences of the patient, parents, and sibling. (A) FACS analysis of CD20 and CD19 expression in indi-
cated PBMC samples of normal controls and family members. MFI of CD20 staining is indicated above the plots. In a cohort of healthy children
(age, 3 months to 10 years; n = 30), mean CD20 expression ranged between 874 and 1,230. (B) Agarose gel analysis of CD20 cDNA frag-
ments of the patient, family members, and a control, revealing aberrant mMRNA species in the patient and her parents. Cloning and sequencing
of the cDNA fragments showed that the smallest fragment contains a complete deletion of exon 5 (not shown). The 3 fragments with increased
MW contained variable parts of intron 5 sequence (see below in C). (C) CD20 gene sequences surrounding the exon 5/intron 5 boundary, as
determined from cDNA and genomic fragments. The 11-base pair insertion at the noncanonical splice site is underlined in the mutated genomic
sequence. The CD20 intron/exon structure is indicated on top, and the normal and aberrant sequences found in the patient cDNA clones are
depicted below. The noncanonical GC splice donor site at intron 5 and the cryptic splice sites used as a result of the mutation are boxed. (D)
Family pedigree indicating consanguinity of the parents. Normal and aberrant CD20 alleles are indicated by white and black, respectively.

absence or presence of IL-21 induced cell division, but IgG was
not detected in the supernatants of these cultures. Moreover, BCR-
independent, TLR9-mediated B cell activation (32) (CpG) induced
normal cellular activation of the patient’s B cells, as demonstrated
by CD38 upregulation (data not shown), proliferation, and ample
IgM secretion. However, using this stimulus, IgG secretion was
conspicuously absent (Figure 3B). Thus, in response to either
T cell-dependent or TI stimuli, the patient’s B cells displayed ade-
quate proliferation and IgM secretion but very low to absent IgG
production in vitro.

Cellular and molecular properties of the circulating B cell compartment.
Ig-x* B cells and Ig-A* B cells were present at normal ratios in
blood samples from the patient (data not shown). Moreover, these
B cells had normal expression of other membrane-bound mol-
ecules, including IgM, IgD, CD22, CD38, CD40, and HLA-DR
(data not shown). While normal absolute numbers of CD19*
216
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B cells were present in the peripheral blood, class-switched CD27*
memory B cells were hardly detected (<2%), measured over a 3- to
S-year period, and were decreased when compared with levels of
age-matched controls (relative surface immunoglobulin D-CD27*
[sIgD CD27*] number in children of 3-10 years of age, mean
7.1% + 2.71%, range 4.8%-15.5%; n = 30; Figure 4A). The number of
sIgD*CD27* marginal zone (MZ) B cells showed a modest increase
over a 3-year period, from 2.0% up to 3.5%, in the blood samples
from the patient (relative B cell number in healthy children, mean
15.4% + 8.0%, range 6.2%-17.5%; n = 30; Figure 4A). The numbers of
MZ and class-switched sIgD"CD27* memory B cells in the 2 parents
were within the range of the controls (data not shown).

To study B cell selection and affinity maturation in detail, B cells
of the patient, her sister, her mother, and of a healthy control were
sorted into 3 fractions based on phenotype, i.e., sSigD*CD27" naive
B cells, sIgD*CD27* MZ B cells, and sIgD"CD27* memory B cells.
Volume 120
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Figure 3

B cell function in vitro. (A) Cells lacking CD20 respond to IgG and IgM BCR stimulation by Ca2*
flux. B cell lines from donors expressing wild-type, intermediate, or no CD20 were cultured for
4 hours without CD40L in the presence of IL-21 before being loaded with Indo-1 AM. Cells were
maintained at room temperature and incubated with a control and subsequently with anti-BCR
mAbs. Fluorescence ratios of Indo-1 emission at 405/485 nm were measured by flow cytometry.
Ca?+ flux curves were adjusted graphically to the same starting level fluorescence 4/fluorescence 5
(FL4/FL5) ratio, and the starting point of the stimulus was set at the same time point. In general,
all cells responded to BCR stimulation by showing intracellular Ca2* fluxes. (B) CFSE-labeled
PBMCs were stimulated with indicated stimuli for 6 days, and CD19+CD20+ B cells were analyzed
by flow cytometry for CFSE dilution. The percentage of dividing B cells (precursor frequencies) was
calculated. Supernatants were tested by ELISA for IgM and IgG secretion. NT, not tested due to
stimulus. Values represent mean + SEM and are obtained for 3—4 healthy donors.

Global distribution of immunoglobulin variable heavy chain-
CDR3 (IgVu-CDR3) length and diversity was assessed by RT-PCR
of IgM-VH3 transcripts, using a fluorochrome-labeled Cu prim-
er and detection by gene scanning. In healthy donors, there is a
marked downward shift in the distribution of IgVy-CDR3 lengths
of MZ B cells as compared with naive B cells, and this was clearly
detectable in the younger sister (Figure 4B, top), the mother, and a
control donor (data not shown). Unexpectedly, this shift was not
apparentin the patient’s MZ B cells (Figure 4B, bottom). The mean
IgVy-CDR3 lengths of individual IgVy clones of the MZ B cells
of the sister (Figure 4C), the heterozygous mother, and the con-
trol (data not shown) were significantly shorter as compared with
those of naive B cells. This selection for shorter CDR3 lengths was
not observed in the patient, thereby confirming the gene scanning
results (Figure 4C). As expected, counterselection for long IgVy-
CDR3 was not observed in the IgG-expressing memory B cells of
the different individuals (data not shown) (33).

To assess somatic mutations of the IgVy of different B cell
subsets, IgM-VH3 PCR products of the naive and MZ B cells and
IgG-VH3 PCR products of the memory B cell were cloned and
sequenced. We observed no difference in the mean number of
somatic mutations (i.e., 8 mutations per VH3-IgVy) of the MZ
B cells when isolated from the patient or from her 3-year-old sis-
ter. This number is slightly lower than those found in the MZ
B cells of the patient’s heterozygous mother and of a healthy adult
control, which was a mean of 13 and 11 mutations per VH3-IgVy,
respectively (data not shown). The IgG memory B cells of the
patient contained a mean of 7 mutations per VH3-IgVy, which
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ability of the patient to generate antiteta-
nus toxoid IgG after repeated booster
immunization was normal (Table 2).
Moreover, the affinity of the tetanus-
reactive antibodies was within the nor-
mal range (34) (data not shown).

T1I antibody responses in CD20-deficient
mice. To test whether CD20 also plays
a role in the generation of TI antibody
responses in mice, humoral immune
responses were compared in Cd207/~ and
wild-type mice immunized with trinitro-
phenyl-LPS (TNP-LPS) (a TI-1 antigen)
or dinitrophenol-Ficoll (DNP-Ficoll) (a
TI-2 antigen). Following TNP-LPS immunizations, hapten-specific
IgM and IgG3 antibody levels were similar in both CD20 and wild-
type littermates at day 7, but were significantly decreased in Cd20~
mice by day 14 (Figure 5A). By contrast, both hapten-specific IgM
and IgG3 responses were significantly reduced in Cd207~ mice fol-
lowing DNP-Ficoll immunizations (Figure 5B). Although TI anti-
gens primarily induce IgM and IgG3 antibodies (35), similar results
were obtained for all IgG isotypes (data not shown). Thus, CD20
deficiency had significant inhibitory effects on both TI-1 and TI-2
antibody responses, which contrasts with the lack of effect of CD20
deficiency on T cell-dependent antibody responses in mice (29).

Discussion
We describe a patient with a homozygous mutation in the CD20
gene, affecting the splice donor site at the 5’ site of exon 5. By con-
sequence, exon S is deleted or various abnormal transcripts appear,
all without translation into cell surface-expressed protein. In more
than 200 children tested, who were either healthy or suspected of
minor or major immunodeficiencies, CD20 surface expression on
B cells was always normally present, underlining the unique nature
of this mutation.

CD20, high-affinity IgE receptor f§ chain (FceRIPB), HTm4, and
a growing number of proteins are structurally related cell surface
proteins, expressed by distinct hematopoietic cells. These homol-
ogous proteins have at least 4 potential membrane-spanning
regions, with N- and C-terminal cytoplasmic domains encoded by
distinct exons. This family of proteins was therefore named the
membrane-spanning 4-domains, subfamily A, with atleast 12 sub-
Volume 120 217
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B cell selection. (A) FACS analysis of B cell subsets. IgD x CD27 dot plot gated on CD19+CD20+ B cells. Percentage of cells in each quadrant are
indicated (left). The percentages of the patient’s naive, nonswitched, and switched memory B cells are shown over the course of approximately
4 years since initial presentation (t = 0) (right). (B) Gene scanning analyses of IgM-VH3 transcripts amplified out of IgD*CD27- mature naive
and IgD*CD27+ MZ B cells of the patient and her sister show the presence of shorter MZ B cell IgM-VHS3 transcripts of the sister and longer IgM-
VH3 transcripts of the patient (highlighted by the top and bottom arrows on the right panel, respectively). Numbers on the x axis are lengths in
base pairs, as determined using internal length markers. (C) Comparison of IgV4-CDR3 amino acid lengths of IgD*CD27- mature naive (N) and
IgD*CD27+ MZ B cells. Of the patient and her sister, 25 and 39 VH3-IgM clones of the naive B cells and 42 and 28 VH3-IgM clones of the MZ
B cells were sequenced, respectively. Data for the mother and a normal control were similar to those of the sister (not shown). (D) Numbers of
VH3-IgVy mutations of IgG-expressing IgD-CD27+ memory B cells. Of the patient and her sister, 38 and 39 VH3-IgG clones the memory B cells
were sequenced, respectively. (C and D) Individual clones are indicated by the separate symbols. Mean CDRS3 length and number of mutations
is indicated by bars. P values of statistical analyses among groups are shown.

groups (MS4A1, which is identical to CD20, through MS4A12),
currently representing more than 20 distinct human and mouse
proteins. Each family member has unique patterns of expression
among hematopoietic cells and nonlymphoid tissues. CD20, along
with FCER1B, HTM4, and several but not all human MS4A genes
identified map to chromosome 11q12-q13.1 (18).

Similar to FceRIP and the human MS4A family members, CD20
is likely to be a component of an oligomeric cell surface complex
involved in signal transduction. In B cells, engagement of CD20
molecules initiates a signal transduction cascade that involves
tyrosine kinases involved in cell adhesion, proliferation, and sur-
vival (21, 23, 24, 36, 37). In knockout mice, CD20 loss had no
detectable effect on mitogen-induced proliferation, which is in
agreement with the data obtained with B cells of the CD20-defi-
cient patient. Normal levels of all immunoglobulin isotypes were
found in sera from Cd20~~ mice, and they also generated primary
and secondary antibody responses following immunization with
a T cell-dependent antigen, with affinities of primary and sec-
ondary IgG1 antigen-specific antibody responses similar to those
218
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generated in their wild-type littermates. Therefore, CD20 func-
tion was suggested to be not required for T-B cell interactions,
isotype switching, or affinity maturation during the generation
of humoral immune responses (30). Despite normal B cell devel-
opment in Cd20~~ mice (splenic B220%), B cells from Cd20~/~ mice
generated mildly reduced [Ca?']; responses following IgM ligation
and CD19 cross-linking (29, 30).

In human CD20 deficiency, the loss of CD20 did not disturb the
differentiation of precursor B cells in the bone marrow, because
B cell count and differentiation status was normal, as determined
by a variety of other surface markers, in accordance with the CD20-
knockout mice (29, 30). The severe reduction of class-switched
sIgD"CD27* memory B cells might reflect suboptimal germinal cen-
ter formation and is likely to cause the profound hypogammaglobu-
linemia. Although IgG antibodies and circulating memory B cells
are not defective in the CD20-knockout mice (29, 30), the selection
of naive B cells into the MZ B cell compartment seems disturbed in
the patient. In healthy donors the transition of naive B cells into MZ
B cells is accompanied by a reduction of the mean IgVy-CDR3 lengths
Volume 120
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Table 2
Immunoglobulin spectrum and antibody reactivity
upon vaccination over time

February 2003 July 2006
PPS23 IgG (%) 8—34A 10—23
Serotype 3 (U/ml) 40—738
Serotype 4 (U/ml) 10—148
Serotype 9 (U/ml) 2—208
TetTox IgG (kU/I) 0.9—6.8C 1.7-16

The anti-Pneumovax and antitetanus response in the patient was deter-
mined twice over time. Arrows indicate the response before and after
booster immunization. AAntibody concentrations of patient samples
were expressed relative to a reference adult WHO serum pool. Antibody
concentrations in the serum pool were assigned 100 U/ml (100%).

A response of less than 2-fold induction of antibody is in the low-normal
range, and a response of less than 1.5-fold induction is defective.

BA response of less than 20 U/ml is more than 2 SD below the mean for
age-matched controls. An immune response of less than 4-fold induc-
tion of serotype-specific antibody level upon immunization is abnormal.
The lower limit of detection is 0.1 U/ml. °Normal values pre-TetTox
immunization in previously immunized children are 2.9 + 2.3 kU/I before
boosting and 14.4 + 11.6 kU/I at 4 weeks post-TetTox reimmunization in
this age category (age 2—-10 years [n = 20]; mean + 2 SD). The patient
had been immunized according to the National Vaccination Program
at2, 3, 4, 11, and 14 months of age, including 5 immunizations against
TetTox. PPS23, 23-valent PPS.

and acquisition of IgV mutations (38, 39). Concomitantly, a coun-
terselection against poly- and self-reactive antibodies and enrichment
for antibodies reactive with specific bacterial polysaccharides occurs
(38). This selection process is potentially driven by tonic BCR signals
that may be assumed to be different between BCRs with longer and
shorter IgVy-CDR3 lengths. Alternatively, particular self- or com-
mensal-related antigens, recognized with low avidity, may provide
positive BCR signals, favoring the selection of B cells that have short
IgVy-CDR3 lengths in the MZ B cell compartment. In the MZ B cells
of the patient, no counterselection for long IgVy-CDR3 lengths was
observed, which is in accordance with a diminished response against
polysaccharide vaccination. The notion of a disturbed counterselec-
tion against poly- and self-reactive antibodies is strengthened by the
observation that, in the absence of any clinical signs of autoimmunity,
antinuclear antibodies in the serum of the patient were found repeat-
edly (data not shown). It is noteworthy that the mean IgVy mutation
frequencies of the MZ B cells are comparable to those of her 3-year-old
healthy sister (i.e., 8 mutations per VH3-IgVy) and to those reported
for young adults (~10 mutations per IgVy; range, 4-18 mutations).
This finding contrasted with the mean mutation number found in
the IgG-VH3-expressing memory B cells of 7 mutations per VH3-
IgVy, which was significantly lower in the patient as compared with
her 3-year-old sister (Figure 4D). The mutation numbers reported
for VHS-IgG transcripts in young adults varies significantly, ranging
between 12 and 23 (with a mean of 17.3 mutations) per VHS-IgVy; (40).
The remarkable finding of normal mutation rates in the patient’s MZ
B cells seems contradictory but may possibly be explained by BCR-
and GC-independent, intrinsic immunoglobulin gene diversification
program, as has been described in sheep and birds and for which also
evidence has been obtained in humans (41, 42).

Human CD20 deficiency results in decreased IgG antibody lev-
els and relatively increased IgM levels with weak responses against
polysaccharides after vaccination. Importantly, we found that
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CD20 deficiency in mice also results in an impaired ability to make
TI antibody responses. Thus, although the phenotypes of CD20-
deficient humans and mice are subtly different, the current data
imply that CD20 signals are essential to enable B cells to optimally
respond to antigenic stimuli.

Methods
Blood samples. Heparinized venous blood was collected from healthy donors
and from the patient and her family members, after obtaining informed
consent. The study was approved by the AMC institutional medical ethi-
cal committee, in accordance with the standards laid down in the 1964
Declaration of Helsinki.

Sequence analysis of the CD20 gene and mRNA. DNA was isolated from
granulocytes purified by Ficoll gradient centrifugation. cDNA was pre-
pared from mRNA from PBMCs. CD20 cDNA was amplified by PCR and
analyzed on 0.8% agarose gel. Normal and aberrant PCR fragments were
purified and cloned in T vector (Promega) and sequenced (ABI Prism 377;
Applied Biosystems). Fragments of CD20 genomic DNA were amplified
and sequenced to verify the mutations found in the patient’s cDNA. Prim-
ers for cONA PCR were 5'-GAGACTCAGGAGTTTTGAGAGC-3' (forward)
and 5-GCTTCCAAGAGACATGCTGACT-3' (reverse); primers for genomic
PCR were 5'-TTACAGTATATTATTTCCGGATCACTCCTG-3' (forward
intron 4/exon 5 boundary) and 5'-CACACAGCATTTAACGTTCTTA-
AGACTGT-3' (reverse, intron 5).

Immunofluorescence and flow cytometry. For determination of absolute
numbers of T, B, and NK-lymphocytes, the 6-color Multitest system was
used, and samples were measured on a FacsCanto II with FacsCanto soft-
ware (all from BD Biosciences). For flow cytometric immunophenotyping
of B cells, fresh PBMCs (or viable cryopreserved PBMCs after thawing) were
resuspended in PBS containing 0.5% (w/v) BSA, and 200,000 PBMCs were
incubated with fluorescent label-conjugated mAbs using saturating con-
centrations. APC-conjugated CD20, PerCP Cy 5.5-conjugated CD19, and
PE-conjugated IgD were from BD Biosciences and FITC-conjugated CD27
was from Sanquin.

Generation of B cell lines. B cell lines were created using retroviral trans-
duction of B cells with Bcl-6 and Bcl-xL (43, 44) as described previously
(45, 46). Briefly, CD19" B cells from PBMCs were isolated by FACS sorting
(FACSAria; BD Biosciences) and cultured on y-irradiated (50 Gy) mouse
L cell fibroblasts, stably expressing CD40L (CD40L cells, 10° cells/ml) and
recombinant mouse IL-21 (25 ng/ml; R&D systems) in culture medium
containing Iscove’s modified Dulbecco’s medium (IMDM) (Gibco), 8% FBS
(HyClone), and penicillin/streptomycin (Roche). After 36 hours, cells were
incubated for 6 hours with a retrovirus encoding Bcl-6, Bcl-xL, and GFP.
Transduced cells were cultured on CD40L cells in the presence of IL-21 and
subsequently cloned at a single cell level. Surface IgM- or IgG-expressing
clones were identified by flow cytometry. The cell lines from the patient
expressed no CD20, whereas cell lines from the parents had intermediate
CD20 levels compared with controls (data not shown).

Measurement of Ca?* mobilization. To measure Ca?* mobilization in the B cell
lines after BCR stimulation, 5 x 10° cells were incubated with 2 uM Indo-1
AM (Sigma-Aldrich) in loading buffer (HBSS, 1 mM Ca?', 1 mM Mg*, 1%
FBS) for 30 minutes at 37°C. Then, cells were washed and resuspended at
3 x 10%/ml. Fluorescence ratios of Indo-1 emission at 405/485 nm were mea-
sured by flow cytometry on a FACSVantage SE (BD). Cells were incubated
at37°C, and data were first acquired without stimulation. Before activation
was induced by adding either 5 pg/ml F(Ab'), goat anti-human IgG (Jack-
son ImmunoResearch Laboratories Inc.) or mouse anti-human IgM mAb
(MH15; Sanquin) cells were incubated with a nonbinding control antibody
(5 ug/ml). Data were analyzed using Flow]Jo software (Tree Star). lonomycin
(Molecular Probes) was used to control for intracellular loading of Indo-1.
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cDNA of naive and MZ B cells, IgM-VH3 transcripts were
amplified using a VH3 family-specific leader primer in com-
bination with a Cu primer, and from memory B cells, IgG-
VH3 transcripts were amplified using a VH3 family-specific
leader primer in combination with a Cy primer (47). In gene
scanning experiments, a fluorochrome-labeled Cu was used
to enable automatic detection of PCR product lengths (48).
Each time RT-PCR was run, water controls were included,
which were negative in all cases. IgM-VH3 and IgG-VH3 RT-
PCR products were cloned into pTOPO-TA vectors, trans-

formed into TOP10 bacteria (Invitrogen), and sequenced on
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IgVy mutations therein, and the IgVy-CDR3 amino acid
sequence lengths, the sequences were compared with pub-
lished germline IgVy genes using the Vbase database (49)
and DNAplot online (MRC Centre for Protein Engineering;
htep://www.mrc-cpe.cam.ac.uk).

Determination of whole-vaccine and type-specific polysaccharide
antibodies. The 23-valent pneumococcal capsular polysaccha-
ride (PPS) vaccine (Pneumovax; Merck, Sharp & Dohme),
containing 25 ug of purified type-specific capsular polysac-
charides of 23 pneumococcal serotypes (i.e., 1,2, 3,4, 5, 6B, 7F,

7 7
Days Days

Figure 5

" 8,9N, 9V, 10A, 114, 12F, 14, 15B, 17F, 18C, 19A, 19F, 20, 22F,
23F, 33F), was used to assess the patient’s capacity to respond
to polysaccharide antigens. Serum was drawn before and
4 weeks after each vaccination and stored at -80°C until use.

CD20 deficiency impairs Tl antibody responses in mice. Wild-type (n = 9/antigen)

and Cd20- (n = 9-10/antigen) mice were immunized with either (A) TNP-LPS or
(B) DNP-Ficoll on day 0, with sera collected at the indicated times. TNP- and DNP-
specific IgM and IgG3 levels in all sera were assessed simultaneously by ELISA.
Values represent mean + SEM relative antigen-specific antibody levels, with 9 or
more mice in each group. Significant differences between mean IgM and IgG3

levels are indicated: *P < 0.05, **P < 0.01.

B cell activation in vitro. PBMCs were resuspended in PBS at a concen-
tration of 5-10 x 106 cells/ml and labeled with 0.5 uM CFSE (Molecular
Probes) in PBS for 10 minutes at 37°C under constant agitation. Cells
were washed and subsequently resuspended in IMDM supplemented with
10% fetal calf serum (BioWhittaker), antibiotics, and 3.57 x 10-4% (v/v)
B-mercapto-ethanol (Merck).

Labeled PBMCs containing a fixed number of B cells (2 x 10° per well)
were cultured in 48-well flat-bottomed plates for 6 days at 37°C and stimu-
lated with saturating amounts of anti-IgM mADb (clone MH15; Sanquin),
anti-CD40 mAb (clone 14G7; Sanquin), 20 ng/ml IL-21 (Invitrogen), or
200 ug/ml CpG oligodeoxynucleotide 2006 (32) (Invivogen), with 50 U/ml
IL-2 (R&D Systems). Proliferation of the B cells was assessed by measuring
CFSE dilution. The precursor frequency (percentage of cells in the initial
population that underwent one or more divisions after culture) was calcu-
lated as follows: [2,21(P,/2")]/[Z420(Py/2")], where n is the division number
that cells have gone through and P, is the number of cells in division n. The
mean number of divisions of the divided cells was calculated as follows:
[Znz1(n P/ 27)]/[ Zp21(Pf 27)].

Supernatants were tested for secreted IgM and IgG by ELISA using
polyclonal rabbit anti-human IgG and IgM reagents and a serum protein
calibrator all from Dako.

Immunoglobulin sequence analyses. Total RNA isolated using the Pico
Pure RNA isolation kit (Arcturus) was converted to cDNA using pd(N)s
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Detection of anti-PPS vaccine-specific IgG antibodies against
the complete pool of 23 polysaccharide antigens has been vali-
dated in the past (50). A standard serum from a normal nonvac-
cinated adult was included in every ELISA as a control. Anti-
body concentrations of patient samples were expressed relative
to a reference adult WHO serum pool. Antibody concentrations
in this serum pool were assigned 100% (100 U/ml).

In addition, IgG antibodies against 3 different immunogenic
PPSs of the well-defined serotypes 3,4, and 9 were determined as a separate
confirmation of the anti-polysaccharide response (51) and expressed in
U/ml. The lower limit of detection was 0.1 U/ml.

In both tests pre- and postvaccination serum samples were analyzed
simultaneously. All serum samples were preincubated overnight with
excess free common cell wall polysaccharide (CPS), a procedure that neu-
tralized anti-CPS antibodies. Peroxidase-conjugated rabbit anti-human
IgG (Dako) was used as detecting antibody. Antibody levels are expressed as
geometric means. Fold increase in antibody titers was calculated by divid-
ing individual post- and preimmunization titers.

Mouse immunizations and antigen-specific ELISAs. Cd20~/~ mice were gener-
ated as described (29) and backcrossed with C57BL/6 mice (The Jackson
Laboratory) for more than 8 generations. Two independent groups of
3-month-old mice (n = 4-5 mice/group/antigen) were immunized i.p. with
TNP-LPS (50 ug; catalog no. T-5065-1; Biosearch Technologies) or DNP-
Ficoll (25 ug; catalog no. F-1200; Biosearch Technologies) in 200 ul PBS.
Wild-type C57BL/6 control mice in one immunization group (»n = 4/anti-
gen) were from The Jackson Laboratory, while the second group of wild-
type mice (n = 5) were from the National Cancer Institute-Frederick Labo-
ratory. Serum was obtained before and after immunizations as indicated.

DNP- and TNP-specific antibody levels in individual serum samples
were determined in duplicate using antibody isotype-specific ELISAs as
described (52). ELISA plates were coated with DNP-BSA (Calbiochem-
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Novabiochem) or TNP-BSA (Biosearch Technologies) overnight at 4°C.
The plates were washed and blocked with 1% gelatin/2% BSA for 90 min-
utes at 37°C. Sera were diluted in Tris-buffered saline containing 1% BSA
(TNP-LPS, diluted 1:400; DNP-Ficoll, diluted 1:1000) and incubated
in duplicate wells at room temperature for 90 minutes. The plates were
washed, incubated with alkaline phosphatase-conjugated polyclonal goat
anti-mouse IgM and IgG isotype-specific antibodies (Southern Biotech-
nology Associates) for 1 hour at room temperature, and developed using
p-nitrophenyl phosphate substrate (Sigma-Aldrich). ODyos values were
measured when the ODyos of any well approached 2.0. Mean background
ODygs levels (<0.16) from wells that did not contain serum were subtracted
from all values. Sera from wild-type and Cd20~/~ mice from both groups
gave similar results, which were therefore pooled.

Statistics. For analysis of immunoglobulin gene sequences, data were
statistically evaluated using the Kruskal-Wallis rank-sum test, followed
by the Dunn procedure for subsequent comparison of specific groups.
P values of less than 0.05 were considered statistically significant. Dif-
ferences between murine IgM and IgG3 levels were calculated by 2-sided,
2-tailed Student’s ¢ test.
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