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The Tetraspanin CD53 Regulates Early B Cell Development
by Promoting IL-7R Signaling
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The tetraspanin CD53 has been implicated in B cell development and function. CD53 is a transcriptional target of EBF1, a critical

transcription factor for early B cell development. Further, human deficiency of CD53 results in recurrent infections and reduced

serum Igs. Although prior studies have indicated a role for CD53 in regulating mature B cells, its role in early B cell development

is not well understood. In this study, we show that CD53 expression, which is minimal on hematopoietic stem and progenitor cells,

increases throughout bone marrow B cell maturation, and mice lacking CD53 have significantly decreased bone marrow, splenic,

lymphatic, and peripheral B cells. Mixed bone marrow chimeras show that CD53 functions cell autonomously to promote

B lymphopoiesis. Cd532/2 mice have reduced surface expression of IL-7Ra and diminished phosphatidylinositol 3 kinase and

JAK/STAT signaling in prepro- and pro-B cells. Signaling through these pathways via IL-7R is essential for early B cell survival

and transition from the pro-B to pre-B cell developmental stage. Indeed, we find increased apoptosis in developing B cells and an

associated reduction in pre-B and immature B cell populations in the absence of CD53. Coimmunoprecipitation and proximity

ligation studies demonstrate physical interaction between CD53 and IL-7R. Together, these data, to our knowledge, suggest a novel

role for CD53 during IL-7 signaling to promote early B cell differentiation. The Journal of Immunology, 2020, 204: 58–67.

B
lymphopoiesis follows a series of well-defined, highly
regulated processes to confer broad immunity to foreign
pathogens and simultaneously prevent self-recognition (1, 2).

Developing B cells depend on extracellular cues to facilitate mat-
uration from the common lymphoid progenitor (CLP) to a mature
plasma cell (3, 4). B cell development begins in the bone marrow,
but emigration from the marrow to the spleen is required for
complete differentiation. Commitment to B cell lineage during
transition from CLP to prepro–B cell requires IL-7 to induce
expression of early B cell factor 1 (EBF1) (5). EBF1, along with
E2A and PU.1, directs the expression of necessary B cell tran-
scription factors, including Pax5, to specify and commit prepro–B
cells to the B lineage (6, 7). The next developmental hurdle is the

formation of a functional pre-BCR through the pro–B and pre–B
cell stages (8). Signaling through the pre-BCR on pre–B cells
initiates formation of the mature BCR, which drives the tran-
sition to IgM-expressing immature B cells. Immature B cells
then egress from the bone marrow, enter circulation, and migrate
to the spleen, where they form transitional B cells. Transitional
B cells continue to mature and differentiate into follicular (FO)
or marginal zone (MZ) B cells, which are both capable of forming
immunocompetent B cells (9).
In mice, IL-7 signaling is necessary for B cell development,

specifically to promote progression from a pro–B cell to the pre–B cell
developmental stage. IL-72/2 and IL-7R2/2 mice have a signifi-
cant impairment of early lymphocyte expansion and progression
past the pro–B cell stage (10, 11). Ligation of IL-7 to its receptor
activates phosphatidylinositol 3 kinase (PI3K) and Janus-associated
kinase (JAK)–STAT signaling (12). Homeostatic IL-7 signaling
promotes cell survival, proliferation, and differentiation through
transcription of Ccnd1/3, Rag1/2, Pax5, and Il-7r, while also
repressing the expression of proapoptotic genes, Bax, Bad, and
Bcl2l11 (BIM) (13–15). Lymphocytes are primed for IL-7 sig-
naling, as p-STAT5 translocation to the nucleus after IL-7R li-
gation occurs within minutes. This primed state is achieved by the
formation of microdomains in the plasma membrane surrounding
the IL-7R, which organizes interacting proteins for near immediate
signal transduction (16).
Tetraspanins are a family of transmembrane proteins important

for organization of the plasma membrane and regulation of cellular
migration, adhesion, and activation (17, 18). These small hydro-
phobic proteins, bearing four transmembrane domains, two short
cytoplasmic tails, and two extracellular domains, are known to
associate with other proteins in the membrane and cytosol, as well
as other tetraspanins, to form specialized tetraspanin-enriched
microdomains (TEMs). Of the 33 identified tetraspanins, CD53
is one of four to be exclusively expressed on hematopoietic cells
and is highly expressed on mature B cells (19, 20). A case of familial
CD53 deficiency was reported, with patients suffering recurrent
bacterial, viral, and fungal infections, as well as reduced serum
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Ig levels, suggesting a role for CD53 in immune system function
(21). CD53 is capable of organizing MHC class II on B cells
through TEMs into functional clusters on the cell surface,
suggesting that CD53 may interact with other surface proteins
to modulate B cell activity (22). Stimulation of CD53 influ-
ences calcium influx, apoptosis, and proliferation in various
lymphocytes. A recent study showed that CD53 recruits pro-
tein kinase C (PKC) to the plasma membrane to facilitate
BCR-dependent PKC signaling (19, 23–25). Thus, multiple prior
studies have suggested a role for CD53 in regulating B cells.
However, the natural ligands for CD53 in B cells and the mech-
anisms by which it influences B cell development and function are
largely unknown.
In this study, we present the requirement of CD53 for normal

bone marrow B cell development. Although the enhancer for Cd53
has been observed to be a direct transcriptional target of EBF1, a
key regulator of early B cell development, a specific role for CD53
in this process has not been described (26). In this study, we show
that Cd532/2 mice have significantly reduced bone marrow,
splenic, lymphatic, and peripheral B cells compared with wild-
type (WT) littermate controls. In addition, hematopoietic stem
cells (HSCs) isolated from Cd532/2 mice give rise to fewer B cells
compared with controls in vitro, yet there is no difference in NK
or myeloid cell production. Mixed bone marrow chimeras reveal
that CD53 functions cell autonomously during early B cell de-
velopment. Analysis of bone marrow B cell development dem-
onstrates that this loss of B cells originates with early B cell
progenitors, which display reduced IL-7Ra expression and sig-
naling. Specifically, we observe reduced PI3K and STAT5 acti-
vation in prepro– and pro–B cells in the absence of CD53, with a
consequent increase in apoptosis in these populations. Finally,
coimmunoprecipitation and proximity ligation studies demon-
strate a physical interaction between CD53 and IL-7Ra, sug-
gesting that these proteins associate at the cell surface to maintain
the homeostatic early B cell signaling necessary for normal B cell
development.

Materials and Methods
Mice

Cd532/2 mice were generated using CRISPR/Cas9 reagents designed and
validated by the Genome Engineering Center at Washington University
School of Medicine (St. Louis, MO), as previously described (27). Briefly,
Cas9 mRNA and a guide RNA targeting the third exon of Cd53 were in-
jected into C57BL/6J embryos. Cas9 cleavage generated offspring with a
4-bp deletion in the targeted exon of Cd53, and the generation of an SmlI
restriction site that was used for genotyping. Newly generated Cd532/2

mice were back-crossed to WT mice (C57BL/6J; The Jackson Laboratory,
Bar Harbor, ME) prior to experimental use, and WT littermates were used
throughout the study as controls. Il-7r2/2 mice (stock no. 002295) were
purchased from The Jackson Laboratory and maintained as homozygous
knockouts or bred to C57BL/6J mice (10). Sex- and age-matched mice
were used for each experiment in accordance with the guidelines of the
Washington University Animal Studies Committee.

Flow cytometry

Peripheral blood was obtained by cardiac puncture. Bone marrow he-
matopoietic cells were isolated by centrifugation of femurs and tibiae at
6000 rpm for 3 min. Spleen, thymus, and lymphoid cells were harvested
by gentle crushing through a 100-mM strainer. Cells were processed for
staining, as previously described (28), and stained using the Abs listed
in Supplemental Table I. Cell counts were determined using a Hemavet
HV950 (Drew Scientific, Erba Diagnostics, Miami Lake, FL). Stained
cells were analyzed on a BD flow cytometer (BD Biosciences, San
Jose, CA), a Gallios flow cytometer (Beckman Coulter, Indianapolis,
IN), an Attune NxT flow cytometer (Thermo Fisher, Santa Clara, CA),
or a NovoCyte flow cytometer (Acea Bioscience, San Diego, CA).
Data were analyzed with FlowJo software (version 10.5.3; TreeStar,
Ashland, OR).

Cell sorting

Bone marrow cells were obtained by crushing long bones (femurs, tibiae,
and humerii), pelvic bones, and vertebrae with a mortar and pestle in FACS
buffer supplemented with 2% BSA. Single-cell suspensions were filtered
using a 40-mm filter prior to staining with primary conjugated Abs
(Supplemental Table I) on ice for 40 min. B220+ cells were enriched prior
to sorting by selection with B220-conjugated paramagnetic beads using the
autoMACS Pro Separator (Miltenyi Biotec, Auburn, CA). Nonviable cells
were excluded from analyses by DAPI staining.

IgM and IgG serum measurements

Blood obtained by cardiac puncture was allowed to clot at room temper-
ature for 1 h, then centrifuged for 10 min at 6000 rpm. Collected serum was
assessed for IgG and IgM levels using the Mouse Total IgG Uncoated
ELISA Kit and the Mouse IgM Uncoated ELISA Kit (Invitrogen, Thermo
Fisher Scientific, Santa Clara, CA) following the manufacturer’s
instructions.

In vitro differentiation

OP9-GFP stromal cells were cultured in a-MEM (Life Technologies) with
20% FBS and penicillin/streptomycin. Two hundred fifty HSCs from WT
or Cd532/2 mice were sorted directly into 24-well plates seeded with 5 3 104

OP9-GFP cells. Cells were cultured for 12–14 d in cytokine-supplemented
media [B cells: FMS-like tyrosine kinase three ligand (Flt3-L; 5 ng ml21;
Miltenyi Biotec) and IL-7 (5 ng ml21; Invitrogen); NK cells: Flt3-L (5 ng ml21),
stem cell factor (SCF; 10 ng ml21; PeproTech, Rocky Hill, NJ), CXCL12
(20 ng ml21; PeproTech), IL-2 (10 ng ml21; PeproTech), and IL-15 (10 ng ml21);
myeloid cells: Flt3-L (5 ng ml21); IL-7 (5 ng ml21); SCF (10 ng ml21);
IL-3 (10 ng ml21; PeproTech), IL-6 (10 ng ml21; PeproTech), M-CSF
(10 ng ml21; PeproTech), G-CSF (10 ng ml21; PeproTech), and GM-CSF
(10 ng ml21; PeproTech)]. Half-media changes were performed every
fourth day.

Chimera generation

Chimeric mice were generated by transplanting a 1:1 mixture of whole
bone marrow cells from Cd53+/+ (CD45.2) and WT (CD45.1) mice into
WT (CD45.1/CD45.2) recipients or Cd532/2 (CD45.2) and WT (CD45.1)
mice into WT (CD45.1/CD45.2) recipients. A total of 2 3 106 cells
were injected retro–orbitally into lethally irradiated recipients. Cells
were allowed to engraft for 4–6 wk prior to analysis.

Cell cycle analysis

For Ki-67 staining, bone marrow cells were stained for surface markers
(Supplemental Table I), fixed, using the BD Cytofix/Cytoperm kit (BD
Biosciences), blocked with 5% goat serum, stained with mouse anti-human
Ki-67 (clone B56; BD Pharmingen) as per the manufacturer’s instructions,
washed, and resuspended in DAPI-containing FACS buffer.

Cell death analysis

For annexin V detection, cells were stained for surface markers
(Supplemental Table I). Cells were then washed, and 2 3 106 cells were
stained according to the APC Annexin V Apoptosis Detection Kit
(Affymetrix, Thermo Fisher Scientific, Santa Clara, CA) prior to flow
cytometry analysis.

Proximity ligation assay

Protein interaction of CD53 and IL-7Ra was measured by Duolink
proximity ligation assay (PLA; Sigma-Aldrich, St. Louis, MO). Purified
anti-CD53 and anti-CD127 Abs were conjugated with Duolink In Situ
Probemaker PLUS and MINUS kits, respectively, following the manu-
facturer’s instructions (Sigma-Aldrich). Duolink flow cytometry pro-
tocol was followed with a few deviations. Briefly, bone marrow cells
were stained for flow cytometry surface markers (Supplemental
Table I), fixed using the BD Cytofix/Cytoperm Kit (BD Biosciences),
then blocked with 5% goat serum and mouse Fc receptor block (Bio-
Legend, San Diego, CA). Samples were stained with CD53-PLUS and
IL-7Ra-MINUS Abs sequentially, each for 30 min at room temperature.
Ligation, amplification, and detection steps followed the manufacturer’s
instructions. Samples were then analyzed by flow cytometry.

Mass cytometry

For all samples, EQ Four Element Calibration Beads were used during
collection, according to the manufacturer’s instructions (Fluidigm, San
Francisco, CA). Data were normalized using Fluidigm CyTOF2 Bead
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Normalization Tool. Metal-tagged Abs were purchased from Fluidigm
or custom conjugated using the Maxpar X8 Antibody Labeling Kit,
according to the manufacturer’s instructions (Fluidigm). All custom-
conjugated Abs were titrated. Staining was comparable to flow cytometry
(Kaluza 2.0, Beckman Coulter, Gallios). Whole bone marrow cells
from WT or Cd532/2 mice were stained for viability with 2.5 mM
cisplatin (Sigma-Aldrich), washed in serum-supplemented media, and
fixed in 1.6% paraformaldehyde. For staining, 3 3 106 bone marrow
cells were stained with surface Abs (Supplemental Table I) for 1 h at 4˚
C in CyFACS buffer (0.1% BSA, 0.02% NaN2, 2 mM EDTA in CyPBS;
Rockland Immunochemicals, Gilbertsville, PA). Surface Abs were
washed away using CyPBS. The cells were then permeabilized in ice-cold
methanol. Intracellular staining was performed in CyFACS buffer for
1 h at 4˚C. Cells were washed and stained with a Cell-ID Intercalator,
according to the manufacturer’s instructions (Fluidigm). Samples
were analyzed on a CyTOF2 mass cytometer (Fluidigm), and data
were analyzed with the Cytobank online platform (Cytobank, Santa
Clara, CA).

Quantitative RT-PCR analysis

RNA from sorted prepro–B and pro–B cells from individual WT or
CD532/2 mice (age 5 wk) was prepared using the NucleoSpin RNA XS Kit
(MACHERY-NAGEL, Bethlehem, PA) and quantitative RT-PCR (qRT-PCR)
was performed with a TaqMan RNA-to-Ct 1-Step Kit (Thermo Fisher
Scientific). Gene probes are listed in Supplemental Table I.

Western blotting

Pro–B cells from 5-wk-old WT or Cd532/2 mice were sorted into 10%
trichloroacetic acid, pelleted at 14,000 rpm for 10 min at 4˚C, and washed
twice with acetone. Dried pellets were resuspended in solubilization buffer
(9 M urea, 2% Triton X-100, and 1% DTT), and incubated with loading
dye at 70˚C for 10 min. Samples were run in 4–12% Bolt Bis-Tris Plus
Gels (Invitrogen), following the manufacturer’s instructions and trans-
ferred to PVDF membranes. Membranes were probed with p-STAT5
(1:1000; stock no. 9314; Cell Signaling Technology, Danvers, MA),
STAT5 (1:1000; stock no. 94205; Cell Signaling Technology), tubulin
(1:1000; stock no. 3873; Cell Signaling Technology), and rabbit anti-mouse
HRP-conjugated secondary Ab (1:1000; stock no. 7074; Cell Signaling
Technology). Proteins were detected using Pierce ECLWestern Blotting
Substrate (Thermo Fisher Scientific) on chemiluminescence film. Den-
sitometry was performed using ImageJ (National Institutes of Health,
Bethesda, MD).

Coimmunoprecipitation and immunoblot

Human CD53 and human IL-7Ra, with V5-tag or FLAG-tag at the C
terminus, were subcloned into pCMV6-Entry vector and transfected into
HEK-293T cells. Cells were grown in DMEM with 10% FBS and 1%
penicillin/streptomycin (Life Technologies). After 48 h of transfection,
cells were lysed for 30 min in lysis buffer (20 mM Tris [pH 7.5],
150 mM NaCl, 2% DDM, and a protease-inhibitor mixture [Roche]).

Lysates were centrifuged at 20,0003 g for 10 min at 4˚C. The supernatant
was collected and incubated with anti-M2 FLAG beads for 5 h. Beads were
recovered, washed three times (20 mM Tris [pH 7.5], 150 mM NaCl,
0.05% DDM), and boiled with SDS loading buffer. Samples were run
through polyacrylamide gel and transferred to PVDF membranes. After
blocking with 5% nonfat milk, the membranes were incubated with pri-
mary Abs (Sigma-Aldrich) overnight at 4˚C. Proteins were detected by
HRP-conjugated secondary Abs (DakoCytomation) and ECL reagents (GE
Healthcare).

Statistical analysis

Data are presented as mean 6 SEM, unless otherwise stated. Statistical
significance was assessed using an unpaired, two-tailed Student t test or
two-way ANOVA. GraphPad Prism (Version 8.2.1) was used for all statistical
analyses (GraphPad Software, La Jolla, CA). The p values in all instances
indicate: *p , 0.05, **p , 0.01, ***p , 0.001, and ****p , 0.0001.

Results
CD53 expression increases with B cell development

Consistent with prior reports showing an increase in CD53 tran-
script levels throughout B cell development, we find that CD53
surface expression, although relatively low on hematopoietic stem
and progenitor cells, increases throughout maturation in the bone
marrow (26, 29). Specifically, we find that B cell progenitors, de-
fined as CLP (lineage2 [Lin2; B2202, CD3e2, Ter-1192, Gr-12],
CD27+, Flk2+, CD127+, Ly-6D2); prepro-B (CD11b2, NK1.12,
B220+, IgM2, CD192, CD43+); pro-B (CD11b2, NK1.12, B220+,
IgM2, CD19+, CD43+); pre-B (CD11b2, NK1.12, B220+, IgM2,
CD19+, CD43low); and mature B cells (CD11b2, NK1.12, B220high,
IgMhigh), express increasing amounts of CD53 as determined by
surface flow cytometry (Fig. 1A).
To determine the role of CD53 in B cell development, we used

CRISPR–Cas9 technology to generate mice deficient for CD53.
These mice have a 4-bp deletion in the third exon, predicted to
abolish CD53 production. Indeed, we do not detect CD53 expres-
sion in the leukocytes of our Cd532/2 mice by flow cytometry or
qRT-PCR (Fig. 1B, Supplemental Fig. 1). Cd532/2 mice are born at
Mendelian ratios, are viable without any gross abnormalities, and
have complete blood counts within the standard range across vari-
ous ages (data not shown). Investigation into the hematopoietic
effects of CD53 loss, however, revealed significantly reduced
B cells (B220+) in the peripheral blood of these mice (Fig. 1C).
There were no overt differences in other leukocyte populations,
including T cells (CD3e+), NK cells (NK1.1+), and neutrophils

FIGURE 1. CD53 surface expression increases throughout bone marrow B cell development. (A) CD53 expression is negligible on CLPs, but after

commitment to a B cell fate, CD53 is significantly upregulated through maturation. Shown is surface expression of CD53 on the indicated cell types (see

Supplemental Fig. 2 for gating strategy) as determined by flow cytometry (n = 4 mice, age 8 wk). (B) Representative flow plot of CD53 expression on

mature B cells in the bone marrow of WT and Cd532/2 mice. A CD53 FMO control was included as a negative control. (C) The frequency of B220+

lymphocytes in the peripheral blood is significantly reduced in Cd532/2 mice compared with WT (n = 18–19 mice per group, age 6–8 wk) over six

independent experiments. Error bars represent mean6 SEM. **p, 0.01, ***p, 0.001, ****p, 0.0001 by an unpaired Student t test. FMO, fluorescence

minus one; MFI, median fluorescent intensity; WBC, white blood cell.
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(Gr-1+), suggesting that the loss of CD53 specifically affects
B cell production.

Dependence on CD53 for normal B cell development

B cell development begins in the bone marrow with the differ-
entiation of HSCs into multipotent progenitors (MPPs) and CLPs
before specification of the B cell lineage, although there is evidence
that lymphoid-primed MPPs are capable of directly differentiating
into prolymphocytes without a CLP intermediate (30). Consistent
with the fact that CD53 expression is low prior to B cell commit-
ment, Cd532/2 mice have similar numbers of HSCs (Lin2, c-kit+,
Sca-1+, CD150+, CD482), MPPs (c-kit+, Sca-1+, Lin2, Flk2+,
CD34+) and CLPs to their WT littermates (Fig. 2A). However, once
the B cell lineage was established, Cd532/2 mice demonstrated
a significant reduction in pre-B and immature B cells in the
bone marrow (Fig. 2B).
This reduction was continued during splenic development of

B cells, as immature B cells egress from the bone marrow and home
to the spleen, where they mature into transitional 1 B cells

(Fig. 2C). The number of more immature IgM+IgDlow cells was
still significantly decreased in Cd532/2 mice, but as this pop-
ulation continued maturation through IgM+IgD+ to IgMlowIgD+

cells, the reduction in Cd532/2 mice became less pronounced
(Fig. 2D). Further dissection of maturing splenic B cells
revealed that, whereas MZ progenitors and MZ cells were
equivalent between WT and Cd532/2 mice, FO B cells were
significantly reduced (Fig. 2C). Upon emigration from the
spleen, mature B cells may traffic to the lymph nodes and enter
the lymphatic system. Analysis of B cells in the lymph nodes
of Cd532/2 mice again revealed decreased mature B cells as
well as a reduction in overall lymph node size (Fig. 2E, 2F).
Parallel to the reduction in tissue-resident mature B cells in
secondary lymphoid organs, serum concentrations of IgG
and IgM were both reduced in Cd532/2 mice, suggesting a
decrease in mature B cell function (Fig. 2G). Thus, with loss
of CD53 expression, B cell development is altered beginning
at the pre–B cell stage in the bone marrow and continuing
through splenic maturation.

FIGURE 2. Loss of CD53 significantly impairs B cell development. Shown are absolute numbers of hematopoietic stem and progenitor cells in the

bone marrow (A) and B cells in the bone marrow (B), spleen (C and D), and lymph nodes (E) (n = 6–19 mice per group, age 5–8 wk) over two to six

independent experiments. Gating strategies for defined populations are outlined in Supplemental Fig. 2. (F) Inguinal, axial, and cervical lymph nodes

dissected from Cd532/2 mice are significantly smaller than age-matched WT mice (n = 6 mice per group, age 5 wk) over four independent exper-

iments. (G) Serum concentrations of IgG and IgM are significantly reduced in Cd532/2 mice, as measured by ELISA (n = 8 mice per group, age 8 wk)

over three independent experiments. Error bars represent mean 6 SEM. *p , 0.05, **p , 0.01, ****p , 0.0001 by an unpaired Student t test.

T1, transitional 1 B cells; T2-MZP, transitional 2 MZ progenitor B cells.
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CD53 is necessary for normal B cell development in vitro

Tetraspanins are known to regulate and interact with surface proteins
important for plasma membrane organization and cellular migration
and adhesion and, as a family, have been highly studied for their
importance during cancer metastasis (17, 31). Via TEMs, tetra-
spanins are capable of recruiting and stabilizing protein and
receptor interactions; furthermore, CD53 has been shown to
coordinate protein localization and interactions on the surface of
B cells (22, 32). Based on these data, B cell in vitro differentiation
from sorted HSCs was performed to discern whether CD53 was
necessary only for proper cellular localization within the bone
marrow microenvironment or if differentiation required proper or-
ganization of proteins within the membrane. When cultured with
IL-7 and Flt3-L, Cd532/2 HSCs gave rise to ∼30% fewer B cells
(B220+CD19+ cells) in vitro than WT HSCs (Fig. 3A, Supplemental
Fig. 2F). Therefore, even when given the same external stimuli,
Cd532/2 cells are impaired in their ability to differentiate along the
B cell lineage. This differentiation deficit was specific to B cells, as
NK (NK1.1+CD32) and myeloid (Gr-1+CD11b+) development
were unaffected between WT and Cd532/2 HSCs (Fig. 3A).

Chimeric B cell development supports a cell-autonomous
function of CD53

To further assesswhether CD53 functions through a cell-autonomous
or cell-nonautonomous mechanism, Cd53 chimeric mice were

generated. To mitigate any potential effect because of allelic
variants, CD45.2+ CD532/2 bone marrow was competed against
CD45.1+ WT bone marrow, and independently, CD45.2+ WT
bone marrow was competed against CD45.1+ WT bone marrow.
Thus, the ability of a transplanted CD45.2+ cell to give rise to
developing B cells was investigated. Matching the observed
phenotype in naive mice, Cd532/2 cells gave rise to signifi-
cantly fewer pre-B and immature B cells in the bone marrow of
transplant recipients (Fig. 3B). Upon maturation to the spleen,
the reduction in B cells from Cd532/2 marrow became less
pronounced, yet there were still significantly fewer Cd532/2 FO
cells compared with WT (Fig. 3B). In addition to B cell pro-
duction, a subset of chimeric mice was assayed for apoptosis of
developing B cells. Indeed, Cd532/2 cells had increased cell death
in the early developing bone marrow B cells, compared with WT
transplants (Fig. 3C). Although the phenotype does not exactly
mimic that of naive mice, it is evident that cell-autonomous Cd53
expression is necessary for normal production of B cells.

Loss of CD53 reduces IL-7R expression and induces B cell
progenitor apoptosis

With the observation that loss of CD53 expression leads to re-
duced B cell numbers at the pre–B cell stage, cellular signaling
prior to the loss of pre–B cells was investigated. We specifically
interrogated IL-7 signaling, as this is crucial for early B cell

FIGURE 3. CD53 functions cell autonomously to promote B cell differentiation. (A) HSCs from WT or Cd532 /2 mice (age 5 wk) were sorted

directly onto seeded OP-9 cells in cytokine-supplemented media and assessed by flow cytometry after 14 d in culture. Shown are the numbers of

B cells (B220+ CD19+), NK cells (NK1.1+ CD32), and myeloid cells (Gr-1+ CD11b+) generated per well of 250 sorted HSCs (n = 15–23 wells per group)

over three independent experiments. (B) Cd53 chimeras were generated, and the contribution of Cd53+/+ and Cd532/2 developing B cells to overall CD45.2

chimerism was assessed. Cd532/2 bone marrow gave rise to significantly fewer pre-B, immature B, and FO B cells compared with WT populations (n = 14

mice per group) over four independent experiments and three independent transplants. (C) Chimeric Cd53 mice have increased annexin V staining on

Cd532/2 cells compared with Cd53+/+ cells (n = 4–5 mice per group) over two independent experiments. Error bars represent mean 6 SEM. *p , 0.05,

**p , 0.01, ****p , 0.0001. by an unpaired Student t test.
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development, and the loss of IL-7 signaling blocks further B cell
maturation and induces cell death (10). Analysis of bone mar-
row B cell progenitors by mass cytometry (CyTOF) revealed
significantly reduced IL-7Ra expression on the surface of prepro-B,
pro-B, and pre–B cells of Cd532/2 mice (Fig. 4A). Additionally,
conventional flow cytometry showed significantly reduced IL-7Ra
surface expression on pro–B cells (Fig. 5F). Cell death, as measured
by annexin V staining, was increased in pro– and pre–B cells in the
absence of CD53 (Fig. 4B), but cell cycling was not altered in the
Cd532/2 cells (Fig. 4C, Supplemental Fig. 2G). Given that IL-7
signaling is also crucial for cell survival in normal T cell devel-
opment (33), we assessed thymocyte numbers, IL-7Ra surface
expression, and apoptosis in Cd532/2 mice. In contrast to our
findings regarding developing B cells, we find that IL-7Ra
surface expression is not significantly altered on T cells in the
absence of CD53 (Fig. 4D). Furthermore, thymocyte numbers

and survival are grossly normal (Fig. 4E, 4F, Supplemental Fig. 2E).
These data suggest that CD53 maintains normal IL-7Ra expression
and preserves cell survival, specifically in early B lymphopoiesis.

Cd532/2 B cells have impaired PI3K and STAT5 signaling

The reduction in B cell number across multiple compartments,
coupled with decreased IL-7Ra expression, suggested differential
downstream signaling between WT and Cd532/2 B cells. CyTOF
was used to query canonical B cell signaling pathways, including
PI3K, MAPK, JAK-STAT, and NF-kB signaling. IL-7 predomi-
nantly signals through two pathways, PI3K and JAK-STAT, and
the activation of each is regulated temporally, dependent on devel-
opmental stage (12). PI3K signaling coordinates survival signals
downstream of IL-7R. PI3K signaling at the prepro–B cell stage
was consistently and significantly impaired in Cd532/2 mice
across experimental replicates (Fig. 5A, Supplemental Fig. 3A).

FIGURE 4. Surface IL-7Ra expression is reduced in the absence of CD53. (A) Surface expression of IL-7Ra is significantly downregulated on prepro-B,

pro-B, and pre–B cells of Cd532/2 mice compared with littermate controls. Shown on the right is a representative plot of IL-7RaMSI on pro–B cells (n = 3

mice per group, age 5 wk). (B) Cd532/2 B cell progenitors have increased annexin V staining by flow cytometry, compared with WT controls (n = 8–9 mice

per group, age 5 wk) over three independent experiments. Example flow plot is shown on the right. (C) The frequency of bone marrow precursor B cells in

G0, G1, and S/G2/M phase of the cell cycle as determined by Ki-67 and DAPI staining revealed no difference in cell cycling between WT and Cd532/2 mice

(n = 6 mice per group, age 5 wk) over three independent experiments. Surface expression of IL-7Ra on developing T cells (D) shows no difference between

WT and Cd532/2 mice by flow cytometry, with no change in apoptosis (E) or total cell number (F) between WT and Cd532/2 thymocytes (n = 6 mice per

group) over two independent experiments. Gating strategy for T cell populations are outlined in Supplemental Fig. 2E. Error bars represent mean 6 SEM.

*p , 0.05, **p , 0.01, ***p , 0.001, ****p , 0.0001 by an unpaired Student t test. DN, double negative (CD42 CD82); DP, double positive

(CD4+ CD8+); IL-7Ra, IL-7R a subunit; MSI, median signal intensity.
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STAT5 signaling is critical for progression from the prepro-B to
pro–B cell, with STAT5-deficient mice halting B lymphopoiesis
at the prepro–B cell stage (34). Similar to reduced PI3K sig-
naling, Cd532/2 pro–B cells have reduced phosphorylation of
STAT5 compared with WT pro–B cells, with no changes in total
STAT5 levels (Fig. 5B).

CD53 interacts with IL-7Ra on the plasma membrane

Reduced activation of PI3K and STAT5 in Cd532/2 B cell
progenitors suggests that IL-7R signaling is impaired; how-
ever, an interaction between CD53 and the IL-7R has not been
previously reported. To investigate whether there is a physical
interaction, PLAwas performed and shows that in WT prepro–, pro–,
and pre–B cells, CD53 and IL-7Ra reside within 40 nm of each
other (theoretical maximum, Fig. 5C). Cd532/2 mice were used

as a biological negative control. The interaction of CD53 and IL-
7Ra was also measured for human homologs. Human Cd53-V5
and Il-7r-FLAG were coexpressed in 293T cells. Immunoprecip-
itation of IL-7Ra and probing for CD53 revealed that CD53
and IL-7Ra are associated in the plasma membrane (Fig. 5D).
Thus, CD53 interacts with IL-7Ra on the surface of devel-
oping murine B cells, and human CD53 has the capability to
interact with IL-7Ra.

Heterozygous loss of IL-7Ra reduces early B cell development

Although loss of CD53 results in reduced IL-7Ra expression on
developing B cells, B lymphopoiesis in Il-7r+/2 mice has not been
reported in the literature. Upon investigation of early B cell pro-
genitors in the bone marrow, Il-7r+/2 mice produce significantly
fewer pre-B, immature B, and FO B cells compared with WT, yet

FIGURE 5. CD532/2 B cell progenitors have diminished IL-7 signal transduction. (A) CyTOF was performed to assess signaling in bone marrow B cell

progenitors. Shown are the reduction in PI3K signaling in prepro–B cells as measured by decreased levels of phosphorylation of Akt, CREB, and S6. See

Supplemental Fig. 3 for gating strategy and further results (n = 6 mice per group, age 5 wk) over two independent experiments. (B) Western blot anal-

ysis revealed reduced phosphorylation of STAT5 in sorted Cd532/2 pro–B cells, yet revealed no loss of total STAT5 expression. Relative quantitation of

p-STAT5 compared with total STAT5 levels is shown below (n = 6 mice per group, age 5 wk). Data represent two independent experiments. (C)

Representative flow plot of PLA indicating that CD53 and IL-7Ra interact on the membrane of early B cell progenitors (over two independent experi-

ments). Duolink FMO contained neither CD53-PLUS nor IL-7Ra–MINUS Abs. Cd532/2 mice were used as a biological negative control. (D) Immunoblot

of whole cell lysate from 293T cells transfected with human Cd53-V5 and Il-7r-FLAG shows an interaction of the proteins. CD2, a known binding partner

of CD53, was used as a positive control. (E) Analysis of Il-7r+/2 mice reveals a similar phenotype to Cd532/2 mice of bone marrow B cell progenitors with

significantly fewer pre-B, immature B, and FO B cells compared with WT controls (n = 7–9 mice per group, age 5 wk) over two independent experiments.

(F) Surface expression of IL-7Ra and CD53 on early B cells indicates that heterozygous loss of IL-7Ra does not affect surface levels of CD53 com-

pared with WT cells but is sufficient to affect B lymphopoiesis (n = 7–9 mice per group, age 5wk). Data represent two independent experiments. *p, 0.05,

**p , 0.01, ***p, 0.001, ****p, 0.0001. by an unpaired Student t test or two-way ANOVA. Error bars represent mean6 SEM. CREB, cAMP response

element-binding protein; EV, empty vector; FMO, fluorescence minus one.
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they produce similar numbers as Cd532/2 mice (Fig. 5E). Although
Il-7r+/2 and Cd532/2 mice have a similar B lymphopoiesis
phenotype, the expression of IL-7R, a critical signaling recep-
tor, is significantly lower in Il-7r+/2 mice than Cd532/2 mice
(Fig. 5F), suggesting that CD53 exerts its function through main-
tenance of signaling and not just IL-7R expression. Of note, al-
though IL-7R is differentially expressed, there is no reduction of
CD53 surface expression in Il-7r+/2 mice (Fig. 5F).

PI3K target gene expression is disrupted upon loss of CD53

Consistent with the reduction in PI3K signaling in early B cells,
qRT-PCR of total RNA isolated from sorted prepro-B and pro–
B cells from WT and Cd532/2 mice reveals differential target
gene expression (Fig. 6). Pax5, which is induced by IL-7/PI3K
signaling, restricts cells to the B cell lineage and promotes acti-
vation of B cell–specific genes through chromatin modifications
(35). Reduction in Pax5 signaling impairs further maturation of
developing B cells, congruent with observed developmental defi-
cits in Cd532/2 mice. As discussed, IL-7 signaling is vital for
B cell development, and Cd532/2 mice have reduced surface
expression and mRNA levels for IL-7Ra (Fig. 4A). This likely
occurs through a self-enforced feedback loop, whereby IL-7Ra
signals to induce transcription of Ebf, and EBF then promotes Il-7r
transcription; however, we cannot rule out that there may be an
alternative mechanism by which Il-7r transcription is abrogated,
resulting in reduced protein expression (12, 36–38). Cd532/2

mice have increased expression of BIM, which is proapoptotic.
BIM is typically repressed by IL-7/PI3K signaling to promote cell
survival. The increase in BIM transcripts is consistent with de-
creased IL-7/PI3K signaling and increased apoptosis in Cd532/2

B cell progenitors. IL-7 signaling also negatively regulates Rag1/2
expression, and Rag2 expression is increased in prepro–B cells of
Cd532/2 mice, which have reduced IL-7 signaling (39). Consistent
with the lack of observed changes in cell cycling, there was no
difference in cyclin D1 expression between WT and Cd532/2

B cells. Together, these differences in gene expression of key
mediators of B cell development and survival reflect the

reduction of IL-7/PI3K signaling in early B cells in the ab-
sence of CD53 (Fig. 7).

Discussion
In this study, the necessity of the tetraspanin CD53 for normal IL-7
signaling during B cell development is demonstrated. During
normal B lymphopoiesis, CD53 expression increases through
B cell maturation, consistent with activation of EBF1, which has
been shown to directly target and enhance CD53 expression (26).
Through association with IL-7Ra, CD53 maintains signaling
through the PI3K and STAT5 pathways to support early B cell
growth, promote B cell differentiation, and reduce B cell death.
Additionally, CD53 functions, at least in part, cell autonomously,
as chimeric mice showed a specific reduction of B cell progenitors
in Cd532/2 cells. Our data support that CD53 has B cell–specific
functions, as no changes in T cells or NK cells are observed in
Cd532/2 mice and we observed no difference between in vitro NK
cell production. CD53 is expressed on T and NK cells, and prior
studies have implicated a potential role for CD53 in regulating the
function of these cells; however, further studies will be needed to
determine the interacting partners of CD53 in these cell types and
elucidate the specific consequences of these interactions (40, 41).
Of particular note, IL-7 signaling is crucial for normal T cell
development, but given the grossly normal numbers of T cells in
the Cd532/2 mice and the normal IL-7Ra expression on these
cells, we postulate that other factors besides CD53 promote IL-7R
stability in these cells.
In the bone marrow of Cd532/2mice, there is a clear deficit in B

lymphopoiesis, yet these differences in B cell development be-
come less prominent during splenic maturation (Fig. 2B, 2C). Our
data show that FO cell development is impacted, but MZ devel-
opment appears unchanged upon constitutional or chimeric loss
of CD53. Further investigation into MZ versus FO cell fate would
need to be performed to delineate the observed differences. Al-
though a clear reduction in bone marrow B cell development is
outlined, additional signaling differences in more mature populations
cannot be ruled out, and perhaps, there are continued impediments

FIGURE 6. Loss of CD53 alters downstream gene expression. Gene expression of canonical PI3K target genes. RNA was isolated from sorted B cell

populations and qRT-PCR was performed for Pax5, Il-7r, BIM, Ccnd1, and Rag2, relative to Actb (n = 11 mice per group, age 5 wk) over three independent

experiments. Error bars represent mean 6 SEM. *p , 0.05, **p , 0.01 by an unpaired Student t test.
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in splenic or lymph node B cell development not captured by these
analyses. Future study into the immune competence of Cd532/2

mice could suggest additional disparities in B cell function, as
serum Igs are significantly reduced in Cd532/2 mice.
B lymphopoiesis occurs within distinct niches of the bone

marrow, and CD53 has been shown to interact with integrins
important for cellular localization (42). Our in vitro B cell dif-
ferentiation data, however, suggests that the observed reduction in
B cell development is location independent, as even when WT and
Cd532/2 cultures were supplemented with equivalent IL-7 and
Flt3-L cytokines, Cd532/2 HSCs had impaired B cell develop-
ment. Homing or localization defects could be present in the
absence of CD53 during immature B cell immigration to the
spleen, but as detectable immunophenotypic splenic B cells are
present, it does not seem that Cd532/2 mice have any gross
homing defects.
Together, our data support a model whereby CD53 associates

with IL-7Ra on the surface of developing bone marrow B cells to
help maintain its presence and signaling. Immunoprecipitation
and PLA show that CD53 and IL-7Ra associate on the surface of
prepro–, pro–, and pre–B cells in a TEM complex (Fig. 5C, 5D).
Without CD53, IL-7Ra surface levels are reduced, and there is a
significant reduction in downstream IL-7 signaling through both
PI3K and p-STAT5 pathways, resulting in altered gene expression
and increased apoptosis of developing B cells. Our data suggest
that, whereas loss of CD53 moderately impairs IL-7Ra expres-
sion, the reduction in IL-7 signaling is significantly diminished
(Figs. 4A, 5A, 5F). The change in IL-7Ra expression between WT

and Cd532/2 B cells is modest, suggesting that the effects observed
are related to the influence of CD53 on IL-7R signaling itself.
During IL-7R signaling, CD53 supports IL-7R–dependent

phosphorylation of PI3K proteins and STAT5 in prepro– and pro–
B cells. Thus, IL-7R transcriptionally coordinates enhanced Pax5
and Il-7r expression and repressed BIM expression, resulting in
progression through B cell maturation and prolonged survival
(Fig. 7). Beyond the pre–B cell stage, formation of the pre-BCR
and BCR preserves those B cells that mature past IL-7 depen-
dency. Interestingly, whereas Cd532/2 and Il-7r+/2 mice have
similarly reduced developing B cell populations, surface IL-7Ra
expression is significantly lower in Il-7r+/2 mice (Fig. 5E, 5F).
These data then suggest that IL-7 signaling, more so than expres-
sion, is maintained by CD53 to promote B cell development.
The association of CD53 and IL-7Ra suggests that the TEM

formation is required for homeostatic maturation of B cells.
Current studies are underway to identify the essential amino acid
residues of CD53 for proper interaction with the IL-7R and to
determine other interacting proteins. Finally, with these observed
changes in B cell development in the absence of CD53, the ability
to modify CD53 stimulation or inhibition could provide a
framework for clinical investigation. CD53 overexpression has
been observed in several B cell malignancies, including B cell–
precursor leukemias, and thus, inhibition of CD53 signaling or
interactions may represent innovative therapies for B lineage
cancers (43). To our knowledge, we report a novel function of
CD53 during B cell development that will promote further
study into the potential clinical roles of CD53.

FIGURE 7. CD53 maintains early B cell development through IL-7R signaling. Working model of the necessity of CD53 for normal B cell development.

Without CD53, IL-7R on the cellular membrane is reduced, leading to decreased IL-7Ra expression, reduced PI3K signaling and STAT5 phosphorylation,

and increased apoptosis of B cell progenitors.
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