
IL-7 receptor signaling drives human B-cell progenitor differentiation
and expansion
Kaiser, F.M.P.; Janowska, I.; Menafra, R.; Gier, M. de; Korzhenevich, J.; Pico-Knijnenburg,
I.; ... ; Burg, M. van der

Citation
Kaiser, F. M. P., Janowska, I., Menafra, R., Gier, M. de, Korzhenevich, J., Pico-Knijnenburg,
I., … Burg, M. van der. (2023). IL-7 receptor signaling drives human B-cell progenitor
differentiation and expansion. Blood, 142(13), 1113-1130. doi:10.1182/blood.2023019721
 
Version: Publisher's Version
License: Creative Commons CC BY-NC-ND 4.0 license
Downloaded from: https://hdl.handle.net/1887/3750453
 
Note: To cite this publication please use the final published version (if applicable).

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://hdl.handle.net/1887/3750453


Plenary Paper
IMMUNOBIOLOGY AND IMMUNOTHERAPY
IL-7 receptor signaling drives human B-cell progenitor
differentiation and expansion
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KEY PO INT S

• IL-7 induces a strong
proliferative burst in
early human B-cell
progenitors but has a
limited role in the
prevention of cell
death.

• IL-7 enhances BACH2,
EBF1, and PAX5
expression in early B-
cell progenitors, which
specify and commit
early progenitors to the
B-cell fate.
.pdf b
Although absence of interleukin-7 (IL-7) signaling completely abrogates T and B lymphopoi-
esis in mice, patients with severe combined immunodeficiency caused bymutations in the IL-7
receptor α chain (IL-7Rα) still generate peripheral blood B cells. Consequently, human B
lymphopoiesis has been thought to be independent of IL-7 signaling. Using flow cytometric
analysis and single-cell RNA sequencing of bone marrow samples from healthy controls and
patients who are IL-7Rα deficient, in combination with in vitro modeling of human B-cell
differentiation, we demonstrate that IL-7R signaling plays a crucial role in human B lympho-
poiesis. IL-7 drives proliferation and expansion of early B-cell progenitors but not of pre-BII
large cells and has a limited role in the prevention of cell death. Furthermore, IL-7 guides
cell fate decisions by enhancing the expression of BACH2, EBF1, and PAX5, which jointly
orchestrate the specification and commitment of early B-cell progenitors. In line with this
observation, early B-cell progenitors of patients with IL-7Rα deficiency still expressed
myeloid-specific genes. Collectively, our results unveil a previously unknown role for IL-7
signaling in promoting the B-lymphoid fate and expanding early human B-cell progenitors
while defining important differences between mice and humans. Our results have implica-
y guest o
tions for hematopoietic stem cell transplantation strategies in patients with T− B+ severe combined immunodeficiency and
provide insights into the role of IL-7R signaling in leukemogenesis.
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Introduction
The early stages of murine B lymphopoiesis occur in close
proximity to bone marrow (BM) stromal cells that produce high
levels of interleukin-7 (IL-7),1 which is essential for development
beyond the pre–pro-B-cell stage.2-6 IL-7 signaling is transmitted
through the IL-7 receptor (IL-7R), which consists of the IL-7–
specific IL-7Rα chain (CD127) and the common gamma (cγ)
chain (CD132), and initiates nonredundant but complementary
signaling pathways that promote B-lineage specification, pro-
liferation, and survival of early B-cell progenitors (BCPs) by
mainly activating JAK/STAT5 and PI3K/AKT signaling path-
ways.7 In this model, a transient pulse of IL-7 signaling has been
suggested to induce Ebf1 and Pax5 expression at the transition
from the all-lymphoid progenitor (ALP) to B-cell–biased
lymphoid progenitor (BLP) stage to promote B-lymphocyte
specification,8 after which expression of both B-cell–specific
transcription factors is thought to be sustained via a positive
feedback loop that does not require continued exposure to IL-
7.7 In addition, IL-7 signaling upregulates expression of the cell
cycle regulator cyclin D3, which drives proliferation of early
BCPs9,10 and induces the metabolic programs that are required
for expansion of the progenitor pool.11 Upon successful
recombination of the immunoglobulin (Ig) heavy-chain locus,
the proliferative signals of the IL-7R synergize with pre-B-cell
receptor (pre-BCR) signaling to induce a strong proliferative
28 SEPTEMBER 2023 | VOLUME 142, NUMBER 13 1113
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burst until IL-7R signaling is attenuated by the pre-BCR as the
cells proceed to Ig light chain rearrangement.7,12 In addition, IL-
7R signaling upregulates prosurvival factors and concomitantly
downregulates proapoptotic proteins13-16 and has been impli-
cated in Igh repertoire diversification both at the diversity (DH)
to joining (JH) and variable (VH) to DJH stages of recombina-
tion17 while simultaneously suppressing premature recombina-
tion of the Igk locus.16,18

Whereas IL-7 signaling is absolutely required for B lymphopoi-
esis in mice, human IL-7Rα chain deficiency manifests as T− B+

natural killer cell (NK)–positive severe combined immunodefi-
ciency (SCID) and patients with deleterious mutations in the IL-
7Rα chain generate peripheral blood B cells.19,20 Thus, human B
lymphopoiesis seems to be less dependent on IL-7 signaling
and several studies aimed at unraveling its function, which were
mostly based on the in vitro differentiation of human hemato-
poietic progenitors in xenogeneic or syngeneic culture systems,
have yielded partially conflicting results.21-26 IL-7 signaling was
also postulated to induce terminal deoxynucleotidyltransferase
(TdT) expression and IGH junctions of IL-7Rα deficient patients
were found to have less N-nucleotides.27 Importantly, consti-
tutively active IL-7R signaling leads to B-cell acute lympho-
blastic leukemia,28-32 supporting the hypothesis that IL-7
signaling may play an important role in human B lymphopoi-
esis. However, a clear picture about the role of IL-7 in human B
lymphopoiesis is currently lacking. As a consequence, patients
with T− B+ SCID with defects in IL-7 signaling often do not
receive chemotherapeutic conditioning before hematopoietic
stem cell transplantation (HSCT), assuming that autologous
early BCPs do not have to be eradicated in order to acquire full
humoral immunocompetence after transplantation.33,34

Here, we demonstrate a critical role for IL-7 signaling in human
B lymphopoiesis by promoting human BCP differentiation and
expansion.

Methods
BM samples for ex vivo flow cytometry and
scRNA-seq
BM samples for flow cytometry were isolated from pediatric
controls who have previously been described.35 The 2 pediatric
controls used for single-cell RNA sequencing (scRNA-seq) were
healthy donors at the age of 2.5 years for BM transplantation of
diseased siblings. Approval for obtaining the samples was
provided by the local ethics committee of the Leiden University
Medical Center (protocol P018.028). BM samples of the 2
patients with IL-7Rα–deficient SCID were obtained at the ages
of 3 and 9 months, respectively, with informed consent to
analyze and publish the data as provided by the parent/
guardian. One patient had a homozygous premature nonsense
mutation in the IL7RA gene (c.208G>T; p.E70X), whereas the
other patient had a heterozygous splice acceptor site mutation
(c.83-2A>G) and a chromosomal deletion of the other allele.

Flow cytometric analysis of human BM samples
Analysis was performed using previously frozen BM. Cells were
stained with 2 different antibody panels, using either the FIX &
PERM cell permeabilization kit (Invitrogen) or the eBioscience
Foxp3/transcription factor staining buffer set (Invitrogen)
1114 28 SEPTEMBER 2023 | VOLUME 142, NUMBER 13
according to the manufacturer’s instructions. Briefly, cells were
thawed in Hanks balanced salt solution, supplemented with 3%
fetal bovine serum (Gibco) and 2.5 mM CaCl2, and were washed
prior to incubation with antibodies targeting surface antigens and
Annexin V for 20 minutes at 4◦C. After washing, cells were fixed
with the respective fixation agent according to the manufacturer’s
protocol before staining for intracellular or intranuclear antigens.
The staining for PAX5 and intranuclear antigens was performed
with the eBioscience Foxp3/transcription factor staining buffer set
(Invitrogen) for 1 hour at 4◦C. After 2 final washing steps, samples
were acquired on a BD LSR Fortessa cell analyzer (BD Bio-
sciences). Data analysis was performed with FlowJo version 10.8.1
(TreeStar). The following marker combinations were used for the
definition of the populations: common lymphoid progenitors
(CLPs; CD34+, CD10+, CD38+, CD19−, and TdT−, with or without
cytoplasmic CD79A−), pro-B (CD34+, CD10+, CD38+, CD19−, and
TdT+, with or without cytoplasmic CD79A+), pre-BI (CD34+,
CD10+, CD38+, and CD19+), pre-BII large (CD34−, CD10+,
CD38+, CD19+, surface IgM−, and cytoplasmic CD179A+ and Ki-
67+ or FSC-Ahigh), pre-BII small (CD34−, CD10+, CD38+, CD19+,
surface IgM−, and cytoplasmic CD179A− and Ki-67− or FSC-Asmall),
immature (CD34−, CD10+, CD38+, CD19+, surface IgM+, and
IgD−), and transitional (CD34−, CD10+, CD38+, CD19+, surface
IgM+, and IgD+).

In vitro differentiation of B lymphocytes
Umbilical cord blood (CB) and BM samples were obtained upon
signed informed consent and approval by the University Frei-
burg ethics committee (353/07_120590 or 20-1109, respec-
tively). Donors for BM samples for the in vitro differentiation of
BCP were otherwise healthy males aged 47, 49, and 67 years,
undergoing hip replacement surgery. CD34+ cells were isolated
from CB by positive selection with the CD34+ MicroBead kit
(Miltenyi Biotec), following the manufacturer’s protocol. Iso-
lated CD34+ cells were plated at 0.1 × 106 cells per mL in 96-
well U-bottom plates in Iscove medium containing fetal
bovine serum (10%), L-glutamine (1×), nonessential amino acids
(1%), reduced glutathione (1 μg/mL), transferrin (2.5 μg/mL),
and insulin (1 μg/mL), as previously described.36 After isolation,
the medium was supplemented with IL-6, stem cell factor (SCF),
and FMS-like tyrosine kinase 3 ligand (Flt3L) (all at 25 ng/mL;
Immunotools). On day 7 of culture, SCF and Flt3L (25 ng/mL)
were added again; medium for control cultures additionally
contained IL-7 (20 ng/mL; Immunotools). From day 14 onward,
the cells were kept in a cytokine-free medium, and half of the
medium was refreshed twice a week.

The following marker combinations were used for the definition
of the populations: CLP (CD33−, CD10+, CD38+, cytoplasmic
CD79A−, and CD19−), pro-B (CD33−, CD10+, CD38+, cyto-
plasmic CD79A+, and CD19−), pre-BI (CD33−, CD10+, CD38+,
cytoplasmic CD79A+, CD19+, cytoplasmic IgM−, and surface
IgM−), pre-BII large (CD33−, CD10+, CD38+, cytoplasmic
CD79A+, CD19+, cytoplasmic IgM+, surface IgM−, Ki-67+, and
cytoplasmic CD179A+), pre-BII small (CD33−, CD10+, CD38+,
cytoplasmic CD79A+, CD19+, cytoplasmic IgM+, surface IgM−,
Ki-67−, and cytoplasmic CD179A−), and immature B cells
(CD33−, CD10+, CD38+, cytoplasmic CD79A+, CD19+, cyto-
plasmic IgM+, and surface IgM+). Staining of specific antigens
was performed with the eBioscience Foxp3/transcription factor
staining buffer set according to the manufacturer’s protocol
KAISER et al
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(Invitrogen). Three wells of each condition were pooled at each
time point. Staining of intracellular antigens was performed for
30 minutes at room temperature. For anti-EBF1 staining, sam-
ples were additionally incubated with an anti–rabbit AF647-
conjugated secondary antibody for 15 minutes at 4◦C. Sam-
ples were acquired on a Cytek Aurora (Cytek Biosciences), using
SpectroFlo software (version 2.2.0.3). Data analysis was per-
formed with FlowJo version 10.7 (TreeStar). Gated populations
containing <10 cells were excluded from analysis. Replicates
were treated as individual measurements.

Sample preparation for scRNA-seq
Analysis was performed with previously frozen material that was
enriched for BM mononuclear cells via Ficoll density centrifu-
gation before freezing. BM mononuclear cells of the 2 afore-
mentioned pediatric controls and the 2 patients with
IL-7Rα–deficient SCID were thawed and dead cells were
removed with the Dead Cell Removal kit (Miltenyi Biotec)
according to the manufacturer’s instructions. Subsequently,
non-B cells were depleted using the MojoSort Human Pan B-
Cell Isolation kit (BioLegend). After the addition of Fc block
(eBioscience), cells were labeled in phosphate-buffered saline
with 1% bovine serum albumin using the following TotalSeq-C
antibodies (BioLegend): 0050 anti–human CD19 (clone HIB19),
0054 anti–human CD34 (clone 581), 0136 anti–human IgM
(clone MHM-88), and 0390 anti–human CD127 (clone A019D5).

Single-cell library preparation and sequencing
Single-cell gene expression libraries were generated via the 10x
Genomics Chromium platform, using the Chromium Next GEM
Single Cell 5′ Library & Gel Bead kit version 1.1 and Chromium
Next GEM Chip G Single Cell kit (10x Genomics) according to
the manufacturer’s protocol. Targeted BCR libraries were
generated using the Chromium Single Cell V(D)J Enrichment kit
for human B cells and the Chromium Single Cell 5′ Library
Construction kit (10x Genomics) according to the manufac-
turer’s protocol. Cellular indexing of transcriptomes and epi-
topes by sequencing (CITE-seq) libraries were generated using
the Chromium Single Cell 5′ Feature Barcode Library Kit (10x
Genomics) according to the manufacturer’s protocol. Gene
expression, targeted BCR, and CITE-seq libraries were
sequenced on a NovaSeq 6000 S4 flow cell, using version 1
chemistry (Illumina).

Data analysis
For library demultiplexing, FASTQ file generation, and read
alignment, CellRanger software version 3.1 was used with
feature barcoding function. Resulting matrixes contained the
number of unique molecular identifiers (UMIs) per genes or per
antibody for each cell. The gene expression and antibody
matrixes of the 4 samples were imported in Seurat version 3,37

retaining only genes expressed in at least 3 cells, and merged
into a combined Seurat object. Cells with <250 UMIs or <3000
genes and >25% of mitochondrial RNAs were filtered out.
Random selection of an equal amount of cells per patient was
chosen to minimize sample bias. Antibody UMI counts were
centered using log ratio normalization to account for unspecific
background.

In order to identify shared clusters of cells collected from
different groups (patients and controls), the gene-barcode
IL-7 SIGNALING IN HUMAN B-CELL LYMPHOPOIESIS
matrix was integrated according to the integration workflow
in Seurat,37 using SCT-transform to normalize and scale the
gene expression. Next, principal components analysis and
uniform manifold approximation and projection (UMAP) were
performed, and 30 principal components were used as input
for graph-based clustering (resolution = 0.8). In order to assign
the resulting 19 clusters to a cell type, we analyzed the results
of the “FindAllMarkers” function and the expression of marker
genes, such as lineage-specific transcription factors or markers
used for the definition of populations in flow cytometry.
Clusters 5, 9, and 12 were merged into a pre-BII large cluster
based on their gene expression signature, similar expression
of pre-BII cell large cell markers, and genes associated with
proliferation. Clusters 0 and 1 were merged into a pre-BII small
cluster based on their gene expression signature and similar
expression of pre-BII small cell markers. The late-stage cluster
contained cells with weak expression of B-cell markers and
could represent cells with unsuccessful IGH or IGK/IGL rear-
rangements or preapoptotic cells. It was therefore excluded
from further analyses.

Clusters CLP/pro-B1, pro-B2, pro-B3, and pro-B4/pre-BI dis-
played the typical signature of early lymphoid and B-cell pro-
genitors and constituted the early BCP subset together with the
lymphomyeloid-primed progenitor (LMPP) cluster. Clusters pro-
B4/pre-BI, pre-BII large, pre-BII small, and immature were
defined as the late BCP subset. The UMAP embedding was
then used as input for pseudotime analysis using slingshot
version 2.2.138: the LMPP cluster was used as a starting point for
the early BCP subset, and cluster pro-B4/preBI was chosen as a
starting point for the late BCP subset. After calculating the
pseudotime, the cells were ordered along the resulting trajec-
tories. To analyze how the progression along the pseudotime is
affected by IL-7Rα deficiency, we performed a univariate anal-
ysis of the pseudotime values between the 2 groups (patients
and controls) using slingshot version 2.2.138 and the latest
tradeSeq package (version 1.7.07),39 following the transforming
growth factor-β (TGFβ) example.40

Differences between the proportion of cells in the individual
clusters between controls and patients were determined with a
single-cell proportion test.41

In order to identify differentially expressed genes between
conditions in each cell type, a combined metadata field was
added to the 2 subsets, which contained the combination of the
cluster name and the condition (patient/control). For this anal-
ysis, we used the “FindMarkers” function in Seurat. Data for all
clusters are available in supplemental Tables 1-15, available on
the Blood website.

For gene set enrichment analysis (GSEA), the fgsea package
version 1.20 was used: firstly, we identified differentially
expressed genes between patients and controls per cluster
using the FindMarkers function (with these settings: logfc.-
threshold = 0.2; min.pct = 0.1; and min.diff.pct = 0)
(supplemental Tables 1-15). Each gene list was then ranked
based on the average difference in gene expression between
patient and control. Ranked lists were used as input for GSEA,
and the gene sets were obtained from the Molecular Signature
database (MSigDB).
28 SEPTEMBER 2023 | VOLUME 142, NUMBER 13 1115
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IGH repertoire sequencing of naive mature B cells
For the analysis of IGH rearrangements, naive mature B cells
(defined as CD19+, CD27−, IgD+, CD24−, and CD38−) were
sorted using the peripheral blood of patients with SCID and 3
age-matched healthy controls after Ficoll density centrifugation
on a BD FACSAria III (BD Biosciences). All patients with JAK3-
deficient or cγ-deficient SCID and controls were aged
between 4 and 7 months. DNA was isolated using direct lysis,42

and IGH rearrangements were amplified as previously
described.43,44 In short, IGH rearrangements were amplified via
multiplex polymerase chain reaction (PCR) using the forward
VH1-6 FR1 and reverse JH consensus BIOMED-2 primers.45 After
PCR amplification of the IGH gene rearrangements, PCR
products were purified with the MinElute gel extraction kit
(Qiagen) and Agencourt AMPure XP beads (Beckman Coulter).
Subsequently, the concentration of the PCR product was
measured using the Quant-it Picogreen dsDNA assay (Invi-
trogen). The purified PCR products were sequenced on the 454
GS junior instrument (Roche) using the Lib-A V2 kit (Roche)
according the manufacturer’s recommendations.46 Sequences
were demultiplexed based on their multiplex identifier
sequence and trimmed using ARGalaxy or custom scripts.47

FastA files were uploaded to IMGT/High-V-Quest,48 and
IMGT output files were analyzed in ARGalaxy.47 Only
sequences with a unique V gene, J gene, and CDR3 nucleotide
sequence were included. The repertoire diversity score was
calculated according to Boyd et al.49

Statistical analysis
Statistical analysis of the data was performed with GraphPad
Prism version 9.4.1.

Antibodies
AF647 AffiniPure F(ab′)₂ fragment donkey anti–rabbit IgG (H +
L), Jackson ImmunoResearch Labs, catalog number 711-606-
152, RRID:AB_2340625; AF647 mouse monoclonal antihuman
Ki-67 (clone Ki-67), BioLegend, catalog number 350510, RRI-
D:AB_10900821; AF700 mouse monoclonal anti–human Ki-67
(clone Ki-67), BioLegend, catalog number 350530, RRI-
D:AB_2564040; allophycocyanin (APC) mouse monoclonal anti–
human CD27 (clone L128), BD Biosciences, catalog number
337169, RRID:AB_647368; APC mouse monoclonal anti–human
CD34 (clone 8G12), BD Biosciences, catalog number 345804,
RRID:AB_2686894; APC-Cy7 mouse monoclonal antihuman
CD19 (clone HIB19), BioLegend, catalog number 302218, RRI-
D:AB_314248; APC-H7 mouse monoclonal anti–human CD10
(clone HI10A), BD Biosciences, catalog number 655404, RRI-
D:AB_2870372; APC-R700 mouse monoclonal anti–human
CD127 (clone HIL-7R-M21), BD Biosciences, catalog number
565185, RRID:AB_2739099; BV421 mouse monoclonal anti–
human CD127 (clone HIL-7R-M21), BD Biosciences, catalog
number 562437, RRID:AB_11153481; BV421 mouse mono-
clonal anti–human CD179a (clone HSL96), BD Biosciences,
catalog number 566583, RRID:AB_2739748; BV421 mouse
monoclonal anti–human CD20 (clone 2H7), BioLegend, catalog
number 302330, RRID:AB_10965543; BV510 mouse mono-
clonal anti–human IgM (clone MHM-88), BioLegend, catalog
number 314522, RRID:AB_2562916; BV605 mouse monoclonal
anti–human CD38 (clone HIT2), BioLegend, catalog number
303532, RRID:AB_2562915; BV605 mouse monoclonal anti–
human IgM (clone MHM-88), BioLegend, catalog number
1116 28 SEPTEMBER 2023 | VOLUME 142, NUMBER 13
314524, RRID:AB_2562374; BV711 mouse monoclonal anti–
human CD10 (clone HI10a), BioLegend, catalog number
312226, RRID:AB_2565876; BV711 mouse monoclonal anti–
human CD24 (clone ML5), BD Biosciences, catalog number
563401, RRID:AB_2631261; BV785 mouse monoclonal anti–
human IgM (clone MHM-88), BioLegend, catalog number
314544, RRID:AB_2800832; BV786 mouse monoclonal anti–
human Ki-67 (clone B56), BD Biosciences, catalog number
563756, RRID:AB_2732007; Cy5.5 annexin V, BD Biosciences,
catalog number 559935, RRID:AB_2869268; Fluorescein (FITC)
mouse monoclonal anti–human CD79A (clone HM47), Bio-
Legend, catalog number 333512, RRID:AB_2565984; FITC
mouse monoclonal anti–human IgD (clone ia6-2), BioLegend,
catalog number 348206, RRID:AB_10612567; FITC mouse
monoclonal anti–human TdT (clone HT6), Supertechs, catalog
number 6600; human BD Fc Block, BD Biosciences, catalog
number 564220, RRID:AB_2869554; mouse IgG1, κ isotype
control, BD Biosciences, catalog number 562438, RRI-
D:AB_11207319; Pacific Blue (PB) mouse monoclonal anti–
human CD38 (clone HIT2), EXBIO Praha, catalog number PB-
366-T100, RRID:AB_10736773; PC7 mouse monoclonal anti–
human CD19 (clone J3-119), Beckman Coulter, catalog number
IM3628U, RRID:AB_10638575; Phycoerythrin (PE) mouse
monoclonal anti–human CD179A (clone HSL96), Milteny Biotec,
catalog number 130-120-136, RRID:AB_2784019; PE mouse
monoclonal anti–human CD79A (clone HM57), Agilent Tech-
nologies, catalog number R715901-2; PE mouse monoclonal
anti–human TdT (cloneE17-1519), BD Biosciences, catalog
number 332790, RRID:AB_2868637; PE-CF594 mouse mono-
clonal anti–human IgD (clone IA6-2), BD Biosciences, catalog
number 562540, RRID:AB_11153129; PE-CF594 rat monoclonal
anti–human PAX5 (clone 1H9), BD Biosciences, catalog number
562815, RRID:AB_2737812; PE-Cy7 mouse monoclonal anti–
human CD34 (clone 581), BioLegend, catalog number
343516, RRID:AB_1877251; PerCP-Cy5.5 mouse monoclonal
anti–human IgM (clone MHM-88), BioLegend, catalog number
314512, RRID:AB_2076098; PerCP-Cy5.5 mouse monoclonal
anti–human CD33 (clone WM53), BioLegend, catalog number
303414, RRID:AB_2074241; and rabbit polyclonal anti–human
EBF1, Cell Signaling Technology, catalog number 50752.
Results
IL-7Rα deficiency impairs differentiation and
expansion of early BCPs
We first compared BM BCPs of 2 patients with deleterious
mutations in the IL-7Rα chain (Figure 1A) with those of pediatric
controls via flow cytometry (Figure 1B-E). The 2 patients with IL-
7Rα deficiency had relatively more CLPs and pro–B cells but less
pre-BI cells, suggesting impaired differentiation during the early
phases of B lymphopoiesis and a leaky arrest at the pro-B to
pre-BI cell transition (Figure 1C-E). In line with these observa-
tions, the IL-7Rα chain showed the highest expression in pro-B
cells in healthy controls (Figure 1F), consistent with the accu-
mulation of earlier BCP subsets in the patients (Figure 1C-E). As
expected, IL-7Rα–deficient BCPs did not express any CD127
(Figure 1F).

In order to validate our observations, we isolated CD34+ human
hematopoietic progenitors from CB and differentiated them
into BCPs in the presence or absence of IL-7, using a feeder
KAISER et al
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cell–free assay36 (Figure 2A; supplemental Figure 1A-B). Addi-
tion of IL-7 resulted in higher amounts of lymphocytes on day
14 with increased absolute CLP, pro-B, and pre-BI counts
compared to untreated cultures (Figure 2B-C; supplemental
Figure 1C). The presence of IL-7 did not change the distribu-
tion of subsets on day 14 (Figure 2D-E), suggesting a role for IL-
7 in promoting the B-cell fate or inducing proliferation of early
BCPs. By day 21, lymphocyte precursors had undergone sub-
stantial expansion, and IL-7–treated cultures showed a promi-
nent increase in pre-BI cells, whereas untreated cultures mostly
contained pro-B cells but also higher numbers of pre-BII large
and pre-BII small cells (Figure 2B-E; supplemental Figure 1C).
By day 28, pre-BI cells in the IL-7–treated cultures further
expanded, whereas the untreated cultures contained a
balanced mixture of early as well as late precursors, with
higher numbers of pre-BII large and pre-BII small as well as
immature cells without a difference in total lymphocyte counts
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(Figure 2B-E; supplemental Figure 1C). Collectively, these
experiments confirmed a defect during early BCP differentia-
tion in the absence of IL-7 signaling and also revealed accel-
erated differentiation into later BCP subsets.
scRNA-seq of the human BCP unveils aberrant
differentiation of early BCPs in patients with
IL-7Rα deficiency
In order to investigate the underlying molecular mechanism, we
performed scRNA-seq of B-cell enriched BM of 2 healthy
pediatric controls and the 2 patients with IL-7Rα deficiency
(Figure 3A). Analysis of the data set with the UMAP algorithm
led to the identification of 15 clusters (Figure 3B-C), including 8
clusters that could be annotated as the different BCP stages
based on the expression of canonical markers (Figure 3D;
supplemental Figure 2A-B).
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Next, we split the BCP clusters into early (Figure 3E) and late
BCP (Figure 3F) subsets and performed a pseudotime analysis
in order to verify the cluster annotation and analyze the
developmental trajectories. The distinction between these 2
subsets was based on the expression of canonical markers that
allow for the differentiation of early BCPs that still undergo
rearrangement of the IGH locus and late BCPs that proliferate
upon successful rearrangement of an IGH allele and subse-
quently undergo IGK or IGL rearrangement (Figure 3D). The
early BCP clusters, thus, represent LMPPs, CLPs, pro-B, and pre-
BI cells (Figure 3E), whereas the late BCP clusters correspond to
pre-BII large and pre-BII small as well as immature and transi-
tional B cells (Figure 3F). Using the LMPP cluster as the starting
point, the early BCP clusters showed a trend toward earlier
pseudotime values in the patients (Figure 3E), reflecting the
aberrant differentiation that we observed ex vivo and in vitro
(Figures 1C-E and 2B-E) and suggesting impaired progression
toward the B-lymphoid fate. Conversely, pseudotime analysis of
the late-stage BCP clusters, using the pro-B4/pre-BI cluster as
the starting point, did not show a difference in pseudotime
values (Figure 3F). Thus, the scRNA-seq data confirmed the
aberrant differentiation of early BCP subsets. Collectively, our
results suggest impaired induction of the B-lymphoid fate as
well as poor proliferation of early BCPs in the absence of IL-7. In
addition, in vitro development in the absence of IL-7 resulted in
dyssynchrony between the expression of canonical markers and
the V(D)J recombination status as illustrated by the higher fre-
quency of cytoplasmic IgM+ cells in untreated CLP and pro-B-
cell subsets in vitro (supplemental Figure 3A-B), which are
commonly only found in late pre-BI and pre-BII large cell sub-
sets that have completed IGH recombination. Given that
attenuated IL-7 signaling leads to upregulation of FoxO tran-
scription factors and thus induction of Rag1 and Rag2 expres-
sion in mice,50 IL-7Rα chain deficiency might accelerate V(D)J
recombination.

IL-7 signaling drives proliferation of early BCPs but
not pre-BII large cells and has limited effects on cell
death
In absence of IL-7, we observed lower absolute cell counts on
days 14 and 21 in vitro. We therefore analyzed the expression of
the proliferation marker Ki-67 in the BM of controls and patients
via flow cytometry (Figure 4A). The CLPs and pro-B cells of
patients showed lower expression of Ki-67, whereas all remaining
subsets, including pre-BII large cells, showed nearly identical
expression levels compared to controls (Figure 4A), suggesting a
proliferation defect at the earliest stages of B lymphopoiesis.
Analysis of the cell cycle status in the scRNA-seq data set
(Figure 4B) unveiled strong differences in the distribution of cell
cycle phases in the pro-B3 and pro-B4/pre-BI clusters
(Figure 4C). Although most control cells were either in the S or
G2/M phase, the majority of patient cells in the pro-B3 cluster
were not cycling, and 18% of the cells in the pro-B4/pre-BI
Figure 3. scRNA-seq recapitulates aberrant differentiation of early BCPs in patient
cells of BM samples of 2 healthy pediatric donors and 2 patients with IL-7Rα deficiency wer
seq antibodies, and enriched for BCPs using magnetic-activated cell sorting before pre
sequencing using Illumina technology. (B) UMAP plot showing the distribution of the ind
UMAP plots showing the clusters and their distribution in the adjacent panel for each con
the expression of the B-cell markers used for the annotation of the individual B-cell clus
early (E) and late (F) BCP subsets. Left panels in panels C,E-F show pseudotime calculate
right panels show comparison of pseudotime values for controls vs patients. Black lines
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cluster were still in the G1 phase (Figure 4C). Of note, the dis-
tribution of cycling and noncycling cells in the pre-BII large
cluster were nearly identical (Figure 4C).

The analysis of genes that correlate with proliferation in the
individual clusters unveiled higher expression of proliferation
markers in the control pro-B3 and pro-B4/pre-BI clusters
compared to the corresponding patient clusters (Figure 4D). Of
note, these genes were similarly expressed in the pre-BII large
cluster between controls and patients (Figure 4D), confirming
the lack of a strong proliferative defect in the subset of cells that
have successfully rearranged the IGH locus. In addition, GSEA
confirmed the difference in proliferation between control and
patient cells in the pro-B4/pre-B cluster (Figure 4E).

Given the known role of cyclin D3 in inducing proliferation of
early BCPs in response to IL-7R signaling in mice,9,10 we
analyzed the expression of the CCND3 gene in the early BCP
clusters (Figure 4F). We observed higher expression of CCND3
in the pro-B3 and pro-B4/pre-BI control clusters compared to
the corresponding patient clusters, thus suggesting a central
role for cyclin D3 in regulating proliferation and expansion of
the early BCP pool in response to IL-7R signaling in humans as
well.

In order to validate our findings, we investigated the expression
of Ki-67 in the in vitro differentiated CB-derived BCPs 1 week
after stimulation with IL-7 (Figure 4G). Consistent with the
findings of the flow cytometry and scRNA-seq data, the fre-
quency of Ki-67–expressing cells was higher in the IL-7–stimu-
lated cells (Figure 4G). Stimulation of CD34+-enriched,
BM-derived hematopoietic progenitors and BCPs confirmed
these findings (Figure 4H; supplemental Figure 1D), thus
excluding a potential age-related difference in the response
to IL-7.

Although IL-7R signaling plays a prominent role in preventing
apoptosis of early BCPs in mice,13-16 we found no differences in
phosphatidylserine levels as measured by Annexin V staining of
the individual BCP subsets of the 2 patients and healthy con-
trols (supplemental Figure 4A). Similarly, we did not observe a
difference in cell death between IL-7–treated and untreated
cultures in vitro after staining with the live–dead cell marker
Zombie (supplemental Figure 4B-C). However, GSEA of the
pro-B3 and pro-B4/pre-BI clusters unveiled a clear apoptosis
and p53 signaling signature in the patient cells (supplemental
Figure 4D-E). The discrepancy between the flow cytometric
staining for phosphatidylserine and the GSEA might be due
to the rapid clearance of preapoptotic cells in vivo. In
summary, these findings confirm a minor role for IL-7R signaling
in the prevention of apoptosis in vivo and suggest that addi-
tional signaling pathways safeguard survival of early BCPs in
humans.
s with IL-7Rα deficiency. (A) Preparation of the scRNA-seq data set. Mononuclear
e isolated via Ficoll density centrifugation, depleted of dead cells, stained with CITE-
paring the single-cell library according to the 10x Chromium protocol, followed by
ividual clusters of the entire data set of patient and control samples. (C) Individual
trol and patient. Color coding is identical to that in panel B. (D) Violin plots showing
ters. Bottom 3 panels represent CITE-seq markers. (E-F) Pseudotime analysis for the
d as described in “Methods” and plotted on the UMAP of the respective data set;
in the left plots in panels E-F denote the trajectories.
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Collectively, our data proves that IL-7R signaling induces
proliferation of early BCPs without profoundly affecting pro-
liferation of pre-BII large cells. Moreover, IL-7 has a limited
role in the prevention of programmed cell death in early
BCPs.
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IL-7 signaling enhances expression of EBF1 and
PAX5 in early BCPs
Next, we investigated the expression of EBF1 and PAX5 across
the pseudotime of the early BCP subset and observed higher
expression of both transcription factors in the controls
compared to the patients (Figure 5A; supplemental Figure 5A).
In the controls, the expression of both transcription factors
coincided with the expression of BACH2 (Figure 5A;
supplemental Figure 5A), which has been associated with the
suppression of myeloid genes as well as enhanced expression
of Ebf1 and Pax5 in early lymphoid progenitors in mice.51 In line
with the higher expression of EBF1 and PAX5 in the control
cells, we also observed higher expression of the genes CD79A,
CD79B, VPREB1, and IGLL1, which all encode essential com-
ponents of the (pre-)BCR and are known target genes of Ebf1
and Pax5 in mice (Figure 5B).52,53 The higher expression of the
EBF1-target genes PAX5 and CD79A as well as that of the
PAX5-target gene CD19 in the control cells was also confirmed
at the protein level via flow cytometry (Figure 5C).

Given the essential role of Ebf1 and Pax5 in shutting down
alternative cell lineages, we investigated the expression of
myeloid genes in the early BCP clusters (Figure 5D). We
observed higher expression of several genes that were enriched
in the myeloid progenitor cluster (supplemental Figure 5B) in
the early BCPs of the patients as well as concomitantly lower
expression of lymphoid and, particularly, B-lymphoid genes
(Figure 5D). Given these strong gene expression differences,
the patient CLP/pro-B1 cluster also clustered separately when
we performed unsupervised clustering of the earliest BCP
clusters, suggesting impaired specification of the B-lymphoid
transcriptome due to low EBF1 and PAX5 expression
(Figure 5D). Although we observed more myeloid progenitors
in the patient scRNA-seq data set (Figure 3C), the total number
of myeloid cells in the in vitro experiment with CB-derived
hematopoietic progenitors did not differ between the IL-7–
treated and –untreated conditions (supplemental Figure 5C).
However, it is important to note that the experimental condi-
tions did not favor myelopoiesis. Furthermore, the higher fre-
quency of myeloid progenitors in the patients might also reflect
emergency myelopoiesis in response to frequent infections.
Recent studies have shown that the lymphotoxin-β receptor
(TNFRSF3) signaling pathway reduces IL-7 production in the BM
niche54 and that the lymphotoxin-β receptor ligand lympho-
toxin-α1β2, which is expressed by B-lineage cells, down-
regulates IL-7 secretion to promote emergency myelopoiesis
while repressing lymphopoiesis in systemic inflammation.55 We
observed higher expression of LTB (encoding lymphotoxin-β2)
in several early BCP subsets but not in immature B cells of the
controls compared to the patients (supplemental Figure 5D),
whereas the expression of LTA was near-absent in the data set.
Yet, lymphotoxin-α1β2 is mostly secreted by mature B cells in
mice,55 which are not present in the BCP scRNA-seq data set
but still found in nearly normal numbers in patients with IL-7Rα
deficiency.
IL-7 SIGNALING IN HUMAN B-CELL LYMPHOPOIESIS
In order to validate our findings, we analyzed the expression of
EBF1 and PAX5 7 days after stimulation with IL-7 in vitro
(Figure 5E-F; supplemental Figure 6A-D). Both EBF1 and PAX5
expression were significantly higher in BCPs upon IL-7 stimu-
lation in BM and CB cultures (Figure 5E-F; supplemental
Figure 6A-D). Consistent with the increased expression of
EBF1 and PAX5 in IL-7–stimulated cells, we also observed
higher expression of CD79A and CD19 in IL-7–treated cultures
(Figure 5G-H; supplemental Figure 6E-F), confirming that IL-7
also indirectly affects the expression of EBF1- and PAX5-
target genes. Thus, our data confirm that IL-7 signaling
enhances the expression of EBF1 and PAX5 in human BCPs.

In addition, we detected higher expression of the genes CD74
and CXCR4 in the scRNA-seq data across the pseudotime of the
early BCP subset in the controls (Figure 5A). Besides its role in
generating the invariant chain for antigen presentation,56,57

CD74 functions as the receptor for macrophage migration
inhibitory factor (MIF)58 and uses CXCR4 as 1 of its cor-
eceptors.59 In mice, CD74 has multiple important functions in B
lymphopoiesis, such as proliferation, survival, maturation, and
migration,59-62 and CXCR4 also functions as the receptor for the
chemokine CXCL12, which is critical for directing early pro-
genitors into the appropriate BM niche.1,63 The reduced
expression of both genes in patient early BCPs could therefore
also account for part of the phenotype.
Higher expression of AP-1 transcription factors in
IL-7Rα–deficient BCPs
Whereas IL-7 enhanced the expression of the transcription
factors BACH2, EBF1, and PAX5 in early BCPs in vivo and
in vitro, we observed lower expression of several activator
protein 1 (AP-1) transcription factors in BCPs of healthy controls
compared to BCPs of the patients (Figure 5I; supplemental
Figure 7A). AP-1 transcription factors are ubiquitously
expressed dimeric basic region leucine zipper transcription
factors that bind to common AP-1 binding sites and are formed
by the heterodimerization of Jun and Fos family transcription
factors.64 AP-1 transcription factors have been implicated in a
wide array of cellular functions, such as proliferation, apoptosis,
and differentiation and assume multiple roles in the develop-
ment of progenitors into mature blood cells across multiple
hematopoietic lineages,65 including B lymphocytes.66 Although
the expression of both JUN and FOS family members in pro-
genitor clusters was similar between controls and patients
(Figure 5I; supplemental Figure 7A), the patients’ early and late
BCP clusters showed consistently higher expression of JUN,
JUNB, JUND, FOS, and FOSB (Figure 5I). Previous work has
shown that expression of the IL-7Rα chain and TdT increases in
BCPs during the transition from fetal to pediatric hematopoie-
sis.27 Given that AP-1 transcription factors have been suggested
to negatively regulate TdT expression,67 we reanalyzed the
published gene expression data, which unveiled higher
expression of both JUN and FOS family members in both fetal
pro-B and pre-BI cells compared to their pediatric counterparts
(supplemental Figure 7B). Collectively, these observations
suggest that upregulation of IL-7R expression coincides with
downregulation of AP-1 transcription factors during the transi-
tion from fetal to pediatric B lymphopoiesis and that IL-7Rα
deficiency impairs the downregulation of both JUN and FOS
family members in BCPs.
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Figure 5. IL-7Rα signaling stimulates the B-lymphoid fate and represses AP-1 transcription factors. (A) Expression of BACH2, EBF1, PAX5, CD74, and CXCR4 plotted
across the pseudotime of the early BCP subset as shown for controls and patients. (B) Dot plots showing expression of the EBF1 and PAX5 target genes CD79A, CD79B,
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IL-7Rα deficiency does not have a major effect on
N-nucleotide addition but increases IGH repertoire
clonality
Consistent with previous experiments that have suggested a
role for IL-7R signaling in inducing expression of TdT in pro-B
and pre-BI cells,27 we observed higher expression of TdT in
pro-B and pre-BI cells of controls compared with those of
patients (supplemental Figure 8A). In contrast, TdT expression
was marginally higher in the IL-7–treated cultures with human
BM but only in pro-B and not in pre-BI cells (supplemental
Figure 8B). However, it is important to note that CD34-
enrichment of BM-derived hematopoietic progenitors also
IL-7 SIGNALING IN HUMAN B-CELL LYMPHOPOIESIS
leads to the isolation of pro-B and pre-BI cells that have already
been exposed to IL-7 in vivo, which might still affect TdT
expression levels after expansion and stimulation in vitro
(supplemental Figure 8B). In order to validate the effect of IL-7
on N-nucleotide addition, we sequenced IGH junctions of naive
mature B cells isolated from peripheral blood of patients and
healthy, age-matched infant controls as well as additional
patients with T− B+ SCID with deleterious mutations in the
genes encoding for JAK3 or the cγ chain, which are also part of
the IL-7R complex (supplemental Figure 8C). The junctions of
both productive and unproductive sequences showed no major
differences, neither with regard to the number of N-nucleotides
28 SEPTEMBER 2023 | VOLUME 142, NUMBER 13 1125



nor to the number of deleted nucleotides, thus resulting in
similar CDR3 lengths (supplemental Figure 8C). We therefore
conclude that the effect of IL-7 on TdT net activity is likely
negligible, given the similar N-nucleotide numbers in patients
with SCID and age-matched controls.

IL-7 signaling has also been implicated in IGH repertoire
diversification both at the DH-to-JH and VH-to-DJH stages of
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recombination in mice.17 However, we observed a similar dis-
tribution of V, D, and J genes without skewing toward 3′ VH

gene usage in patients and controls (Figure 6A-B). Of note, our
IGH repertoire analysis was performed with naive mature B cells
that have undergone selection and, thus, does not fully reflect
the V, D, and J gene selection during V(D)J recombination.
Importantly, repertoire clonality was increased in the patients
compared to age-matched controls (Figure 6C), suggesting an
enes
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effect of the aberrant early BCP differentiation and expansion
on the naive mature IGH repertoire.

Discussion
Here, we demonstrate that IL-7 signaling fulfills a crucial role in
human B lymphopoiesis by inducing proliferation of the early
BCP pool and enhancing EBF1 and PAX5 expression, which
induce B-cell specification and commitment of early lymphoid
progenitors in mice.68,69 EBF1 and PAX5 expression was
reduced but not absent in patient early BCPs or cultures that
were not supplemented with IL-7, suggesting that IL-7 acts in
concert with other transcription factors, such as E2A,70,71 similar
to its role in mouse B-cell development.6,8,72 In addition, IL-7
enhanced expansion of early human BCPs but neither had a
strong effect on the proliferation of pre-BII large cells nor on the
survival of BCPs, thus unveiling 2 important differences
between human and murine B lymphopoiesis. Collectively,
these findings may explain the discrepancy between IL-7Rα–
deficient mice and SCID patients.

Besides the upregulation of cyclin D3, early BCPs of controls
showed upregulation of the transcription factor BACH2, the
MIF-receptor CD74, and the chemokine receptor CXCR4, which
also functions as a coreceptor for CD74.73 Interestingly, the
IL-7 SIGNALING IN HUMAN B-CELL LYMPHOPOIESIS
expression of all 3 genes was also upregulated in murine pre-B
cells that were proliferating independently of the pre-BCR and
connected to IL-7R signaling.74 In mice, CD74 has previously
been associated with proliferation, survival, maturation, and
migration in B cells,59-62 suggesting an additional signaling
pathway that is activated by IL-7 to induce proliferation in
humans. Besides its role in MIF signaling, CXCR4 functions as
the receptor for the chemokine CXCL12, which is critical for B
lymphopoiesis because it guides progenitors into the niche,
where they are exposed to high levels of IL-7,1,63 which could
induce a self-amplifying loop that is driven by the IL-7R.

Although specification and commitment of lymphoid progenitors
to the B-cell fate is driven by Ebf1 and Pax5,70,71 which shut
down alternative cell lineage options such as the myeloid fate,
Bach2 has also been implicated in downregulating expression of
myeloid genes while concomitantly enhancing expression of
Ebf1 and Pax5 in early progenitors in mice.51 Consistent with this
observation, BACH2 expression coincided with the upregulation
of EBF1 and PAX5 in controls. Compared with controls, early
BCP of patients expressed high levels of myeloid-specific genes
as well as lower levels of EBF1 and PAX5 and their target genes.
Although BACH2 induction has not been associated with IL-7
signaling in mice, it could be a missing link between IL-7 and
EBF1 and PAX5 induction, particularly given the controversy
regarding functional STAT5 binding sites in the regulatory ele-
ments of the Ebf1 and Pax5 genes.75-77

Our data suggest an interplay between the IL-7R, BACH2, and
AP-1 transcription factors. As expression of the IL-7Rα chain
increases during the transition from fetal to pediatric hemato-
poiesis, both JUN and FOS family members are down-
regulated.27 In IL-7Rα–deficient BCPs, we also detected lower
expression of BACH2, which has previously been shown to
regulate CD8+ T-cell differentiation by controlling access of AP-
1 transcription factors to enhancers.78 IL-7R signaling might,
thus, antagonize JUN and FOS transcription factors via a dual
mechanism by repressing their expression and by restricting
their access to enhancers via BACH2. However, the functional
consequences of this process are unclear. AP-1 transcription
factors have been broadly implicated in priming enhancer
repertoires during development79 and could, for instance,
support the expansion of hematopoietic progenitors during
fetal hematopoiesis.

Consistent with the dual function of IL-7 during the early phase
of human B-cell development, the clonality of the patients’ IGH
repertoire was increased. Given that IGH repertoire diversity is
based upon a large and diverse early BCP pool, it is likely
dependent on IL-7–driven expansion. As early progenitors
underwent rapid IGH recombination while concomitantly
showing impaired proliferation in the absence of IL-7R signaling
in vitro, the patients likely generated a smaller pool of cells with
diverse IGH alleles. Although we did not observe a gross dif-
ference in N-nucleotide addition, we confirmed a role for IL-7
signaling in enhancing TdT expression, potentially by repres-
sing AP-1 expression and activity.67 Of note, the repertoire
analysis was performed with naive mature B cells of age-
matched healthy controls because all patients with SCID
receive HSCT within the first year of life. It is, thus, unknown
how a lack of IL-7 signaling would affect repertoire diversity at
an older age. Importantly, this question also applies to patients
28 SEPTEMBER 2023 | VOLUME 142, NUMBER 13 1127
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with SCID with mutations in JAK3 or the cγ chain, given that
both proteins are part of the IL-7R complex.

Thus far, HSCT remains the only curative option for SCID.
Although there used to be no consensus regarding the applica-
tion of a chemotherapeutic conditioning regime prior to HSCT of
patients with IL-7Rα–deficient SCID,33,34 frequently assuming that
autologous BCPs do not have to be eradicated in order to acquire
full humoral immunocompetence after transplantation, recent
guidelines recommend conditioning in the majority of cases.80

Unfortunately, large-scale studies that assess the immunocom-
petence of patients who are conditioned vs those who are not are
currently lacking, and the long-term impact of autologous IL-7Rα–
deficient BCPs on humoral immunity is unresolved.

Our data prove a crucial role for IL-7 in promoting the B-
lymphoid fate by enhancing BACH2, EBF1, and PAX5 expression
and inducing proliferation of early BCPs up to the pre-BII large
stage. In contrast to its role in murine B-cell development, IL-7R
signaling has a minor role in the prevention of apoptosis. These
thus-far unknown similarities and differences between human
and murine B lymphopoiesis may explain the discrepancy in B-
cell numbers between mice and men and raise important con-
cerns regarding the immunocompetence of patients with IL-7Rα
deficiency with autologous BCPs after HSCT.
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